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Abstrat

Following the idea of onsidering three-body deays with �nal state B ! DK� in the pur-

suit of the notoriously elusive unitary angle  [APS03, AP03℄, the initial steps towards its

measurement are presented.

Using a sample of approximately 88 million BB pairs olleted with the BABAR detetor

at the PEP-II ollider, a measurement of the branhing frations B

0

! D

�

K

0

�

�

and B

0

!

D

��

K

0

�

�

are presented for the entire Dalitz region:

Br(B

0

! D

�

K

0

�

�

) = (4:97 � 0:69 (stat.)� 0:55 (syst.))� 10

�4

;

Br(B

0

! D

��

K

0

�

�

) = (3:00 � 0:66 (stat.)� 0:29 (syst.))� 10

�4

:

In both deay modes the dominant resonane is the K

��

(892) between the neutral kaon and

the harged pion. Measuring the branhing frations of the orresponding resonant two-body

deays yields:

Br(B

0

! D

�

K

��

) = (4:78 � 0:58 (stat.)� 0:53 (syst.))� 10

�4

;

Br(B

0

! D

��

K

��

) = (3:22 � 0:59 (stat.)� 0:29 (syst.))� 10

�4

:

From these measurements the resonant frations are determined to be:

f(B

0

! D

�

K

��

) = 0:64 � 0:08 (stat.)� 0:02 (syst.);

f(B

0

! D

��

K

��

) = 0:72 � 0:13 (stat.);�0:02 (stat.):

Performing a time-dependent CP asymmetries �t of the resonant deay mode B

0

! D

�

K

��

yields:

C = 0:93� 0:18 � 0:03 =) j�j = 0:19 � 0:25� 0:04

S = 0:18� 0:28 � 0:02 �S = 0:08 � 0:28 � 0:02

As the amplitude ratio j�j is onsistant with zero, no interferene sensitive to  an be

established at this point.



R�esum�e

La mise en oeuvre de la nouvelle m�ethode [APS03, AP03℄, reposant sur les anaux �a trois

orps dans l'�etat �nal B ! DK�, r�eemment propos�ee pour permettre la mesure de l'�elusif

angle  du triangle d'unitarit�e est pr�esent�ee.

Mettant �a pro�t un �ehantillon de 88 million de paires BB ollet�ees ave le d�eteteur

BABAR situ�e aupr�es du ollisionneur PEP-II, les mesures des rapports d'embranhement B

0

!

D

�

K

0

�

�

et B

0

! D

��

K

0

�

�

sont r�ealis�ees sur la totalit�e des diagrammes de Dalitz.

Br(B

0

! D

�

K

0

�

�

) = (4:97 � 0:69 (stat.)� 0:55 (syst.))� 10

�4

;

Br(B

0

! D

��

K

0

�

�

) = (3:00 � 0:66 (stat.)� 0:29 (syst.))� 10

�4

:

Pour haun de es deux modes de d�esint�egration, la ontribution dominante se r�ev�ele être

elle de la r�esonnane K

��

(892) entre le kaon neutre et le pion harg�e. Les mesures des

d�esint�egrations quasi deux orps orrespondantes donnent:

Br(B

0

! D

�

K

��

) = (4:78 � 0:58 (stat.)� 0:53 (syst.))� 10

�4

;

Br(B

0

! D

��

K

��

) = (3:22 � 0:59 (stat.)� 0:29 (syst.))� 10

�4

:

Ces valeurs orrespondent aux frations r�esonantes:

f(B

0

! D

�

K

��

) = 0:64 � 0:08 (stat.)� 0:02 (syst.);

f(B

0

! D

��

K

��

) = 0:72 � 0:13 (stat.);�0:02 (stat.):

L'analyse en temps de l'�ehantillon B

0

! D

�

K

��

onduit �a la d�etermination des param�etres

lefs suivants:

C = 0:93� 0:18 � 0:03 =) j�j = 0:19 � 0:25� 0:04

S = 0:18� 0:28 � 0:02 �S = 0:08 � 0:28 � 0:02

Le rapport d'amplitudes j�j �etant ompatible ave z�ero, la statistique disponible ne permet

pas enore d'exploiter les e�ets d'interf�erene pour mesurer l'angle .



Il faut de toute n�eessit�e que des ations dissym�etriques pr�esident pendant la vie

�a l'�elaboration des vrais prinipes imm�ediats naturels dissym�etriques. Quelle peut

être la nature de es ations dissym�etriques? Je pense, quant �a moi, qu'elles sont

d'ordre osmique. L'univers est un ensemble dissym�etrique et je suis persuad�e que

la vie, telle qu'elle se manifeste �a nous, est fontion de la dissym�etrie de l'univers

ou des ons�equenes qu'elle entrâ�ne. L'univers est dissym�etrique.

It is inesapable that asymmetri fores must be operative during the synthesis

of the �rst asymmetri natural produts. What might these fores be? I, for my

part, think that they are osmologial. The universe is asymmetri, and I am

persuaded that life, as it is known to us, is a diret result of the asymmetry of the

universe or of its indiret onsequenes. The universe is asymmetri.

[Louis Pasteur, 1822-1895℄
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1 Prefae

The following thesis onerns itself withB physis and CP violation at the BABAR experiment.

It is the result of two and a half years work on the subjet, inluding both theoretial and

experimental work. As this thesis rests on many deades of tradition and experiene in partile

physis, the reader is assumed to have a basi knowledge of this �eld. Some knowledge of

B physis is also advisable. An general introdution to partile physis an be found in

textbooks [PS95, HM84℄, and a thorough treatment of B physis at BABAR in [Har98℄.

A desription of published material, writing ustoms, onventions of units and the various

subjets treated an be found below.

1.1 About this thesis

Three parts of the thesis were originally written in other ontexts, and though inluded in

rewritten form, they still leave traes. The �rst two are the theoretial parts on the harged

[APS03℄ and neutral deays [AP03℄, whih were published in PRD and the proeedings of

the Durham CKM workshop (submitted to Eur. Phys. J), respetively. The third part is

the doumentation for the analysis [PS03, PS04℄ in the �nal proess of internal review, to be

submitted to Phys. Rev. Lett.

1.2 Conventions

In the following, abbreviations will be used extensively as is ustom in partile physis. At

�rst appearane they will be typed out and the abbreviation written afterward in parenthesis.

However, the names of aelerators and experiments will not always be written out, and the

unfamiliar reader will refered to Appendix 15.3, where a list of abbreviations an be found.

The onvention  = ~ = 1 will be used as is ustomary, whih means that all masses and

momenta will be measured in terms of e.g. GeV and not GeV/

2

and GeV/, respetively.

However, the usual value of  will be retained, when disussing times and distanes, whih

in turn will most often be expressed in ps and �m, as they are the relevant sales for B

physis. The symbol B

0

will refer to the B

0

d

meson, and harge onjugate modes are implied

throughout the thesis unless otherwise stated

1

. Four vetors are written with normal font,

while three vetors are written with an above vetor arrow, and matries are written in bold,

unless indies and/or ontext suggest otherwise.

1.3 Language

In many respets experiments in partile physis, not the least BABAR, resemble building

the tower of Babel in the sense that many di�erent languages (and ultures) are involved.

However, though many beautiful languages are spoken within the BABAR ollaboration, I have

hosen English for this thesis, as it is the sienti� standard and by far the most ommon

language in the ollaboration.

Je ne suis pas omme une dame de la our de Versailles, qui disait: \C'est bien

dommage que l'aventure de la tour de Babel ait produit la onfusion des langues;

sans ela tout le monde aurait toujours parl�e franais".

I am not like a lady at the ourt of Versailles, who said: \What a dreadful pity

that the bother at the tower of Babel should have got languages all mixed up; but

for that, everyone would always have spoken Frenh".

[Voltaire 1694{1778, In letter to Catherine the Great℄

Some but far from all quotations are taken from [Ma91℄ and [ed.01℄.

1

This means that e.g. B

0

! D

�

�

+

impliitly inludes the onjugate deay B

0

! D

+

�

�
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1.4 Subjets treated

When starting this thesis, the \golden" sin(2�) measurement had already beome a standard

analysis, and while analyses involving � had (perhaps for historial reasons) been undertaken

from the beginning of BABAR, measurements of and/or onstraints on the notoriously diÆult

angle  were still in their infany.

The prospets at the time were only very few, as the Gronau-Wyler (GW) method [GW91℄

was almost the only method proposed, and had inherent de�ienies. Also the B

0

! D

(�)�

�

�

had been proposed [DS88℄, but whether fully or partially reonstruting the deays, the small-

ness of the amplitude ratio remains hallenging. Finally the B ! K� hannels and SU(3)

symmetries had been onsidered [HLGR94, GHLR94℄, but here one faes SU(3) breaking

orretions and eletroweak penguins.

As a orollary it an be mentioned, that the hapter on extrating , despite inluding B

s

deays, is the shortest physis analysis hapter in the BABAR Physis Book [Har98℄.

Building upon an idea oneived by R. Aleksan and F. Le Diberder, the feasibility of

an analysis using the threebody deay B

�

! D

0

K

�

�

0

was studied with Abi So�er (Fall

2001). This work ontinued (Spring 2002) and was presented (Blois 2002, Durham 2003)

along with a paper aepted by PRD. The hannel B

0

! D

�

K

0

S

�

�

was also onsidered,

and the feasibility of this time-dependent analysis was studied (Spring 2002) and presented

(Durham 2003, SLAC 2003).

After training (Fall 2001), the duty as ommissioner for the BABAR PID system (the

DIRC detetor) was ful�lled with T. Hadig, B. Meadows and M. Pivk (Jan. { Jul. 2002), and

a measurement of the number of signal photons per trak as a funtion of time was made

with J. Shwiening to monitor the endurane of the DIRC.

The B

0

! D

�

K

0

�

�

analysis with M.H. Shune and for a period V. Tano

2

was started

based on a skim of 56 fb

�1

(Spring 2002). Through a simple ut and ount analysis, whih

was approved for unblinding (July 2002), a signal was established.

The analysis was then repeated with a larger data sample (82 fb

�1

), more re�ned seletion

tehniques and inluding the B

0

! D

��

K

0

�

�

mode (Sep. { De. 2002). For extrating the

signal an unbinned maximum likelihood �t was onstruted, and through the use of a novel

statistial tehnique [PLD04℄ the signal distribution in the Dalitz plot was established (Jan.

{ Sep. 2003). Though statistially limited, the initial steps of a time-dependent analysis was

taken, yielding the ratio of interfering amplitudes and the CP asymmetry of the B

0

! D

�

K

��

mode (Nov. 2004 { Jan. 2004).

Finally, master student T. Kittelmann was partially supervised during his work on the

B

0

mass di�erene ��

B

(Sep. 2001 { Jan. 2003). For his master thesis [Kit03℄, he reeived

the highest grade possible at the University of Copenhagen.

1.5 Outline

This thesis onsists of three parts. The �rst is a theoretial introdution to B physis, whih

goes through mixing and CP violation in general. Then the phenomenology upon whih this

thesis is based will be treated in some depth, and �nally the urrent knowledge of the CKM

matrix and CP violation is summarized.

The seond part desribes the PEP-II ollider and the BABAR detetor along with the

triggers and the performane. Eah subdetetor will be desribed, with emphasis on the

DIRC, whih is both essential to this analysis and for whih the author served as ommissioner.

The third part ontains the analysis. After an outline of the analysis the seletion of

the data samples is presented. Then follows a thorough disussion of the �tting methods,

and �nally the branhing ratio and time-dependent �tting results are presented along with

systemati errors.

2

Postdo at LAL from September 2002 to May 2003.
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2 Introdution

2.1 Introdution to B physis

B physis is the study of the bottom quark, b, whih is done through its bound hadroni

states in mainly B mesons. The primary interest is to measure the ouplings between the

di�erent quarks along with their masses, sine this onstitutes most of the free parameters of

the Standard Model (SM). As many proesses involving B mesons arise only from loop e�ets,

also the quantum struture of the theory an be tested. Furthermore, B mesons provide a

basis for tests and development of Quantum Chromo Dynamis (QCD), as the heaviness of

the b quark allows for perturbative alulations.

Sine the disovery and the following experimental aessibility of the b quark, B physis

has beome a major �eld in partile physis, and following initial steps by LEP and CLEO,

the B fatories herald the era of high statistis B physis and preision CP measurements.

The goal and the hallenge is to make preise preditions and measurements, thereby

srutinizing the theory in suh great detail, that e�ets unaounted for by the SM will

beome apparent, if there. This task is { as most often in siene { a halleging but stimulating

interplay between theory and experiment.

2.2 History of CP violation, the CKM matrix and B physis

Sine the birth of physis, Nature was thought to be symmetri in time and spae, and after

the disovery of antipartiles, these too were onsidered as partiles' exat opposites (Charge

onjugates, C).

In 1956, after reviewing the experimental data then available, Lee and Yang onluded

that spatial inversion (Parity, P ) was not onserved in weak interations [LY56℄. The following

year (1957) Wu et al. disovered parity violation in the � deay of Co

60

to Ni

60�

[ea57℄, and

this was on�rmed by Garvin, Lederman andWeinrih [GLW57℄, who in a brilliant experiment

also disovered the violation of harge onjugation, C. However, the ombined symmetry CP

was still believed to be a good symmetry of Nature.

In 1964, CP violation was disovered by Christenson et al. in the deay of the long-lived

neutral kaon [CCFT64℄, whih oasionally (2�10

�3

) deayed into a state with opposite CP ,

thereby breaking CP invariane.

Already in 1963, Cabibbo proposed mixing between the d and the s quark [Cab63℄, and

in 1970 Glashow, Iliopoulos and Maiani suggested a fourth quark (the harm quark, ) in

this sheme to anel an unwanted (i.e. unobserved) �S = 1 neutral urrent [GIM70℄. An

extension of this quark sheme to six quarks was noted as a possibility in 1973, even before the

 quark disovery, by Kobayashi and Maskawa [KM73℄, as a 3�3 omplex mixing matrix, now

alled the Cabibbo-Kobayashi-Maskawa (CKM) matrix, naturally allows for CP violation.

With the disovery in 1977 of the b quark in the � resonane [H

+

77℄, the extension to three

generations of quarks was veri�ed, and a new �eld of physis { B physis { was born. In 1981

the B meson was disovered at the � (4S) resonane [CLEO81℄, and subsequent experiments

measured the lifetime and osillation frequeny of the B meson [ARGUS87a℄, where the later

measurement was used to predit the large top quark mass long before its �nal disovery

[CDF95℄

3

.

The urrently runningB fatories will measure rare branhing frations and possibly time-

dependent CP asymmetries with unpreedented statistis, thereby onstraining and testing

the CKM paradigme.

3

The B

0

B

0

mixing disovery, whih measured r

d

= 0:20�0:12, indiated a top quark mass above � 80GeV,

and was announed in the light of a laimed top quark disovery, with a mass around 40 GeV [UA184℄.
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2.3 CP violation in osmologial ontext

In 1966, two years after the disovery of CP violation and just one year after the disovery of

the mirowave bakground radiation predited by Big Bang theory, Sakharov wrote a paper

on the possibility of explaining the apparent harge asymmetry of the Universe in terms

of partile theory [Sak67℄. He argued that three onditions (now known as the Sakharov

onditions) had to be satis�ed in order to obtain a baryon asymmetry in the Universe:

Baryon non-onservation. If the total baryon number of the Universe were initially zero

and baryon number was onserved, then the Universe would remain symmetri.

C and CP violation. If C or CP were onserved, the reation rate would be the same for

partiles and antipartiles, and an initially symmetri Universe would remain symmetri.

Deviations from thermal equilibrium. In thermal equilibrium there is no time depen-

dene, and onsequently an initial baryon number of zero would remain that way.

There are of ourse ways around Sakharov's onditions. It ould be that the Universe is

only loally asymmetri, but this has now been ruled out loally (20 Mp) by diret searh

[Ste76℄ and globally (visible Universe) by indiret methods [CDG98℄. More exoti models also

exist, but Sakharov's onditions are generally believed to be true, whih makes CP violation

extremely interesting also from an existential point of view.

Most interestingly, detailed models of both baryogenesis requires that there are soures of

CP violation beyond the Standard Model [DLH

+

92℄, and the same is true for leptogenesis

4

.

2.4 Experimental situation of B physis

The experimental situation up to the ommenement of BABAR and Belle in 1999 was that

ALEPH and OPAL at LEP and CDF at the Tevatron eah had a non-signi�ant sin(2�)

measurement, while CLEO-II and to a ertain extend CDF had the most preise branhing

ratio measurements and the best limits on rare B deays.

The next generation of heavy meson experiments besides BABAR inluded, Belle at KEK,

CDF/D0 Run-II at the Tevatron, CLEO-III at Cornell and HERA-B at DESY.

However, HERA-B enountered problems, most pronouned with their traking hambers,

whih was the main reason why the �rst level trigger was not able to extrat the B

0

! J= X

deays from the minusule (10

�6

) fration of minimum bias BB events available, thus yielding

only a handful of signal andidates [HERA-B03℄.

At CLEO-III it was deided to fous on D physis, as the luminosity of CESR would not

be able to ompete with those of KEK-B and PEP-II, and sine neither the detetor nor the

ollider were build asymmetrially to allow for a boosted system.

Run-II at the Tevatron did not start until 2001, and the luminosity has been below

expetations. Furthermore, the CDF and D0 detetors have not been working optimally, and

so the �rst results on B physis have yet to be published

5

. However, as the Tevatron is a

hadron ollider (where the energy of the ollisions vary), the B

s

meson will also be available

for analysis.

This has left Belle as the �erest ompetitor. The two detetors are roughly similar in

performane, with Belle having slightly better traking and eletromagneti alorimetry (and

lower beam bakgrounds), while BABAR has better partile identi�ation. Belle started data

taking at the same time as BABAR

6

, and though BABAR managed to get ahead with respet

to integrated luminosity, Belle has now taken the lead. Interestingly enough, the two datasets

4

In leptogenesis the partile antipartile-asymmetry is reated through CP violation in the lepton setor,

ontrary to baryogenesis, where the quark setor is the soure of the asymmetry.

5

A measurement of the mass di�erene between D

�

s

and D

�

was the �rst published Run-II result [II03℄.

6

Almost! BABAR saw their �rst ollisions 26th of May 1999, while Belle saw theirs the 4th of June 1999.
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have never been further than 25% apart in size, and thus the ompetition has remained very

equal and respetful, even bordering to friendly.

The goal of BABAR is to produe at least 5 � 10

8

BB pairs in order to onstrain the

CKM-matrix as muh as possible. A preise sin(2�) measurement is one of the primary

goals, but onstraints on or measurements of sin(2�), sin(2�+) and sin() are also planned.

Additionally, V

ub

and V

b

, rare deays, semileptoni and radiative penguins, hadroni B and

D physis and Quantum Eletro Dynamis (QED) with � deays are studied.





Part I

Physis

Man masters Nature not by fore but by understanding. That is why siene has

sueeded where magi failed: Beause it has looked for no spell to ast on Nature.

[Jaob Bronowski, 1908-1974℄
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3 The CKM matrix and CP violation

Extending quark mixing to three generations, established by the b quark disovery, gives rise

to a CP violating phase, whih provides an elegant explanation for the well-established CP

violation �rst observed in the K system.

However, the ruial test of whether CP violation is desribed by the Cabbibo-Kobayashi-

Maskawa (CKM) quark mixing matrix and thus the Standard Model (SM) alone, requires the

srutiny of ombining many independent measurements. This gives the B system, rih in

phenomenology and the only diret probe of the third quark generation

7

, a entral role, to

be investigated in the following.

First, the CKM matrix will be aounted for on the basis of the Standard Model and the

symmetries of the theory investigated. Seondly, the various parametrizations of the CKM

matrix and CP violation in general will be disussed. This setion is mainly based on [PS95℄,

[Har98℄ and [Nir02℄ unless expliitly stated.

3.1 The origin of the CKM matrix

The Standard Model, so far aurately desribing all experimental data in partile physis,

is based on an SU(3)

C

� SU(2)

L

� U(1)

Y

gauge theory. The Standard Model Lagrangian is

the most general possible, whih is renormalisable and onsistent with this gauge group.

In order to write gauge invariant mass terms, i.e. assign masses to the partiles of the

model, one has to spontaneously break the SU(2)

L

� U(1)

Y

gauge symmetry. This is done

by introduing a salar �eld

8

, �, whih assumes a non-zero vauum expetation value (VEV),

h�i = (0; v=

p

2). The Lagrangian of the Yukawa ouplings, Y , between this Higgs �eld and

the quarks take the form:

L

Yukawa

= �Y

u

ij

q

0i

L

�u

0j

R

� Y

d

ij

q

0i

L

�

y

d

0j

R

+ h..; where q

i

L

�

�

u

i

L

d

i

L

�

: (3.1)

Here, i is the avor index, L and R the handedness and the prime signi�es that the quarks

are onsidered in the weak interation (avor) basis, this being de�ned by Eq. 3.1.

The Yukawa ouplings, Y , do not follow from a gauge priniple and they are in general

omplex-valued matries. Replaing the Higgs ouplings by their VEVs, M

q

ij

= (v=

p

2)Y

q

ij

,

gives rise to mass terms, but the orresponding mass eigenstates will in general not be the

same as the avor eigenstates and in fat they are not! By diagonalizing this mass matrix:

M

diag

q

= V

qL

M

q

V

y

qR

(q = u; d); (3.2)

we obtain by de�nition the mass basis, where the entries in the diagonal are real and positive.

The mass basis is related to the avor basis by the transformation:

q

Li

= (V

qL

)

ij

q

0

Lj

; q

Ri

= (V

qR

)

ij

q

0

Rj

(q = u; d); (3.3)

When writing the Lagrangian in the mass basis, we introdue four unitary matries V

qL

and

V

qR

into the theory. The right-handed �elds all have idential ouplings to the gauge �elds,

thus V

qR

ommute with the ovariant derivatives, and they disappear from the theory. The

same argument is true for the left-handed �elds when onsidering the SU(3)

C

ouplings of

Quantum Chromo Dynamis (QCD) and the purely kineti terms, thus only the SU(2)

L

�

U(1)

Y

ouplings remains. In the EletroMagneti (EM) ouplings they also vanish, as an

be seen from a typial term �u

0i

L



�

u

0i

L

! �u

i

L

(V

uL

)

y

ij



�

(V

uL

)

jk

u

k

L

= �u

i

L



�

u

k

L

and equivalently for

the Z

0

terms. This is experimentally well founded in that avor hanging neutral urrents

are not observed at tree level.

7

The top quark lifetime is too short for hadrons to form, thus no mesons involving top quarks exist.

8

Other mehanisms for generating mass exists, but they are disfavoured by observation [DRK81, KKW93℄.
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The only plae where the V

qL

matries do not anel is in the harged urrent interations

mediated by the W

�

bosons. In the mass basis the Lagrangian for quarks takes the form:

L

q

W

=

g

p

2

�u

Li



�

(V

uL

V

y

dL

)

ij

d

Li

W

+

�

+ h..: (3.4)

The unitary

9

3� 3 matrix, whih link the three u

Li

quarks with the three d

Li

quarks:

V

CKM

� V

uL

V

y

dL

; (3.5)

is alled the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [Cab63, KM73℄. Or-

dering the ouplings by the mass hierarhy yields the entries:

V

CKM

=

0

�

V

ud

V

us

V

ub

V

d

V

s

V

b

V

td

V

ts

V

tb

1

A

(3.6)

As a result of the fat that the physial (mass) eigenstates are not the same as the weak

(avor) eigenstates, one has to introdue a rotation matrix between the two. This is the only

soure of avor hanging quark interations, within the Standard Model (SM).

Given N

g

generations of partiles, the CKM matrix has a priori 2N

2

g

degrees of freedom

(dof.). Out of these N

2

g

dof. are removed by the unitarity ondition, and 2N

g

�1 dof. (number

of relative phases between quarks) an be absorbed by rede�ning the quark �elds. Thus, one

is left with N

dof

� (N

g

� 1)

2

degrees of freedom. In a world with only two generations,

N

dof

= 1, whih is just a rotation angle in a real unitary 2 � 2 matrix. The SM has three

generations, thus N

dof

= 4, whih are the three (Euler) angles of a 3� 3 rotation matrix and

one omplex phase

10

. It is this irreduible omplex phase that gives rise to CP violation in

the SM. It is interesting to note, that a third generation of quarks was originally proposed

exatly to provide a mehanism for CP violation [KM73℄.

3.1.1 Mixing among leptons

As the CKM matrix arises from breaking the SU(2)

L

� U(1)

Y

gauge symmetry, resulting in

a mixing matrix between quarks, an equivalent matrix should exist for the leptons, as they

also ouple to the weak fore.

However, if neutrinos have no mass and onsequently do not ouple to the Higgs partile,

the mass matrix will ommute with the weak eigenstates, and there will be no mixing matrix

for the lepton setor. Sine neither neutrino masses nor lepton avor violation had been

observed, it was originally thought that a mixing matrix and CP violation was absent in the

lepton setor.

But after the disovery of atmospheri neutrino mixing by Super-Kamiokande [SK98℄,

a mixing matrix for leptons is required and a new soure of CP violation is introdued

11

.

Unlike in the quark setor, neutrinos an be their own antipartiles (Majorana neutrinos),

whih results in three omplex phases instead of one.

The entries of the lepton mixing matrix, named the Maki-Nakagana-Sakata (MNS) matrix

[MNS62℄, are limited by statistis and in general poorly known. However, this will hange in

the oming years, and one � fatories start running, (over-)onstraining the MNS will surely

be pursued.

9

Loal gauge invariane and baryon number onservation requires V

CKM

to be unitary.

10

In general, N

g

generations will give

1

2

N

g

(N

g

� 1) rotation angles and

1

2

(N

g

� 1)(N

g

� 2) phases.

11

Given urrent data, CP violation in the lepton setor will be insigni�ant and disregarded in the following.
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3.2 C, P and T transformations

Three disrete operators are potential symmetries of �eld theories. Two are spae-time opera-

tors (T , P ), whih are part of the Poinar�e group, while the third is an intrinsi transformation

(C):

� C { Charge onjugation. Transforms a partile into its antipartile, P (~p;~s)! P (~p;~s).

� P { Parity hange. Flips the parity (handedness) of spae, P (~p;~s)! P (�~p;~s).

� T { Time reversal. Interhanges the forward and bakward lightone, P (~p;~s)! P (�~p;�~s).

In an unbroken gauge theory, C, P and T are all onserved separately, and therefore the

strong and the EM fore respet these symmetries. The weak fore, however, being of hiral

(i.e. handed) form, maximally violates C and P . This has its reason in that eah of the

two operators interhange partiles whih ouple to the weak fore (left-handed partiles

and right-handed antipartiles) with partiles that don't (left-handed antipartiles and right-

handed partiles). The ombined symmetry CP is not violated by avor mixing in itself, but

by the ourrene of an irreduible omplex ouplings in the Lagrangian, as is the ase for

the CKM matrix:

g

p

2

h

�u

i



�

V

ij

d

j

W

+

�

+

�

d

i



�

V

y

ij

u

j

W

�

�

i

CP

�!

g

p

2

�

�u

i



�

V

�

ij

d

j

W

+

�

+

�

d

i



�

V

T

ij

u

j

W

�

�

�

: (3.7)

Thus, for any Lagrangian with omplex ouplings, CP will generally not be a good symmetry.

From N�other's Theorem

12

, CP symmetry indues a quantum number, CP . Invariane under

CP implies that this quantum number is onserved in all reations.

3.2.1 Requirements for CP violation and the Jarlskog parameter

CP is not neessarily violated given three generations. In addition one requires that none of

the masses of same-type quarks are equal, that none of the three mixing angles are 0 or �=2

(as the omplex phase ould then be removed by phase transformations), and that the phase

is not 0 or �. The last eight onditions are elegantly summarized in a parameter-independent

manner by Jarlskog [Jar85℄:

Im(V

ij

V

kl

V

�

il

V

�

kj

) = J

3

X

m;n=1

�

ikm

�

jln

; J 6= 0: (3.8)

The maximal value J an assume is 1=(6

p

3) ' 0:1, but the value suggested by data is

J = (3:11

+0:33

�0:46

)� 10

�5

, thus many orders of magnitude smaller, whih gives meaning to the

statement that CP violation in the quark setor of the SM is small.

3.2.2 The strong CP problem

Even with the powerful restritions of renormalizability and gauge invariane, one an in prin-

iple add terms to the Lagrangian, whih violate P and T . For the SU(2)

L

and U(1)

Y

�elds

this has no observable e�et, but for SU(3)

C

it implies an eletri dipole moment (EDM) for

the neutron (a T violating e�et), whih has been experimentally exluded to an impressive

preision [H

+

99℄. Though originating from non-pertubative QCD e�ets, inherently inalu-

lable, an O(1) e�et is expeted, while the EDM limit onstrains the oupling to less than

� 10

�10

, whih is unnaturally small.

To solve this problem, known as the strong CP problem, one has either to onstrain the Higgs

12

For eah symmetry there exist exatly one orresponding onservation law [Noe31℄.
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ouplings or add additional struture to the Higgs setor [PQ77℄

13

, whih is not in the spirit

of the very general assumptions used in Setion 3.1.

In the following, the strong fore is assumed to be CP onserving.

3.3 Parametrizations of the CKM matrix

The four parameters of the CKM matrix an be parametrized in many ways of whih two

will be presented here. The �rst one is exat and resembles ordinary rotation matries muh.

The seond is only approximate, but emphasizes the hierarhy of the mixing matrix and is

therefore more intuitive.

3.3.1 Standard parametrization

The most obvious way of expressing the CKM matrix is in terms of three rotation angles,

�

12

; �

13

; �

23

and one omplex phase, Æ

13

as follows [GKR02℄

14

:

V

CKM

=

0

�



12



13

s

12



13

s

13

e

�iÆ

13

�s

12



23

� 

12

s

23

s

13

e

iÆ

13



12



23

� s

12

s

23

s

13

e

iÆ

13

s

23



13

s

12

s

23

� 

12



23

s

13

e

iÆ

13

�

12

s

23

� s

12



23

s

13

e

iÆ

13



23



13

1

A

(3.9)

where 

ij

� os(�

ij

), s

ij

� sin(�

ij

) and i; j = 1; 2; 3 label the three generations. An advantage

of this representation is that if an angle, �

ij

, vanishes, then so does the mixing between the

generations i and j. The form an be muh simpli�ed by using the smallness of jV

ub

j � 0:003,

so that to an exellent approximation (O(10

�5

)) 

13

' 1 and s

13

an be negleted ompared

to terms of order unity.

3.3.2 Wolfenstein parametrization

It happens that the diagonal terms in the CKM matrix are lose to unity, while the ouplings

between di�erent generations derease as one moves away from the diagonal. No (known)

priniple ditates this hierarhy (whih is not present in the MNS matrix), but along with

the mass hierarhy, it is suggestive.

One an hoose to emphasize this hierarhy by writing the entries in powers of � � s

12

=

0:2229 � 0:0022 [PDG02℄, the sine of the Cabibbo angle [Cab63℄, as follows:

V

CKM

=

0

�

1� �

2

=2 � A�

3

(�� i�)

�� 1� �

2

=2 A�

2

A�

3

(1� �� i�) �A�

2

1

1

A

+ O(�

4

); (3.10)

where A, � and � are real numbers intended to be of order unity. This approximation is alled

the Wolfenstein parametrization [Wol83℄, and it is valid up till fourth order of �, whih is

aurate enough for most purposes (O(10

�3

)).

When omparing two deay modes, one is said to be Cabibbo suppressed with respet

to the other, if the CKM-ouplings are one order higher in �. The branhing fration of the

Cabibbo suppressed deay will roughly be �

2

' O(5%) of the non-suppressed deay. This

notion will be used extensively in later disussions.

13

This introdues a goldstone boson (the axion), whih by now is almost exluded by experiment.

14

Kobayashi and Maskawa [KM73℄ originally proposed a parametrization loser to that of Cabibbo [Cab63℄.
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3.4 The unitary triangle(s)

The nine onstraints on the CKM matrix from unitarity (see Setion 3.1) an be written

expliitly as:

0

�

V

ud

V

us

V

ub

V

d

V

s

V

b

V

td

V

ts

V

tb

1

A

0

�

V

�

ud

V

�

d

V

�

td

V

�

us

V

�

s

V

�

ts

V

�

ub

V

�

b

V

�

tb

1

A

=

0

�

1 0 0

0 1 0

0 0 1

1

A

(3.11)

Three of these nine linearly independent equations are normalizations and six are linear

omplex equations written below, divided aording to their origin with respet to generation:

1
 2 generation 1
 3 generation 2
 3 generation

(O(�)+O(�)+O(�

5

) = 0) (O(�

3

)+O(�

3

)+O(�

3

) = 0) (O(�

4

)+O(�

2

)+O(�

2

) = 0)

V

ud

V

�

us

+V

d

V

�

s

+V

td

V

�

ts

= 0 V

ud

V

�

ub

+V

d

V

�

b

+V

td

V

�

tb

= 0 V

us

V

�

ub

+V

s

V

�

b

+V

ts

V

�

tb

= 0

V

ud

V

�

d

+V

us

V

�

s

+V

ub

V

�

b

= 0 V

ud

V

�

td

+V

us

V

�

ts

+V

ub

V

�

tb

= 0 V

d

V

�

td

+V

s

V

�

ts

+V

b

V

�

tb

= 0

(3.12)

These six equations may be represented by triangles in the omplex plane, were eah of the

three omplex V V

�

terms orrespond to a side in the triangle. The triangle representation

has the advantage that it is invariant under phase rede�nition

15

and therefore physially

observable. In fat the sides and angles an be diretly related to branhing ratios and

asymmetries, respetively, and onsequently the geometrial interpretation is natural.

The six triangles have the same area, equal to jJ j=2 � �

6

, whih expresses that there is

preisely one CP violating phase. They are pairwise muh alike, due to the high degree of

symmetry of the CKM matrix, and therefore it is ustomary to sketh only three triangles,

as in Fig. 3.1.

V
V V

V V
us ub

* tb
*

cs cb
*

tsV V

V V

V Vud ub
V

*(b)

*

*

cd cb

td tb

V V
V V

V V
td

*
*

*
ud us

cd cs
ts

(a)

(c)

Figure 3.1: The three unitary triangles are geometri interpretations of the three equations

P

q=u;;t

V

qa

V

�

qb

= 0 with (a) a=d; b=s (1
 2), (b) a=d; b=b (1
 3), () a=s; b=b (2
 3).

The triangles have equal areas and are here approximately drawn to sale in order to show

their shape.

From Figure 3.1 and from the order in � of the sides, it is lear that only the unitary

ondition from ombining �rst and third generation ouplings of the CKM matrix result in

triangles with omparable sides and angles, while the others are \squashed" and therefore

very hard to measure.

For historial reasons the triangle orresponding to the equationV

ud

V

�

ub

+V

d

V

�

b

+V

td

V

�

tb

= 0

(framed in Eq. (3.12)), is known as the unitary triangle (see Fig. 3.2). None of the side lengths

or angles of the seond 1
 3 triangle di�ers from the unitary triangle by more than 5%, and

it will therefore be a while before the two an be experimentally distinguished.

For the Wolfenstein parametrization to math the graphial representation more preisely

(i.e. for the apex of the triangle to oinide with (�; �)), one makes the substitution: �! � =

�(1� �

2

=2) and � ! � = �(1 � �

2

=2).

15

It is suh phase rede�nitions that remove 2N

g

�1 degrees of freedom when ounting these (Setion 3.1).
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Re

Im

�

�

0 1

�

�



V

u

d

V

�

u

b

V



d

V

�



b

V

t

d

V

�

t

b

V



d

V

�



b

The Unitary Triangle

(representing the relation)

V

ud

V

�

ub

+ V

d

V

�

b

+ V

td

V

�

tb

= 0

Figure 3.2: The unitary triangle. The triangle orresponding to the equation V

ud

V

�

ub

+V

d

V

�

b

+

V

td

V

�

tb

= 0, is for histori reasons known as the unitary triangle. Note that the baseline has

been normalized by V

d

V

�

b

to equal one.

The three angles of the unitary triangle expressed in terms of CKM matrix entries are

16

:

� � arg

�

�

V

td

V

�

tb

V

ud

V

�

ub

�

; � � arg

�

�

V

d

V

�

b

V

td

V

�

tb

�

;  � arg

�

�

V

ud

V

�

ub

V

d

V

�

b

�

: (3.13)

These physial observables an be measured by CP asymmetries in various B deays, and

onsisteny of the measurements provides in part tests of the SM. The real test, though, is

to �t all experimental and theoretial CKM related quantities with only four parameters.

3.4.1 The CKM paradigme and physis beyond the Standard Model

The Kobayashi-Maskawa phase is, very likely, the dominant soure of CP violation

in low-energy avor-hanging proesses.

[Y. Nir℄

Whereas most other theories have failed to explain CP violation, the Kobayashi-Maskawa

mehanism has prevailed. Not only does it explain the very origin of CP violation in a very

simple fashion, but as the omplex phase only enters when all three generations are involved,

it also orretly predits its smallness in most proesses. In light of the results from the B

fatories, the quotation above is ommonly agreed upon, and the CKM mehanism has risen

from an explanation to a paradigme.

However, that said, one should keep in mind that the Standard Model fails by many

orders of magnitude to explain the baryon asymmetry, N

B

=N



= (5:5� 0:5)� 10

�10

[BNT01℄

observed in the Universe [HS95, GHO

+

94℄, and therefore soures of CP violation beyond that

of the CKM matrix must exist, either in the quark setor or elsewhere (e.g. the lepton setor).

Sine the B system ontains the dominant part of the SM CP violation and involves many

loop proesses, whih ould involve physis beyond the SM and thus alter its preditions, it

is an exellent plae to searh.

16

Following the original terminology, the angles �, � and  are denoted �

2

, �

1

and �

3

respetively by Belle.
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Finally, the Higgs setor may itself ontain CP violation, if there are more than one

doublet

17

, possibly through spontaneous CP violation [Nir02℄. Interestingly, CP is an exat

gauge symmetry in some string theories, and must be spontaneously broken [DLM92, CKN93℄.

However, in the following only the SM will be onsidered, and the above ases will not be

disussed any further.

3.5 Setion summary and onlusions

Given three generations, the Standard Model not only enompass CP violation, but also

orretly predits its natural smallness. Though well understood (and well tested), some

aspets of CP violation remains to be solved. However, the major reason for the interest

omes from osmologial arguments.

CP violation is required for the observed matter anti-matter asymmetry in the Universe to

arise, but the experimentally determined level of CP violation falls many orders of magnitude

short of the required level. This means that soures of CP violation beyond the Standard

Model must exist.

A searh for suh soures must begin with a mapping of the SM soures. These are most

pronouned in the third quark generation, and sine the top quark does not form bound

states, the bottom quark systems take a entral position. Not only do these deays have loop

diagrams, whih ould involve new physis, but being reently available in very large numbers

and for time-dependent measurements, the stage is set for experimentalists to test whether

the Standard Model an aount for all CP violation measurements.

17

Then �

u

and �

d

are not the same (separate Higgs' for the u

i

and d

i

quarks).
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4 Mixing and CP violation in the B system

[E�etive �eld theories℄ will make hard alulation easy and impossible alulations

doable : : : If we had to know everything about all the partiles, no matter how

heavy, we would never get anywhere.

[H. Georgi, Weak Interations and Modern Partile Theory℄

Though abundant in many hadrons, b quarks are produed and studied most easily in the two

light B mesons. The neutral B system is ompliated by the fat that the avor eigenstates,

with de�nite quark omposition

�

bd (B

0

meson) and b

�

d (B

0

meson)

18

, are not the same as the

physial states of de�nite masses and lifetimes, whih in turn are not the same as the CP

eigenstates.

However, it is this ompliation that gives B physis suh a rih phenomenology.

Starting from the Hamiltonian, the various aspets of B physis are explored. First the

mixing between the avor eigenstates as they evolve in time is infered, next the CP eigenstates

are time developed, and �nally various types of CP violation are onsidered. Though aimed

at the B

0

system, most of the formalism applies to other neutral meson systems, as will be

mensioned oasionally and disussed in Setion 6.1. The disussion is model independent

unless otherwise stated.

4.1 The B-system

The b quark is like other quarks bound in hadrons, but as b baryons are harder to produe,

less alulable and phenomelogially inferior, the fous has been on B mesons, of whih four

types (omitting exited states) exist (see Table 4.1).

B meson Mass (MeV) Lifetime (ps) Mass di�erene (ps

�1

) Lifetime di�erene (ps)

B

0

d

�

�

bd 5279:4 � 0:5 1:542 � 0:016 0:489 � 0:008 > 0:084 (90% CL)

B

+

u

�

�

bu 5279:0 � 0:5 1:674 � 0:018 { {

B

0

s

�

�

bs 5369:6 � 2:4 1:461 � 0:057 > 13:1 (95% CL) > 0:29 (95% CL)

B

+



�

�

b 6400 � 400 0:46

+0:18

�0:16

{ {

Table 4.1: The B mesons and measurements of their masses, lifetimes, mass di�erenes and

lifetime di�erenes [PDG02℄, [RNCMV04℄ and [PDG03℄. The two latter only applies to neutral

mesons. The lifetime di�erenes are predited to be �0:005�0:002 [DHKY02℄ and 0:18�0:09

[A

+

01℄.

The main advantage of the two lightest B mesons is that they an be produed in large

numbers with relatively small bakgrounds, whih is why they are the �rst to be studied in

detail. The B

0

s

meson is also very interesting, but has to be produed from � (5S) deays

(possible at the B fatories), Z

0

deays (LEP) or at hadron olliders (Tevatron/LHC), whih

have so far been restrited the sample sizes.

4.2 E�etive �eld theories

Though partile physis is based on Quantum Field Theory (QFT), e�etive �eld theory is

the framework in whih the physis of B mesons is desribed, as only the relevant degrees of

freedom need to be taken into aount.

18

The notation onvention is that the B

0

is the isospin partner of the B

+

, whih ontains a

�

b quark.
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Integrating out the irrelevant parts leaves one with an e�etive Hamiltonian,

^

H, the

interation of whih for B

0

mesons has to be time developed on a general state:

j (t)i = a(t)jB

0

i+ b(t)jB

0

i+

X

f

Z

PS

�

f

(E)

f

(E; t)jf(e)idE; (4.1)

where a, b and  are oeÆients of the states and one sums over energy-eigenstates, f , and

integrate their density, �

f

(E), over phase spae (PS). This leads to a set of oupled �rst order

di�erential equations, whih an be solved for an initial state ontaining a superposition of

B

0

and B

0

(thus 

f

(0) = 0), by making the approximation (originally due to Wigner and

Weisskopf [WW30℄) that the weak fore is a perturbation relative to the strong and EM fores,

and onsequently the time-sale of its reations governing the evolution of the system muh

longer. This means that weak Hamiltonian does not ouple the �nal states, f , to eah other.

The result is a pair of oupled �rst order di�erential equations [CK03℄:

i

d

dt

�

a(t)

b(t)

�

= H

�

a(t)

b(t)

�

: (4.2)

This Shr�odinger-like equation desribes, in a simple manner, the time evolution of an arbi-

trary B

0

=B

0

state. As the relative time-sales between the weak and the strong interations

di�er by 8{10 orders of magnitude(!), the approximation made is good for all pratial pur-

poses. The atual entries of H remains to be alulated, whih still requires QFT, or e�etive

theories based thereon.

4.3 The Hamiltonian

The Hamiltonian for a system of mixing and deaying partiles, is in general not Hermitian.

However, it an be uniquely deomposed to a sum of two Hermitian matries; the dispersive

part, M, desribing the mixing, and the absorptive part, �, desribing the deay:

H �M�

i

2

� =

�

M

11

M

12

M

21

M

22

�

�

i

2

�

�

11

�

12

�

21

�

22

�

=

�

hB

0

j

^

HjB

0

i hB

0

j

^

HjB

0

i

hB

0

j

^

HjB

0

i hB

0

j

^

HjB

0

i

�

; (4.3)

where the indies 1; 2 refer to whether the initial and �nal states were B

0

or B

0

. The dispersive

part, M, governs mixing through virtual states while the absorptive part, �, governs mixing

via and deay to real states.

The diagonal terms of the Hamiltonian matrix H are mostly due to the b-quark mass and

strong interations, whereas the non-diagonal terms are generated by the transitions between

B

0

and B

0

states, thus governed by the weak interation. For this reason the diagonal terms

H

11

and H

22

dominate.

4.3.1 Phase onventions

The two B states, B

0

and B

0

, are related through CP transformation, as follows:

CP jB

0

i = e

i�

1

jB

0

i; CP jB

0

i = e

i�

2

jB

0

i; (4.4)

where the phases �

1;2

are arbitrary, i.e. without physial meaning, so a phase transformation:

jB

0

�

i = e

�i�

jB

0

i; jB

0

�

i = e

+i�

jB

0

i; (4.5)

has no physial e�ets, whih is a onsequene of the strong fores (b) avor independene.

Without loss of generality one an hoose (CP )

2

= 1 and likewise (CPT )

2

= 1.

One must onstrut quantities, whih do not hange under phase rotations (i.e. onvention-

independent), to measure physially meaningful phases (see Eq. 4.22).



4.4 Time developement 17

4.3.2 Hamiltonian properties under CPT and CP transformation

The disrete symmetries C, P and T (see Setion 3.2) pose ertain onstraints on the Hamil-

tonian. Though none of them are good symmetries by themselves, ertain ombinations are

instrutive to onsider, as they either onstrain the Hamiltonian or reveal whih onsequenes

the breaking of that symmetry has.

Invariane under CPT requires that (CPT )

y

H(CPT ) = H, and therefore:

hB

0

out

jHjB

0

in

i

CPT

= hB

0

out

j(CPT )

y

H(CPT )jB

0

in

i

def.

= hB

0

in

e

�i�

jHje

i�

B

0

out

i ) H

11

= H

22

; (4.6)

and from the Hermetiity of M and � follows that M

11

=M

22

and �

11

= �

22

are real (2 R).

CPT invariane ensures that partiles and antipartiles have equal masses and deay rates.

CPT invariane is a general requirement of relativisti �eld theory

19

, and it is believed to be

an exat symmetry. As CPT invariane has been tested to extremely high preision, and in

many ways [PDG02, P

+

01℄ it will be assumed in the following.

CP onservation also yields this result, but in addition it requires that:

hB

0

out

jHjB

0

in

i

CP

= hB

0

out

j(CP )

y

H(CP )jB

0

in

i

def.

= hB

0

out

e

�i�

jHje

�i�

B

0

in

i ) H

12

= e

�2i�

H

21

; (4.7)

Along with the Hermitiity requirements, this implies that the o�-diagonal elements of the

Hamiltonian, H

12

and H

21

, are equal in magnitude. CP invariane requires in addition

that partial deay rates of CP onjugate proesses are equal. However, CP is not an exat

symmetry of Nature, and violation of Eq. 4.7 is exatly the general requirement for CP

violation.

The onsequenes of the various symmetries are summarized in Table 4.2. The assumption

that CPT is a good symmetry redues the number of parameters of the e�etive Hamiltonian

from seven (one phase removed by phase transformation) to �ve.

Symmetry B

0

! B

0

B

0

! B

0

B

0

! B

0

B

0

! B

0

Consequenes

CPT B

0

! B

0

B

0

! B

0

H

11

= H

22

CP B

0

! B

0

B

0

! B

0

B

0

! B

0

B

0

! B

0

H

11

= H

22

and jH

12

j = jH

21

j

T B

0

! B

0

B

0

! B

0

jH

12

j = jH

21

j

Table 4.2: The onsequenes of the symmetries CPT , CP and T .

4.4 Time developement

All omposite things deay. Strive diligently. [Buddha, a. 563 - 483 b., Last words℄

The two neutral B meson states an be represented in three di�erent bases, whih in the

neutral B system are not aligned:

The avor basis of de�nite quark ontent, jB

0

i and jB

0

i, in whih partile prodution is

to be understood.

Physial basis de�ning eigenstates of the Hamiltonian, jB

H

i and jB

H

i with de�nite mass,

lifetime and deays, whih evolve in time aording to the Shr�odinger Equation.

CP basis states of de�nite CP . If CP was onserved, then the CP eigenstates would also

be mass eigenstates.

19

By the CPT theorem, it requires Lorentz invariane, Loality, usual spin-statistis onnetion and a

hermitian Hamiltonian of the basi theory [Sh53, L�ud57℄. At the gravity sale, Lorentz invariane breaks and

some string theories are not loal, but these are the few exeptions.
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As the Hamiltonian governs the physial eigenstates, the time developement of the avour

and CP eigenstates must be done in the physial basis, whih requires the eigenvalues and

eigenstates of the Hamiltonian.

4.4.1 Hamiltonian eigenvalues and eigenstates

The eigenvalues �

L

and �

H

of the Hamiltonian are:

�

H

� H

11

+

p

H

12

H

21

= (M

11

�

i

2

�

11

) +

q

(M

12

�

i

2

�

12

)(M

�

12

�

i

2

�

�

12

) � M

H

�

i

2

�

H

;(4.8)

�

L

� H

11

�

p

H

12

H

21

= (M

11

�

i

2

�

11

)�

q

(M

12

�

i

2

�

12

)(M

�

12

�

i

2

�

�

12

) � M

L

�

i

2

�

L

; (4.9)

where M and � are real. It is ustomary to introdue the following intuitive de�nitions:

m

B

�

1

2

(M

H

+M

L

); �m

B

� m

H

�m

L

, M

H;L

� m

B

�

1

2

�m

B

; (4.10)

�

B

�

1

2

( �

H

+ �

L

); ��

B

� �

H

� �

L

, �

H;L

� �

B

�

1

2

� �

B

: (4.11)

where �m

B

is de�ned to be positive.

Relating these elements of the Hamiltonian to the basi parameters of the theory through

QFT is far from an easy task, whih the phenomena of interhanging avor states, BB mixing,

governed by �m

B

d

(see below), illustrates well. The leading order diagrams for this proess

are shown in Fig. 4.1:
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Figure 4.1: Diagrams for BB mixing. While the �rst diagram has a olor fator of three, the

seond diagram has a relative sign di�erene, so the overall amplitude is twie that of the

seond diagram. The divergenes at large loop momenta are anelled by the unitarity of the

CKM matrix, whih is known as the GIM mehanism (see text).

Apart from the relevant CKM fators, the amplitude of the diagrams depends only on the

masses of the quark involved. If the quark masses were equal, eah quark avor would on-

tribute aording to its CKM oupling, and by unitarity they would anel (V

ud

V

�

ub

+V

d

V

�

b

+

V

td

V

�

tb

= 0). In the limit of large loop momenta, the quark masses beome negligible, and

thus by unitarity the ultra-violet divergenes anel. This is known as the GIM mehanism

[GIM70℄ (named after its inventors Glashow, Illiopoulos and Maiani)

20

.

The mass dependene taking all EW ontributions into aount is desribed by the Inami-

Lim funtion [IL81℄. However, simply from dimensional onsiderations it an be argued that

the mass dependene is linear, thus the top quark by far dominates, and its large mass

makes the mixing rate sizable. From measuring the mixing rate, one ould therefore imagine

extrating jV

td

V

�

tb

j.

However, while the amplitude of the mixing diagram an be alulated quite aurately,

suh a alulation treats the b and d quarks as free partiles, and therefore ignore the (QCD)

fores that bind them into the B

0

meson. The atual B states are not very preisely known,

20

Interestingly, in the original GIM-sheme it was the unitarity of only two generations that was onsidered.

The idea is by now a general tool to make divergenies anel, for example in Super Symmetry [SS74, Nil84℄.
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and this laking knowledge is parametrized in terms of a bag fator, B

B

d

, and a deay on-

stant, f

B

d

.

Many shemes have been developed to give more or less preise estimates of these two quan-

tities, e.g. lattie QCD, Heavy Quark E�etive Theory (HQET), and sum rules, but none of

these an make preditions muh better than O(20%).

Thus, even though the B

0

d

mixing rate �m

d

has been measured with great preision

(O(1%)), it is still not possible to extrat jV

td

V

�

tb

j with great preision. Some of the theoretial

unertainties an be anelled out by onsidering ratios, suh as that of the mixing rates of

the B

0

s

and the B

0

d

meson, respetively, but some theoretial unertainty remains (as does

the measurement of �m

s

). With the exeption of sin(2�), this is the dominant pattern in

extrating CKM parameters.

Although the width di�erene ��

B

has not been measured (yet), it is expeted to be very

small, as it arises from deay hannels ommon to B

0

and B

0

, whih have branhing frations

of O(10

�3

) or less (either olor or Cabibbo suppressed) ontributing with alternating sign.

Thus in the B system the mass di�erene is dominating, and it is therefore naturel to label

the physial states jB

L

i (L for Light) and jB

H

i (H for Heavy)

21

.

Diagonalizing H yields the physial eigenstates, whih without loss of generality an be

written in terms of the avor eigenstates as:

jB

0

L

i = pjB

0

i+ qjB

0

i; jB

0

H

i = pjB

0

i � qjB

0

i (4.12)

where p and q are omplex oeÆients with arbitrary phase obeying the normalization on-

dition jpj

2

+ jqj

2

= 1. The eigenvalue equation yields:

q

p

= �

r

H

12

H

21

' �

jM

12

j

M

12

�

1�

1

2

Im

�

12

M

12

�

: (4.13)

As both the ratio and the relative phase of �

12

=M

12

are expeted to be small (O(m

2

b

=m

2

t

)

and O(m

2



=m

2

b

), respetively), jq=pj will be lose to unity, as will be assumed in the following.

The same oeÆients apply to the two states due to (the assumed) CPT invariane.

The physial states have de�nite masses and lifetimes and they obey the Shr�odinger

Equation:

jB

H;L

(t)i = e

�iHt

jB

H;L

i = e

�(iM

H;L

+�

H;L

=2)t

jB

H;L

i: (4.14)

From the established Hamiltonian formalism Eq. 4.2 and from inverting Eq. 4.12, the time

developement of the avor eigenstates an be obtained.

Considering initially (t = 0) pure avor states in their Center-of-Mass (CM) frame, the time

developed states, denoted jB

0

phys

(t)i and jB

0

phys

(t)i, are:

jB

0

phys

(t)i = g

+

(t)jB

0

i+

q

p

g

�

(t)jB

0

i; (4.15)

jB

0

phys

(t)i =

p

q

g

�

(t)jB

0

i+ g

+

(t)jB

0

i; (4.16)

where

g

�

(t) =

1

2

e

�imt

e

�

1

2

�

(e

i

1

2

�mt

e

1

4

��

� e

�i

1

2

�mt

e

�

1

4

��

): (4.17)

Thus, mixing is governed by the phase di�erenes �m and ��, while the ommon phases �

governs deay and e

�imt

has no physial signi�ane

22

.

21

In the K system (see Setion 6.1.1) ��

B

o �m

B

, hene the terminology K

short

and K

long

.

22

Well, almost! It tests whether gravity attrats or repels partiles and antipartiles, whih is not the ase.
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4.4.2 Coherent B

0

B

0

state

At e

+

e

�

olliders, B mesons are produed through the � (4S) resonane (see Figure 4.2),

whih is the lightest b

�

b state above the threshold for deaying into two B mesons. Due to

isospin symmetry, it is in general (and here) assumed that half the B meson pairs are harged

and half are neutral.

�



�(4S)

e

+

e

�

b

u; d

u; d

b

Figure 4.2: Diagram for prodution of a BB pair at the � (4S) resonane.

The � (4S) has J = 1, and sine the B mesons are pseudo-salars, onservation of angular

momentum requires that the BB state funtion,  , is a oherent L=1 state, hene with parity

P =(�1)

L

=�1, thus the spatial part is required to be antisymmetri. From Bose-Einstein

statistis the overall state must be symmetri, and onsequently the avor-part of  must be

antisymmetri:

 

avor

=

1

p

2

�

jB

0

ijB

0

i � jB

0

ijB

0

i

�

: (4.18)

At the energies in question the eletron mass an be negleted and heliity is onserved, thus

the � (4S) is produed in a J

z

= �1 state, whih (integrating over  , whih is isotropi) yields

the spatial deay distribution:

 

spae

= aY

1

1

(�; �) + bY

�1

1

(�; �) =) f(�) =

Z

j 

spae

j

2

d� =

3

4

sin

2

(�); (4.19)

where jaj

2

+ jbj

2

= 1 are normalization oeÆients desribing the polarisation of the beams,

whih is unimportant for this disussion.

The time dependeny of the oherent state (Eq. 4.18) is obtained by replaing the avor

states by their time-dependent expressions (Eq. 4.15-4.16):

j 

avor

(t

1

; t

2

)i =

1

p

2

�

jB

0

phys

(t

1

)ijB

0

phys

(t

2

)i � jB

0

phys

(t

1

)ijB

0

phys

(t

2

)i

�

=

1

p

2

e

�

1

2

�(t

1

+t

2

)

�

os

�

(

1

2

�m� i

1

4

��)(t

1

� t

2

)

� �

jB

0

ijB

0

i � jB

0

ijB

0

i

�

�i sin

�

(

1

2

�m� i

1

4

��)(t

1

� t

2

)

�

�

p

q

jB

0

ijB

0

i �

q

p

jB

0

ijB

0

i

�o

; (4.20)

where the two times, t

1

and t

2

, are to be measured in the CM frame of the B mesons, whih

is lose to that of the � (4S), as the phase spae available is very small (

CM

' 1:002).

Due to the antisymmetri state, only the time di�erene needs to be measured, as the time

sum only enters in the normalization. This is ruial for experiments at the � (4S) resonane

(f. Setion 7.1).

As an be seen from Eq. (4.20), the result of the ohereny is that the two B mesons eah

evolve in time as a single B meson but in phase, suh that until one B meson deays, there

is exatly one B

0

meson and one B

0

-meson

23

.

23

This is simply another ase of the lassi Einstein-Podolsky-Rosen (EPR) situation [EPR35℄.
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However, after the deay of one B meson, the other ontinues to osillate. Therefore an

event an be either unmixed, i.e. the avor of the two deayed B mesons are opposite, or

mixed, i.e. the avor of the two deayed B mesons are the same, as desribed by Eq. (4.25).

4.4.3 Flavor determination { tagging

To determine the avor of a deayed B

0

meson (in ommon terminology, to tag

24

it), one

needs a deay, whih is only allowed by one of the avors. In priniple no suh avor spei�

deays exist, and the various lassi�ations are almost ontinuous. Semileptoni deays are

to an extremely good approximation avor spei�, but as the assoiated neutrino esapes

undeteted, these deays annot be fully reonstruted, and so they have signi�ant bak-

grounds.

Hadroni deays an be fully reonstruted and are thus more lean, but they are less avor

spei� (by the '�

2

theorem' [Pet00℄). This has an impat on time-dependent measurements

of small CP asymmetries, e.g. in B

0

! D

(�)�

�

�

.

However, for the time being (and for illustration) B

0

deays will be divided into two lasses:

Flavor deays. If the �nal state is not allowed (or highly suppressed) for one B avor, then

it is a tag for the other, that is: A

B

0

!f

� A

B

0

!f

) f is a B

0

tag and vie versa.

CP deays. If the �nal state is allowed for both B avors, be it a CP eigenstate or not, the

deay an be used for CP studies.

While CP deays require to be fully reonstruted, the avor of a B

0

deay may be infered

though missing some traks and lusters. For experimental reasons (eÆieny onsiderations),

most often only one of the two B mesons an be fully reonstruted, while a reasonable

estimate an be made about the avor and deay point of the other deay. Though events

where two CP eigenstates are reonstruted are very interesting for solving ambiguities, they

will not be onsidered in the following. De�ne the amplitudes:

A

f

� hf j

^

HjB

0

i; A

f

� hf j

^

HjB

0

i: (4.21)

As disussed in Setion 4.3.1, the phase of these amplitudes is arbitrary. However, ombining

them appropriately with the quantities q and p yields a phase invariant parameter

25

, whih

is unique for eah �nal state f :

�

f

�

q

p

A

f

A

f

f=CP

= �

f

CP

q

p

A

f

CP

A

f

CP

; (4.22)

where the last part is de�ned only if the �nal f is a CP eigenstate, for whih �

f

CP

is then

the eigenvalue (�1).

If one neutral B meson deays at time t

re

into �nal state f

re

, whih is fully reonstruted

and the other deays at time t

tag

into a avor spei� state, f

tag

, where the avor is deter-

mined, then the overall amplitude, hf

re

f

tag

j

^

H j 

avor

(t

re

; t

tag

)i, is obtained from Eq. (4.20) by

replaing the B states with the orresponding amplitudes. The �nal (unnormalized) deay

time distribution is obtained from the absolute square of this amplitude, and expressed in

terms of (u for unmixed and m for mixed):

A

u

= A

f

re

A

f

tag

�A

f

re

A

f

tag

and A

m

=

p

q

A

f

re

A

f

tag

�

q

p

A

f

re

A

f

tag

(4.23)

24

This expression is used widely in BABAR, both for trivial but also more interesting matters.

25

The notation is standard but a bit unfortunate, as � is also used for eigenvalues and as Wolfenstein

parameter, but the subsripts and ontext should disentangle the notations.
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whih an be regarded as the amplitudes for mixed and unmixed events it yields:

e

�i�(t

re

+t

tag

)

�

(jA

u

j

2

+ jA

m

j

2

) osh(

1

2

��t) + 2Re(A

u

A

m

) sinh(

1

2

��t)

+(jA

u

j

2

� jA

m

j

2

) os(�mt) + 2Im(A

u

A

m

) sin(�mt)

�

; (4.24)

where t � t

re

� t

tag

have been used

26

. The sin and sinh terms are due to interferene between

mixed and unmixed states, as they are only present when both A

u

6= 0 and A

m

6= 0.

If f

re

is a avor spei� state, then the deay time distribution redues to:

N(f

re

; f

tag

)e

��(t

re

+t

tag

)

[osh(

1

2

��t)� os(�mt)℄ ; (4.25)

where the sign is positive for opposite tags (B

0

B

0

) and negative for equal tags (B

0

B

0

/B

0

B

0

).

If f

re

is a CP eigenstate, then the deay time distribution is:

N(f

re

; f

tag

)e

��(t

re

+t

tag

)

�

1 + j�

f

j

2

2

osh(

1

2

��t)�Re(�

f

) sinh(

1

2

��t)

�

1� j�

f

j

2

2

os(�mt)� Im(�

f

) sin(�mt)

�

: (4.26)

As �m dominates mixing in the B system, �� will, though both an interesting and important

quantity [Kit03℄, be omitted in the following.

Antiipating the ourse of events, the sum of the times is integrated out, as it annot

be measured with any reasonable preision. As both t

re

and t

tag

are greater than zero,

t

re

+ t

tag

> jt

re

� t

tag

j, and one obtains:

Ne

��(t

re

+t

tag

)

f(t

re

� t

tag

) !

Z

1

jt

re

�t

tag

j

Ne

��(t

re

+t

tag

)

f(t

re

� t

tag

)d(t

re

+ t

tag

)

= Ne

��j(t

re

�t

tag

)j

f(t

re

� t

tag

): (4.27)

Thus, by a simple replaement, one obtains deay distributions, whih only depend on the

(signed) time di�erene, t, between the two deays.

This simpli�es the above expressions, Eqs. (4.25- 4.26), to:

N(f

re

; f

tag

)e

���t

[1� os(�mt)℄ (4.28)

N(f

re

; f

tag

)e

���t

�

1 + j�

f

j

2

2

�

1� j�

f

j

2

2

os(�mt)� Im(�

f

) sin(�mt)

�

: (4.29)

If f

re

an be reahed by both B

0

and B

0

but is not a CP eigenstate, the situation is more

subtle, and will be disussed in Setion 4.6.

4.5 Types of CP violation

CP violation an manifest itself in three di�erent ways:

� CP violation in deay. The amplitude for a deay (harged or neutral) and its CP

onjugate have di�erent magnitudes, that is jA

f

=A

f

j 6= 1.

� CP violation in mixing. The two mass eigenstates, that are CP onjugates of eah

other, annot be hosen to be CP eigenstates, that is jq=pj 6= 1.

� CP violation in interferene between deays with and without mixing. The phase be-

tween mixing and deay of neutral CP onjugates is not the same, that is Im(�

f

CP

) 6= 0.

Eah of the three types of CP violation an our by itself, but they are by no means mutually

exlusive.

By phase is meant phase di�erene, as no phase by itself has any signi�ane as it hanges

with phase rede�nition. Only relative phases an be given any meaning, as they are invariant

under phase rede�nition (onvention independent).

26

f

re

is used as referene (t

re

= 0), whih makes the natural and less luttered notation t instead of �t.
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4.5.1 CP violation in deay

CP violation in deay ours when CP onjugate deay rates di�er:

jA

f

=A

f

j 6= 1 =) CP violation in deay (4.30)

and it is a result of interferene between two types of phases:

Strong phases, Æ, from intermediate on-shell states in the deay, whih appear with the

same sign in A

f

and the CP onjugated amplitude A

f

.

Weak phases, �, from omplex parameters (the CKM phase in the SM) in the Lagrangian,

whih appear with opposite sign (omplex onjugated) in A

f

.

The amplitude of a proess an be written as a sum of amplitudes, one for eah diagram

ontributing to the proess:

A

f

=

X

i

jA

i

je

i(Æ

i

+�

i

)

; A

f

=

X

j

jA

j

je

i(Æ

j

��

j

)

: (4.31)

If only one diagram ontributes to an amplitude, the hange of sign of the weak phase will

not alter the absolute value of this amplitude. CP violation in deay requires that at least

two amplitudes with di�erent weak phases aquire di�erent strong phases, whih an be seen

from onsidering the di�erene between the square of the amplitudes:

jAj

2

� jAj

2

= �2

X

i;j

A

i

A

j

sin(Æ

i

� Æ

j

) sin(�

i

� �

j

): (4.32)

Asymmetries of CP violation in deay de�ned as:

a

f

=

�(B ! f)� �(B ! f)

�(B ! f) + �(B ! f)

=

1� jA

f

=A

f

j

2

1 + jA

f

=A

f

j

2

: (4.33)

Suh asymmetries are most often measured in harged B deays, as neutral B mesons requires

tagging

27

, e�etively lowering the statistis.

Observing a di�erene in the number of a �nal state ompared to it's CP onjugate would

also onstitute evidene for CP violation in deay. However, great are has to be taken that

an observed asymmetry is not due to harge asymmetries in the reonstrution.

The possible asymmetries are (ontrary to the K system, see Setion 6.1.1), expeted to be

large O(10%). However, these hannels all have low branhing ratios (O(10

�4

) to O(10

�5

))

28

.

Furthermore, preise alulations of asymmetries are often (but no always) ompliated

by long distane e�ets, leading to model dependene and signi�ant theoretial unertainties,

and it is therefore hard to relate any results to the basi parameters of the theory. However,

in some ases, when the amplitude of the diagrams involved an all be alulated and/or

measured separately, diret asymmetries may provide onstraints on the CKM parameters.

CP violation in deay is sometimes refered to as diret CP violation, whih requires that

some of the CP violating phases neessarily appears in the deay (�F = 1) amplitude.

27

This is only true, if the neutral B meson interferes through mixing. There exist (selftagging) modes, for

whih this is (to a good approximation) not the ase (see Setion 5.3).

28

The \unertainty priniple" of diret CP violation: Branhing ratio � asymmetry . O(10

�6

) [Jim Smith℄.
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4.5.2 CP violation in mixing

CP onservation requires that the physial eigenstates must be CP eigenstates, that is q=p

is a pure phase. CP violation in mixing ours if this is not the ase:

jq=pj 6= 1 =) CP violation in mixing (4.34)

that is if the mixing rates between the two eigenstates are not equal.

CP violation was �rst observed in mixing in the neutral kaon system (see setion 6.1.1),

and (eventually) measurable asymmetries are expeted in the neutral B system, usually in

semileptoni deays:

a

sl

=

�(B

0

phys

(t)! X`

+

�)� �(B

0

phys

(t)! X`

�

��)

�(B

0

phys

(t)! X`

+

�) + �(B

0

phys

(t)! X`

�

��)

=

1� jq=pj

4

1 + jq=pj

4

(4.35)

Sine jq=pj depends on �

12

, theoretial unertainties from long distane QCD e�ets are one

again expeted to ompliate the extration of CKM parameters from this asymmetry.

To �rst order only the top quark loop ontributes, and q=p is just a pure phase. Contributions

from harm quark loops are expeted to give O(

m



m

t

) ontributions, and so any CP violation

in mixing will be of this order.

CP violation in mixing is sometimes refered to as indiret CP violation, whih requires

that all of the CP violating phases an be enompassed in the mixing (�F = 2) amplitude.

4.5.3 CP violation in the interferene between deays with and without mixing

In addition to the onditions jA

f

CP

=A

f

CP

j = 1 (no CP violation in deay) and jq=pj = 1

(no CP violation in mixing), onservation of CP requires that the relative phase between

A

f

CP

=A

f

CP

and q=p vanishes. CP violation in the interferene between deays with and

without mixing, sometimes abbreviated CP violation in the interferene between mixing and

deay (or simply CP violation in interferene), terms this type of CP violation, and the

ondition is:

Im�

CP

6= 0 =) CP violation in interferene (4.36)

This type of CP violation is observed in the time dependent di�erene between B

0

and B

0

deays into ommon �nal states.

There are two types to distinguish between (assuming no CP violation in mixing and

omitting aidental instanes):

� If j�

f

j = 1, one weak phase dominates, thus the di�erene in Eq. (4.32) is zero and the

requirement for CP violation is Im�

f

6= 0.

� If j�

f

j 6= 1, several weak phases interfere, and potentially there ould be CP violation

in deay.

4.6 Time distribution for non-CP �nal states

If the observed �nal state f

re

(simply denoted f in the following) an be reahed by both B

0

and B

0

, but is not a CP eigenstate, four amplitudes and onsequently two di�erent amplitude

ratios enter the time distributions, as there are now two di�erent �nal states, whih are CP

onjugates of eah other.

De�ne the following amplitudes and ratios:

A

f

= A(B

0

! f)

A

f

= A(B

0

! f)

�

�

�+

�

q

p

A

f

A

f

;

A

�

f

= A(B

0

!

�

f)

A

�

f

= A(B

0

!

�

f)

�

�

+�

�

q

p

A

�

f

A

�

f

: (4.37)
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The reason for the hoie of supersript on the �'s will beome apparent in Setion 5.4.

Contrary to the originally de�ned �

f

(see Eq. (4.22)), the violation of CP is not implied by

�

��

6= 1, but rather by �

�+

�

+�

6= 1.

Given the above de�nitions, the (unnormalized) time-dependent deay rates an be written

as:

f(B

0

(t)! f) = Ne

��jtj

�

1 +

1� j�

�+

j

2

1 + j�

�+

j

2

os(�mt)�

2 Im�

�+

1 + j�

�+

j

2

sin(�mt)

�

; (4.38)

f(B

0

(t)! f) = Ne

��jtj

�

1�

1� j�

�+

j

2

1 + j�

�+

j

2

os(�mt) +

2 Im�

�+

1 + j�

�+

j

2

sin(�mt)

�

; (4.39)

f(B

0

(t)!

�

f) = Ne

��jtj

�

1 +

1� j�

+�

j

2

1 + j�

+�

j

2

os(�mt)�

2 Im�

+�

1 + j�

+�

j

2

sin(�mt)

�

; (4.40)

f(B

0

(t)!

�

f) = Ne

��jtj

�

1�

1� j�

+�

j

2

1 + j�

+�

j

2

os(�mt) +

2 Im�

+�

1 + j�

+�

j

2

sin(�mt)

�

: (4.41)

With no additional weak phases entering the amplitudes, j�

�+

�

+�

j = 1, and only a phase

di�erene between the two implies CP violation. The overall phase of �

�+

and �

+�

an be

written as:

�

�+

= j�

�+

j e

�i(Æ+�)

; �

+�

=

1

j�

�+

j

e

�i(Æ��)

; (4.42)

and thus by measuring the oeÆients of the sine terms in Eq. (4.38 { 4.41), the strong phase,

Æ, an be eliminated and the weak phase, �, extrated (with disrete ambiguities, see Setion

5.3).

To shorten the notation and the (otherwise) long expressions in Eqs. (4.38 { 4.41), the

following notation is used:

C

�

=

1� j�

��

j

2

1 + j�

��

j

2

; S

�

=

2 Im �

��

1 + j�

��

j

2

: (4.43)

From the assumed (and in the SM given) relation j�

�+

�

+�

j = 1, one an derive that C

+

=

�C

�

, thus only one parameter, C � C

+

(de�ned to be positive), is required. Furthermore,

by de�ning � = min(j�

+�

j; j�

�+

j), S

�

an be written as:

S

�

=

2�

1 + �

2

sin(Æ � �): (4.44)

The parameter � is the ratio between the interfering amplitudes (traditionally denoted r, see

Setion 5). The sensitivity to the S

�

terms and thus to the weak phase, �, inreases with

�, and it is therefore ruial for the sensitivity that the ratio of amplitudes is sizable. The

B ! DK� method (see Setion 5.2) is based on inreasing this ratio.

4.7 CP asymmetries and the angles of the unitary triangle

The three angles �, � and  (aka. �

2

, �

1

, and �

3

, respetively) of the unitary triangle hange

sign under CP . Consequently, any non-zero (and non-�) value of an angle is a sign of

CP violation, and they an in priniple be measured diretly from the asymmetries of CP

violation in interferene. While the ase for � is straight forward, the angles � and  are

more ompliated. As it is instrutive to see the examples for � and �, these will be disussed

shortly, before engaging in a more detailed disussion on  (see Setion 5).
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4.7.1 Determination of �

The angle � in the unitary triangle is the least ompliated to measure of the three unitary

angles. The reason is that it an be measured in CP eigenstates, whih has a single weak

phase dominating the amplitude and whih has both a relatively large branhing fration and

is at the same time easy to reonstrut leanly.

The states in question are B

0

deay b! �s, at hadroni level e.g. B

0

! J= K

0

S

. There are

two diagrams ontributing to the amplitude (see Fig. 4.3), where the �rst is a tree diagram

and the seond is a loop diagram (a so-alled penguin diagram

29

).
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Figure 4.3: Diagrams for the deay b ! �s. The tree diagram (left) and penguin diagrams

(right) both ontribute, but the dominant ontributions have the same weak phase, whih

greatly simpli�es the extration of basi parameters, here sin(2�). It should be noted that

the single gluon in the penguin diagram (right) represents (at least) three gluons.

The tree amplitude (T ) and (strong) penguin amplitudes (P

u;;t

) ombined with their respe-

tive CKM ouplings yield:

A = V
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V
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ub
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�
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+V
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u

�P
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)

| {z }
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;(4.45)

where in the seond equation, the unitarity of the CKM matrix, spei�ally V

us

V

�

ub

+V

s

V

�

b

+

V

ts

V

�

tb

= 0, has been used. It is onvenient and ommon (though not in aordane with

de�nition) to refer to the two terms as the tree and penguin term, respetively, as indiated

in Eq. (4.45).

The ratio between the �rst and the seond amplitude is of order unity or less, and as V

s

V

�

b

=

O(�

2

) while V

us

V

�

ub

= O(�

4

), the �rst term and its assoiated weak phase will be dominant,

thus to a good approximation:
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tb

V
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=V

tb

V
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td
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CP

e
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(4.46)

where �

CP

is the CP eigenvalue of the �nal state (�

B

0

!J= K

0

S

= �1). The approximation

that K

0

S

is a CP eigenstate (with CP = +1) is used. This yields:

Im�(B

0

!J= K

0

S

) = sin(2�) +O(10

�3

) (4.47)

Higher � resonanes and the K

0

L

an equally well be used, hanging sign aording to �

CP

.

As the B

0

! J= K

0

S

mode is abundant, eÆient and experimentally lean, this single mode

dominates the measurement of sin(2�) and has for this reason been dubbed \the golden

hannel".

29

The resemblene with a penguin does not ome easy, but the story behind the name is entertaining [Vai99℄



4.8 Setion summary and onlusions 27

4.7.2 Determination of �

In priniple, sin(2�) an be determined in the same way as sin(2�), just onsidering deays

of the type b! u�ud, hadronially being B

0

deays to e.g. �

+

�

�

, instead.

However, ontrary to the b! �s deay, penguin diagrams with di�erent CKM parameters

are not Cabibbo suppressed but O(1) ompared to the tree amplitude [AHR02℄. Due to non-

pertubative long distane e�ets the relative amplitudes an not be alulated, as neither

heavy quark e�etive theory nor lattie QCD an be e�etively applied.

For this reason, measurements of CP asymmetries in this and similar hannels an not be

diretly related to sin(2�) and thus CKM parameters. The measured asymmetries have been

dubbed sin(2�

eff

), whih varies between �nal states.

The problem an be solved by isospin analysis [LNQS91, SQ93℄. The key observation is

that the dominant penguin diagrams are purely �I =

1

2

, sine they involve a gluon (�I = 0),

while the tree level diagram have �I =

3

2

and �I =

1

2

omponents. If the �I =

3

2

part an

be isolated, it an be used to determine sin 2� without theoretial errors.

This proedure requires di�erent �nal states, as one e�etively subtrats the penguins. For

this reason the B

0

! �� hannel is more suitable, sine it has three �nal states.

Another approah is to limit the di�erene between sin(2�

eff

) and sin(2�) by onsidering

the olor-suppressed neutral deay { expressed in the Grossman-Quinn bound [GQ98℄. For

the B

0

! �� mode, this does not seem to be a liable path, while in the �� ase, it has proven

more e�etive [AJBY04℄.

4.8 Setion summary and onlusions

Though not fundamental, e�etive �eld theory gives the basi framework of the Hamiltonian

for the mixing of the B

0

system. Its properties under CP transformation shows exatly the

requirements for CP violation to our, and it an be subdivided into three ategories. The

largest and most interpretable type of CP violation requires time-dependent analysis. In

the oherent BB prodution, harateristi of the � (4S) deay, suh measurements require

knowledge of the avor of the other B meson and the time between their deay.

The unitary triangle is an illustrative representation of the CP violating quantities mea-

sured in the B system, and how they an be related to physis parameters. The three CP

violating angles of the triangle orrespond to the relative weak phase between possibly inter-

fering amplitudes. Both CP and non-CP eigenstates an be used for measuring CP violation,

but only the latter an be used for measuring  with B

0

d

mesons.
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5 Methods for measuring the unitary angle 

I'll bet you, that  will be measured before �.

[R. Aleksan, outside the LAL oÆe at SLAC℄

While the litterature is rih on methods for measuring the unitary angles � and �, the angle

 has been less ourted. It is generally onsidered to be the most diÆult to measure, and

so far only limits have been set on . Unlike the other angles, no CP eigenstate diretly

measures this angle, whih ompliates its extration

30

.

In this setion the various methods for extrating  will be reviewed and their advantages and

drawbaks disussed. Then the idea of three-body deays will be presented, the advantages

and drawbaks onsidered, and the feasibility will be disussed in some detail.

5.1 Methods and diÆulties

The extration of  requires the interferene between b !  and b ! u quark transitions,

thus amplitudes, whih ontain V

b

and V

ub

. Unlike the harmless ase for measuring �, there

are no penguin diagrams (exatly due to the presene of the harm quark in the �nal state),

whih greatly simpli�es the method and makes it theoretially muh leaner.

The angle measured is 

0

= arg(V

s

V

�

ub

=V

ud

V

�

b

) =  + �, where � = arg(�V

d

V

�

s

=V

ud

V

�

us

)

[AKL94℄. The angle � is the phase of V

s

and arises from the unitarity triangle V

ud

V

�

us

+

V

d

V

�

s

+ V

td

V

�

ts

= 0, whih is very \squashed" (� : � : �

5

). As � is the angle opposite of

the small side, it is neessarily small (O(�

4

)), and will be negleted in the following, as is

ostumary.

As the b!  transition yields a �nal state ontaining a harm quark, the b! u transition

must neessarily also do so, for interferene to take plae. The most abundant b!  transition

leads to the hadroni deay B

0

! D

(�)�

�

+

=�

+

=a

+

1

. For a b! u transition to interfere with

suh �nal states, a �d quark pair must be produed from the W

�

, making it a Doubly

Cabibbo-Suppressed Deay (DCSD), that is the ratio of the amplitudes is of order �

2

, and

thus the interferene obtained is very small (O(�

2

)) [DR86℄. The diagrams of these deays

are shown in Fig. 5.1. Even if this is not entirely true for the B

0

! D
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�=a

�

1

(P ! V V=V A)
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Figure 5.1: Diagrams for the B

0

! D

(�)�

�

+

=�

+

=a

+

1

deays involving the CKM matrix ele-

ment produt V

�

b

V

ud

, denoted b!  transitions (left), and V

�

ub

V

d

, denoted b! u transitions

(right). The interferene ours through mixing (skethed) in the right diagram, and the

interferene term is of order �

2

.

ase

31

, where only oeÆients (but 18(VV)/15(VA) of them) of singly Cabbibo-suppressed

interferenes are needed [LSS00℄, the smallness of the amplitude ratio remains troublesome.

This obstale an be somewhat overome by onsidering deays, where both quark transi-

tions are (singly) Cabibbo-suppressed. Whereas the b !  transition beomes suppressed in

produing a u�s pair from the W , the b! u transition (already suppressed by this transition)

30

This is only true for the B

0

d

system. In the B

0

s

system, the CP mode B

0

s

! �

0

K

0

S

measures  [Dun95℄.

31

The notation, desribing partile spin properties, is Pseudo Saler (P), Vetor (V) and Axial Vetor (A).
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is not CKM-suppressed any further from produing an s quark, sine V

s

' 1. Thus the

two amplitudes are or order �

3

with an enhaned interferene as a result. Hadronially, this

orresponds to the deays B

+

! D

0

=D

0

K

+

, the diagrams of whih are shown in Fig. 5.2.
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Figure 5.2: Diagrams for the B

+

! D

0

=D

0

K

+

deay involving the CKM matrix element

produt V

�

b

V

us

, denoted b !  transitions (left), and V

�

ub

V

s

, denoted b ! u transitions

(right).

Here the two amplitudes interfere via CP eigenstates of the D

0

meson, de�ned as:

D

0

CP = �1

=

1

p

2

�

D

0

�D

0

�

: (5.1)

As mixing and CP violation in the D

0

system is known to be small [PDG02℄, and in the SM

believed to be very small [Nel99, FGLP02℄, it will be negleted in the following.

Gronau and Wyler (GW) [GW91℄ originally proposed to use this deay mode. By also

measuring the avor spei� amplitudes, the relative phase (ontaining both a strong phase

and ) an be extrated through a triangle relation (see Figure 5.3). By measuring the CP

onjugated mode, for whih the weak phase  hanges sign in the amplitude, the strong phase

an be eliminated.

2γ

D  K  )0 --A(B

-

=D  K  )0 +A(B+

D  K  )0 -A(B-

2 A(B D  K  )+
0 ++

D  K  )0 +A(B+ 2 A(B D  K  )+
0 -

Figure 5.3: Illustration of the original Gronau-Wyler (GW) method. By measuring all the

amplitudes of the deay B

+

! D

0

(CP )

K

+

, one an extrat .

Though of equal order in �, the b ! u transition amplitude is olor suppressed, i.e.

the olor singlet, W

�

boson, has to deay into a quark pair with a olor-antiolor that

mathes that of the original B meson, naively suppressing the amplitude by a fator of 1=N



.

Reent observations of olor-suppressed deays [BELLE02, BABAR03b℄ verify this ratio of

amplitudes [NP01℄, and thus suppression is expeted for internal spetator diagrams (see

diagram 5.2 (right)).

In addition, the ratio of CKM ouplings is jV

ub

V

s

j=jV

b

V

us

j =

p

�

2

+ �

2

= 0:41 � 0:07,

whih further suppresses the b! u transition

32

. Given these values, one naively expets the

amplitude ratio r � jA(B

+

! D

0

K

+

)=A(B

+

! D

0

K

+

)j = jA(b ! u)=A(b ! )j to be only

about 0:41=3 ' 0:14.

32

This is a ase, where the terminology of expressing suppression using orders of � has its limitations, as the

1$ 3 CKM ouplings are not simple multiples of �.
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Furthermore, this method requires reonstrution of D

0

mesons into CP eigenstates, whih

are Cabibbo-suppressed.

However, apart from the above mentioned obstales, the original GW method su�ers from

an inherent problem, in that it is not possible to extrat the b! u amplitudes (see Fig. 5.3)

from the branhing frations of the deays. In this statement it implied that only hadroni

modes are onsidered. Semileptoni deays an be used, as they are very avor spei�, but

their use is experimentally very hard.

The problem is the interferene with the DCSD of the D

0

(i.e. D

0

! K

+

�

�

) of the b ! 

amplitude. Suh a deay yields the same �nal state as the regular b! u deay, and therefore

interferene ours. Though this is seemingly a small e�et, the fat that the b! u transition

is suppressed makes it an O(1) e�et [ADS97℄. Thus the original GW method does not work.

In an attempt to avoid this shortomming of the original GW-method, two suggestions

were made. One method is to simply use the two ombined rates and two asymmetries

[Gro98℄:

R

�

CP

= BR(B

+

! D

0

CP�

K

+

) +BR(B

�

! D

0

CP�

K

�

) (5.2)

A

�

CP

= (BR(B

+

! D

0

CP�

K

+

)�BR(B

�

! D

0

CP�

K

�

))=R

�

CP

(5.3)

from whih the quantities r, Æ and  an be extrated (four observables and three unknowns).

This method does not have the problem with the amplitude interferene, but still requires

the reonstrution of the D

0

into both CP = +1 and CP = �1 eigenstates.

Another and more re�ned proposal is to take the DCSD interferenes into aount, sug-

gested by Atwood, Dunitz and Soni (ADS) [ADS97℄. The method does not require a mea-

surement of these modes in themselves, only their interferene. However, at least two modes

(one non-CP ) are needed to make up for the lak of observables, thus the extration is less

onstrained.

Finally, both the (new) GW and the ADS-methods (and any other two-body method) are

subjet to an eight-fold ambiguity in the solution for  due to a priori unknown strong phases

[AKL94, Sof99℄ (see Setion 5.6). As a result, obtaining satisfatory sensitivity requires very

high statistis and neessitates the use of as many deay modes, eah with di�erent strong

phases and therefore di�erent ambiguities (see Fig. 5.8). It may happen, that some of the

ambiguities fall on top of eah other, independently of the number of partiles in the �nal

state. However, this is a favorable senario, whih annot be expeted.

In general, given the B

�

! D

0

=D

0

K

�

deay mode, the aim is to reonstrut �nal states

where the overlap between D

0

and D

0

is the greatest, thus preferably modes, whih are

equally aessible. While CP modes are the obvious hoie, others an also be used, suh as

e.g. D

0

! K

+

K

��

[GGSZ03a℄, though they have a low branhing fration.

Three-Body deays of the D

0

an also be used [GGSZ03b℄, though are has to be taken,

as their CP ontent hanges aross the Dalitz plot. One advantage is that the mode D

0

!

K

0

�

+

�

�

is very abundant (5:92� 0:35% [PDG02℄), and the overlap between the D

0

and D

0

signi�ant (Br(D

0

! K

0

�

0

) = 1:47 � 0:29%). Its use requires a good mapping of the Dalitz

distribution, but this an be obtained from other soures (e.g. D

�+

! D

0

�

+

), for whih lean

large statistis samples exist. From the variation of the strong phases, some of the ambiguities

an also be eliminated (see setion 5.6).

Finally, the deay mode B

0

! D

0

=D

0

K

(�)0

has been proposed [GL91℄, as here both

the b !  and b ! u are olor suppressed, and hene of similar magnitudes (albeit small),

resulting in a larger asymmetry. While the B

0

! D

0

=D

0

K

0

mode requires tagging and may

be hard or at least eÆieny-ostly to �t in time due to longlived �nal state partiles

33

, the

K

�0

! K

�

�

+

mode is selftagging and an measure the amplitude ratio.

The situation is summarized in Figure 5.4, where the amplitudes and branhing frations

for the di�erent methods are shown.

33

Determining the B vertex may be hard, but not impossible, as it has been done for the K

0

S

�

0

mode [Far03℄.
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Figure 5.4: The amplitudes (left sale) and branhing frations (right sale) for the various

deay modes involved in measuring . For eah mode (labelled at the top) the size of the

b!  (left) and b! u (right) amplitude/branhing fration is shown, with the orresponding

asymmetry illustrated by a triangle (see Fig. 5.3) at the bottom.

Other methods involving B ! K� modes related by SU(3) avor symmetry have been

proposed [GRL94, BF99, Neu99℄, but these are troubled by eletroweak penguin ontributions

and the reliane on SU(3) symmetry, whih is known to be orret only to about O(30%)

on average [CKM03℄. Though these modes are interesting, as they an potentially reveal

CP violation, they will not be onsidered in the following, as their reah on  is most likely

limited.

5.2 Extrating  from B! DK� deays

Si nous ne trouvons pas des hoses agr�eables, nous trouverons du moins des hoses

nouvelles.

If we do not �nd anything pleasant, at least we shall �nd something new.

[Voltaire, 1694-1778℄

Apart from the problem of not having any CP eigenstate leading to a measurement of ,

the largest diÆulty is the di�erene in amplitude between the �nal states originating from

the b !  and b ! u transitions, whih is aused by the ratio of CKM-fators and olor

suppression. While the �rst ause an inherently not be ured, the seond an be overome

by onsidering three-body deays, that is deays of the type B ! DK� (see Table 5.1).

Of the nine possible DK� �nal states, there are three for whih have interferene between

the b !  and the b ! u amplitudes and where the latter is not olor suppressed, namely

B

�

!D

0

K

�

�

0

, B

0

!D

0

K

+

�

�

, and B

0

!D

�

K

0

�

�

.

The B

�

!D

0

K

�

�

0

deay is muh like the original GW-mode, but the additional �

0

in the

�nal state allows for a b! u transition, whih is not olor suppressed, when the D

0

K

+

is produed from the W

+

.

The B

0

!D

�

K

0

�

�

deay has no predeessor, as there exists no orresponding two-body

deay, whih is aessible through both b!  and b! u transitions

34

.

34

The deay B

0

! D

�

K

�

is very avor spei�, as the opposite harge ombination an only be reahed

through annihilation, whih is quite suppressed.
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Mode Features Advantage/Challenge

B

+

! D

0

=D

0

K

0

�

+

b! u olor suppressed

B

+

! D

0

=D

0

K

+

�

0

Non-suppressed interferene D

0

CP = �1

, inludes �

0

B

+

! D

�

K

+

�

+

No interferene

B

+

! D

+

K

+

�

�

No interferene

B

+

! D

+

K

0

�

0

No interferene

B

0

! D

0

=D

0

K

0

�

0

Color suppressed

B

0

! D

0

=D

0

K

+

�

�

Non-suppressed b! u interferene D

0

CP = �1

, equal amplitudes

B

0

! D

�

K

�

�

0

No interferene

B

0

! D

�

K

0

�

�

Non-suppressed interferene Time dependent analysis

Table 5.1: Possible three-body B ! DK� modes. In three of the modes, there is interferene

and the b! u amplitude is not olor suppressed.

The B

0

!D

0

K

+

�

�

deay is a generalization of the B

0

! D

0

K

�0

mode, however with the

realization that the b! u transition is not olor suppressed when onsidering the entire

Dalitz plot. The same is not true for the b!  amplitude, whih leaves the possibility

that the amplitudes are truely of the same order (r � 1).

As the B

0

!D

0

K

+

�

�

mode is selftagging (the harge of the kaon determines the avor of

the B

0

) and interferes through CP eigenstates of the D

0

, the analysis required for extrating

 is very similar to the analysis of the B

�

! D

0

K

�

�

0

mode, and the two modes will be

treated onurrently. However, in order not to lutter the formulae, only one mode (here the

B

�

!D

0

K

�

�

0

mode) will be treated, and the other, B

0

!D

0

K

+

�

�

, will only be mentioned

when di�erenes between the two modes our.

The B

0

! D

�

K

0

�

�

mode does not require the reonstrution of D

0

CP modes and does

not su�er from the problem of DCSD interferene. However, here a time-dependent �t and

thus tagging is required, thus this analysis is very di�erent from the two others, and will be

treated separately.

Although modes where one or more of the three �nal state partiles is a vetor an also

be used, for larity and simpliity only the pseudo-salar ases are disussed here (inluding

a vetor introdues three heliity states, whih have to be separated by angular analysis).

5.3 Extrating  from B

�

!D

0

K

�

�

0

and B

0

!D

0

K

+

�

�

deays

The two deay modes, B

�

! D

0

K

�

�

0

and B

0

! D

0

K

+

�

�

, are similar in that they have

interferene through the CP eigenstates of the D

0

. However, the diagrams leading to these

two �nal states are di�erent (see Fig. 5.5 and 5.6), resulting in di�erent (and yet unknown)

branhing frations and amplitude ratios.
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Figure 5.5: Diagrams for the B

+

! D

0

=D

0

K

+

�

0

deay, via the b!  transitions (left) and

the b! u transitions (right).
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Figure 5.6: Diagrams for the B

0

! D

0

=D

0

K

+

�

�

deay, via the b!  transitions (left) and

the b! u transitions (right).

Due to the absene of olor suppression, both interfering amplitudes are large. As a result, the

ontamination from DCSD of the D

0

meson are relatively smaller than for the orresponding

two-body modes, though still there. However, should the b ! u amplitude be unexpetedly

small, one ould still arry out this analysis desribed by taking DCSD into aount [ADS97℄.

Figure 5.7: Two points on sketh of Dalitz plot. As the dynamis behind these two deays is

di�erent, their strong phase is also likely to be so. This an be used to resolve ambiguities

(see text).

While the daughters of two-body deays have �xed bak-to-bak momentum, three-body

deays are not as onstrained, as the momentum of daughters an vary. However, one the

momentum of one daughter has been hosen, the momentum of the others is �xed. Though

this is only one degree of freedom, three-body deays are often represented in two dimensional

plots (named Dalitz plots [CDD56, Ja02℄), spanned by the invariant mass of any two pairs

of daughters (see Fig. 5.7). In suh Dalitz plots, resonanes (i.e. quasi two-body deays) are

lines, and the seond degree of freedom is the heliity of the resonant state. In the following,

the two Dalitz variables are olletively denoted �. One advantage of Dalitz plots is, that the

size of the phase spae is proportional to area in the plot.
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Seleting a partiular point i in the Dalitz plot (represented by the two invariant masses, e.g.

m

2

D

0

;K

�

and m

2

K

�

�

0

, see Figure 5.7), Eq. (5.1) implies the relations:

A

i

(B

+

! D

0

CP=�1

K

+

�

0

) =

1

p

2

�

A

i

(B

+

! D

0

K

+

�

0

)�A

i

(B

+

! D

0

K

+

�

0

)

�

A

i

(B

�

! D

0

CP=�1

K

�

�

0

) =

1

p

2

�

A

i

(B

�

! D

0

K

�

�

0

)�A

i

(B

�

! D

0

K

�

�

0

)

�

: (5.4)

The amplitudes orresponding to the transitions in Fig. 5.5 an be written as:

A

i

(B

+

! D

0

K

+

�

0

) = A

C

i

e

iÆ

C

i

; A

i

(B

+

! D

0

K

+

�

0

) = A

U

i

e

iÆ

U

i

e

i

;

A

i

(B

�

! D

0

K

�

�

0

) = A

C

i

e

iÆ

C

i

; A

i

(B

�

! D

0

K

�

�

0

) = A

U

i

e

iÆ

U

i

e

�i

; (5.5)

where  is the relative phase of the CKM matrix elements involved in this deay, and A

C

(A

U

)

and Æ

C

(Æ

U

) are the modulus of the amplitude and CP onserving strong interation phase

of the transitions of Fig. 5.5 left (right). The amplitudes, A

C

i

and A

U

i

, in Eq. (5.5) an be

obtained from the measurements of the B meson deay widths

�

i

(B

+

! D

0

K

+

�

0

) = �

i

(B

�

! D

0

K

�

�

0

) = A

C

2

i

�

i

(B

+

! D

0

K

+

�

0

) = �

i

(B

�

! D

0

K

�

�

0

) = A

U

2

i

: (5.6)

Eq. (5.4) implies

2�

i

(B

+

! D

0

CP=�1

K

+

�

0

) = A

C

2

i

+A

U

2

i

� 2A

C

i

A

U

i

os(�Æ

i

+ )

2�

i

(B

�

! D

0

CP=�1

K

�

�

0

) = A

C

2

i

+A

U

2

i

� 2A

C

i

A

U

i

os(�Æ

i

� ); (5.7)

where �Æ

i

� Æ

U

i

� Æ

C

i

. Thus, by measuring the widths in Eq. (5.6) and (5.7), one extrats

sin

2

 from

sin

2

 =

1

2

�

1� CC �

q

(1� C

2

)(1 �C

2

)

�

; (5.8)

where C � os(�Æ

i

+ ) and C � os(�Æ

i

� ). Thus in the limit of very high statistis, one

would extrat sin

2

 and hene  for eah point i of the Dalitz plot.

However, in every point of the Dalitz plot,  is obtained with an eight-fold ambiguity in

the [0; 2�℄ interval, whih is a onsequene of the invariane of the os(�Æ

i

� ) terms in Eq.

(5.7) under the three symmetry operations [Sof99℄:

S

ex

:  ! �Æ

i

�Æ

i

! 

S

sign

:  ! � �Æ

i

! ��Æ

i

S

�

:  !  + � �Æ

i

! �Æ

i

+ �:

(5.9)

However, an important bene�t is gained from the multiple measurements made in di�erent

points of the Dalitz plot. When ombining results from di�erent points (or di�erent modes),

whih are likely to have di�erent strong phases �Æ

i

, the ambiguities related to the strong

phase an be eliminated, as is skethed in Fig. 5.8. This variation an either be due to the

presene of resonanes or beause of a varying phase in the non-resonant (NR) ontribution.

In partiular, the exhange symmetry S

ex

is numerially di�erent from one point to the

other, whih in e�et breaks this symmetry and resolves the ambiguity. Similarly, the S

sign

symmetry is broken if there exists some a priori knowledge of the dependene of �Æ

i

on the

Dalitz plot parameters. This knowledge is provided by the existene of broad

35

resonanes,

whose Breit-Wigner phase variation is known and may be assumed to dominate the phase

35

By broad resonane are meant those that an be resolved by the detetor resolution (typially 3� 5MeV).
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Figure 5.8: Illustration of ambiguity resolving. Given two results for  (left and middle plots),

eah with four ambiguities whih lie di�erently, due to di�erent strong phases, the ombined

result only has two (fully unresolved) ambiguities (due to S

�

).

variation over the width of the resonane. To illustrate this, let i and j be two points in the

Dalitz plot, orresponding to di�erent values of the invariant mass of the deay produts of

a partiular resonane. For simpliity only one resonane is onsidered. One then measures

os(�Æ

i

� ) at point i and os(�Æ

i

+ �

ij

� ) at point j, where �

ij

is known from the

parameters of the resonane. It is important to note that the sign of �

ij

is known (ontrary

to the sign of �Æ

i

), hene it does not hange under S

sign

. Therefore, should one hoose the

S

sign

related solution os(��Æ

i

� ) at point i, one would get os(��Æ

i

+ �

ij

� ) at point

j. Sine this is di�erent from os(�Æ

i

+ �

ij

� ), the S

sign

ambiguity is resolved. This is

illustrated graphially in Eq. 5.10:

os(�Æ

i

� )

S

sign

 ! os(��Æ

i

� )

BW # # BW

os(�Æ

i

+ �

ij

� )

S

sign

6 ! os(��Æ

i

+ �

ij

� )

(5.10)

Thus, broad resonanes redue the initial eight-fold ambiguity to the two-fold ambiguity

of the S

�

symmetry, whih is not broken. Fortunately, S

�

leads to the well-separated solutions

 and  + �, the orret one of whih is easily identi�ed when this measurement is ombined

with other measurements of the unitarity triangle.

5.4 Extrating  from B

0

!D

�

K

0

�

�

deays

The B

0

! D

�

K

0

�

�

mode is very di�erent in many respets, and mostly resembles the

B

0

! D

�

�

�

mode, though with a far greater asymmetry. The leading (i.e. olor-allowed)

diagrams for the deay are shown in Fig. 5.9

36

.

As the �nal states interfere through mixing, the weak angle extrated is 2� +  and

requires a time-dependent analysis. This hanges the analysis with respet to that of the

B

�

!D

0

K

�

�

0

and B

0

!D

0

K

+

�

�

modes, but the idea is essentially the same and many

aspets alike.

Seleting a partiular point i in the Dalitz plot, the amplitudes and their CP onjugates

orresponding to the b!  and b! u transitions shown in Fig. 5.9 an be written as

37

:

A

i

(B

0

! D

�

K

0

�

+

) = A

C

i

e

iÆ

C

i

; A

i

(B

0

! D

�

K

0

�

+

) = A

U

i

e

iÆ

U

i

e

�i

;

A

i

(B

0

! D

+

K

0

�

�

) = A

U

i

e

iÆ

U

i

e

i

; A

i

(B

0

! D

+

K

0

�

�

) = A

C

i

e

iÆ

C

i

;

(5.11)

36

Throughout, the neutral kaon will be denoted K

0

, as its reonstrution is done into the K

0

S

state only.

37

Note that the same notation is used here as in the previous setion, though the atual values are not

neessarily the same.
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Figure 5.9: Diagrams for the B

0

!D

�

K

0

�

�

deay involving via the b!  transitions (left)

and the b! u transitions (right).

where  is the relative phase of the CKM matrix elements involved in this deay, and A

C

(A

U

)

and Æ

C

(Æ

U

) are one again the magnitude of the amplitudes and CP onserving strong inter-

ation phases of the b !  (b ! u) transition, respetively. The time dependent Probability

Density Funtions (PDF) of the four deay types are:

f(B

0

! D

�

K

0

�

+

)

i

= Ne

��jtj

[1 + C

i

os(�mt) + S

i�

sin(�mt)℄ ; (5.12)

f(B

0

! D

�

K

0

�

+

)

i

= Ne

��jtj

[1� C

i

os(�mt)� S

i�

sin(�mt)℄ ; (5.13)

f(B

0

! D

+

K

0

�

�

)

i

= Ne

��jtj

[1� C

i

os(�mt) + S

i+

sin(�mt)℄ ; (5.14)

f(B

0

! D

+

K

0

�

�

)

i

= Ne

��jtj

[1 + C

i

os(�mt)� S

i+

sin(�mt)℄ : (5.15)

where the amplitude ratio �

�+

i

� A

i

(B

0

! D

�

K

0

�

+

)=A

i

(B

0

! D

�

K

0

�

+

) and the oeÆ-

ients depend on the position in the Dalitz plot, i, as:

C

i

= =

1� j�

�+

i

j

2

1 + j�

�+

i

j

2

; S

i�

=

2j�

��

i

j sin(�Æ

i

� (2� + ))

1 + j�

��

i

j

2

(5.16)

From the total number of events in eah of the four �nal states Eqs. (5.12-5.15) and a global

�t of their time dependene, it is possible to extrat the four quantities, C

i

, S

i�

, S

i+

, and the

overall normalization. From this one obtains:

sin

2

(2� + ) =

1

2

�

1 + S

i+

S

i�

�

q

(1 � S

2

i+

)(1 � S

2

i�

)

�

(5.17)

Hene, in the limit of very high statistis, one would extrat sin

2

(2�+) for eah point i of the

Dalitz plot. However, for every point of the Dalitz plot, 2�+  is obtained with an eight-fold

ambiguity in the range [0; 2�℄, beause of the invariane of the sin(�Æ

i

� (2� + )) terms in

Eq. (5.16) under the three symmetry operations (whih are di�erent from the previous ase,

exept for S

�

):

S

�=2

: 2�+ ! �=2 ��Æ

i

; �Æ

i

! �=2� (2�+)

S

��

: 2�+ ! �(2�+) ; �Æ

i

! � ��Æ

i

S

�

: 2�+ ! 2�+ + � ; �Æ

i

! �Æ

i

+ �

(5.18)

One again, when the multiple measurements made in di�erent points of the Dalitz plot are

ombined, some of the ambiguity will be resolved, in the likely ase that the strong phase

�Æ

i

varies from one region of the Dalitz plot to the other, just as for the B

�

!D

0

K

�

�

0

and

B

0

!D

0

K

+

�

�

deays.

The variation of the strong phase breaks the S

�=2

symmetry and also the S

��

, if the

diretion of hange of �Æ

i

is a priori known, whih is the ase for a (broad) resonane. As

always, the S

�

symmetry remains unbroken, leaving the well-separated solution 2� +  + �.
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5.5 The Finite Statistis Case

Sine experimental data sets will of ourse be �nite, one annot extrat  at every point of

the Dalitz plot, and thus one is required to desribe the variation of amplitudes and strong

phases with � using a limited set of parameters. The onsisteny of this approah an be

veri�ed by omparing the results obtained from �ts of the data in a few di�erent regions of

the Dalitz plot, and the systemati error due to the hoie of the parameterization may be

asserted by using di�erent parameterizations.

A fairly general parameterization assumes the existene of N

R

Breit-Wigner resonanes,

as well as a non-resonant ontribution:

A

�

(b! us) =

�

A

C

0

(�) e

iÆ

C

0

+

N

R

X

j

A

C

j

B

s

j

(�) e

iÆ

C

j

�

e

iÆ

C

(�)

A

�

(b! us) =

�

A

U

0

(�) e

iÆ

U

0

+

N

R

X

j

A

U

j

B

s

j

(�) e

iÆ

U

j

�

e

iÆ

U

(�)

e

i�

; (5.19)

where � represents the Dalitz plot variables, B

s

j

(�) is the Breit-Wigner amplitude for a partile

of spin s

j

, normalized suh that

R

jB

s

j

(�)j

2

d� = 1, A

U

and Æ

U

[A

C

and Æ

C

℄ are the magnitude

and CP onserving phase of the non-resonant (subsript 0) or j

th

resonant (subsript j)

b ! us [b ! us℄ amplitude, and � is the weak phase, be it  (for the B

�

!D

0

K

�

�

0

and

B

0

!D

0

K

+

�

�

modes) or 2� +  (for the B

0

!D

�

K

0

�

�

mode), whih hanges sign under

CP onjugation (i.e. interhanging quarks and anti-quarks in Eq. 5.19). The funtions Æ

C

(�)

and Æ

U

(�), or rather their di�erene, �Æ(�), as only this an be measured, may be assumed

to vary slowly over the Dalitz plot, allowing their desription in terms of a small number of

parameters.

For the B

�

!D

0

K

�

�

0

(and B

0

!D

0

K

+

�

�

) mode(s), Eq. (5.1) again implies

A

�

(B

�

! D

0

CP=�1

K

�

�

0

) =

1

p

2

�

A

�

(B

�

! D

0

K

�

�

0

)�A

�

(B

�

! D

0

K

�

�

0

)

�

; (5.20)

from whih a PDF an be onstruted:

P (�) = jA

�

(f)j

2

; (5.21)

where the amplitude A

�

(f) is given by one of the expressions of Eqs. (5.19) and (5.20), or

their CP onjugates, depending on the �nal state f .

5.6 Resonanes and Ambiguities

Resonanes may ontribute to the three �nal states in question. Obvious andidates are

broad D

��

and D

���

s

states. However, only the ones whih an deay as D

��0=�

! D

0

�

0=�

andD

���

s

! D

0=�

K

�=0

are relevant for the �nal states of interest. This exlude the 1

+

states,

whih would deay to D

�

�=K states. Furthermore, sine the D

���

s

is essentially produed

through aW

�

, the 2

+

state is forbidden as well, thus one does not expet a large ontribution

from these states.

Inluding suh resonanes in the analysis does not raise partiular diÆulties and would

further enhane the sensitivity of the  measurement. Similar arguments an be made for

higher exited K states.

One also expets narrow resonanes, suh as the D

�

(2007)

0=�

and a narrow D

���

s

states, to

be produed. However, as pointed out in [CLYO

+

98℄ and seen in the Dalitz plot of Fig. 5.10,

these resonanes do not overlap

38

, and hene one annot expet large interferenes useful for

onstraining the phases of the resonanes (as in e.g. the B

0

! �

�

�

�

ase).

38

Overlap is obtained, when inluding the salar K

�

0

(1430), but it does not seem likely to be very abundant.
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In addition, the interferene between a very narrow resonane and either a broad reso-

nane or a non-resonant term is suppressed in proportion to the square root of the narrow

resonane width. Therefore, narrow resonanes ontribute signi�antly to the CP violation

measurement only if both the b ! us and b ! us amplitudes proeed through the same

resonane. This senario is very favorable, but is not neessary for the suess of the methods,

and will therefore not be foused on in the rest of this study.

Dalitz Plot of B± → D0 K± π0

Ds 
**

D*

K*

Figure 5.10: Dalitz plots obtained from simulation of B

+

and B

�

deays into all �nal state,

D

0

K

�

�

0

, D

0

K

�

�

0

, and D

0

CP=�1

K

�

�

0

. Along with non-resonant ontributions, the reso-

nanes K

�

0

, D

�0

, and D

��

s

are shown. Unfortunately, the most abundant resonanes sit at

the very edge of the Dalitz plot, and do not overlap.

While any number of resonanes an be inluded in the analysis, in the following only

one will be onsidered. For onreteness, the resonane is taken to be the K

�

�=0

(892). For

simpliity, the � dependent non-resonant amplitudes and phase di�erene, A

C=U

0

and �Æ(�),

were taken to be onstant. This is a serious simpli�ation, as one avoids modelling the non-

resonant ontribution. However, the main point is to see, whether sensitivity an be obtained,

given an overlap between the b !  and the b ! u ontributions. For this purpose, a at

non-resonant ontribution serves well. While simplifying the analysis, it is at the same time

a onservative hoie, as this means that the method is not dependent on the size of an in-

terfering resonane, whih in reality might enhane the sensitivity signi�antly.

Inluding resonanes, the disussion of ambiguities gets slightly more ompliated. The PDF

of the time-independent analysis Eq. (5.21) now depends on four osine terms that are mea-
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sured (in a time-dependent Dalitz �t):



�

00

� os(�Æ

0

� )



�

K

�

0

� os(�Æ

0

��Æ

K

�

��Æ

K

�

(�)� ); (5.22)

where �Æ

K

�

(�) is the � dependentK

�

Breit-Wigner phase of B

s

j

(see Eq. (5.19)). The osines



�

00

(

�

K

�

0

) arise from interferene between the non-resonant (resonant) b ! us amplitude

and the non-resonant b! us amplitude.

The phases �Æ

0

, �Æ

K

�

, and  are all a priori unknown. However, it is important to note

that �Æ

K

�

is fully determined from the interferene between the resonant and non-resonant

ontributions to the relatively high statistis b ! us mode, thus interferene between two

omponents of the same deay mode. Therefore, �Æ

K

�

is obtained with no ambiguities, and

with an error muh smaller than those of Æ

U

0

or . Consequently, the only relevant symmetry

operations are

S

ex

:  ! �Æ

0

; �Æ

0

! 

S

sign

:  ! � ; �Æ

0

! ��Æ

0

S

�

:  !  + � ; �Æ

0

! �Æ

0

+ �

S

K

�

+

ex

:  ! �Æ

0

��Æ

K

�

; �Æ

0

!  +�Æ

K

�

S

K

�

�

ex

:  ! ��Æ

0

+�Æ

K

�

; �Æ

0

! � +�Æ

K

�

:

(5.23)

As disussed above, only S

�

is a symmetry of all four osines of Eq. (5.22), and is there-

fore irreduible. Under (ombination of) the symmetry operations S

K

�

+

ex

, S

K

�

�

ex

, the 

�

K

�

0

ambiguities an be hard to resolve, as the BW phase at the tails of the K

�

resonane only

vary slowly and take values around 0 and �. This leads to approximate invariane under

these symmetries. The transformation properties of the osines under ombinations of the

remaining four operations that an lead to an ambiguity are shown in Table 5.2.

Term 

+

00



�

00



+

K

�

0



�

K

�

0

Term 

+

00



�

00



+

K

�

0



�

K

�

0

Operation Non-resonant regime Operation Resonant regime

S

ex

p p p

S

K

�

+

ex

p p

(

p

)

S

sign

p p

S

K

�

�

ex

p

(

p

)

p

S

ex

S

sign

p p p

S

K

�

+

ex

S

K

�

�

ex

(

p

) (

p

)

Table 5.2: Invariane of eah of the osines of Eq. (5.22) under ombinations of the symmetry

operations of Eq. (5.23), exluding S

�

. Full/approximate invariane is indiated by a

p

/(

p

).

Observing that no single operation in the Table 5.2 is a good symmetry of all osines,

one identi�es two di�erent regimes: In the non-resonant regime, interferene with the non-

resonant b! us is dominant, and only S

ex

and S

sign

may lead to ambiguities.

In the resonant regime, the K

�

amplitude strongly dominates the b ! us deay, and

S

K

�

+

ex

and S

K

�

�

ex

beome the important ambiguities.

In the transition between these regimes, the operations of Table 5.2 do not lead to lear

ambiguities, as has been veri�ed by simulation (See Setion 5.7). Thus, while naively one

may expet a 2

5

-fold ambiguity, in pratie the observable ambiguity is no larger than eight-

fold, with only the two-fold S

�

being fully unresolved, in the likely ase of non-negligible

resonant ontribution.

Furthermore, although one may write down more produts of the operations S

ex

, S

sign

,

S

K

�

+

ex

, and S

K

�

�

ex

, only the produts listed in Table 5.2 result in full or partial invariane of

both osines whih dominate the same regime. The additional produts do not result in any

notieable ambiguities. Similar arguments hold for the time-dependent mode, B

0

!D

�

K

0

�

�

,

only here the trigonometri funtions are di�erent, and thus so are the symmetries.
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5.7 Simulation Studies and Measurement Sensitivity

The PDFs Eqs. (5.12-5.15) an be used to ondut a full data analysis. Given a sample

of N

e

signal events,  and the other unknown parameters of Eq. (5.19) are determined by

minimizing the negative log likelihood funtion

�

2

� �2

N

e

X

i=1

logP (�

i

): (5.24)

where �

i

are the Dalitz plot variables of event i. However, before engaging into suh an

enterprise, simulation of the analysis seems in plae. By generating the (roughly) estimated

number of events, and then �tting these with the models above, not only the sensitivity of

the methods an be estimated, but also their dependene on the various parameters an be

determined.

In what follows, important properties of the methods are disussed by onsidering the illus-

trative ase, in whih the b! us deay proeeds only via a non-resonant amplitude, and the

b! us deay has a non-resonant ontribution and a single resonant amplitude.

To study the feasibility of the analysis using Eq. (5.24) and verify the preditions of Se-

tion 5.6, simulations of both the time-independent B

�

!D

0

K

�

�

0

and the time-dependent

B

0

!D

�

K

0

�

�

analysis were onduted.

As very little is known about three-body deays of the B meson in general, espeially

those whih are Cabibbo-suppressed, the only experimental inputs are the resonant two-body

deay branhing ratios (see Table 5.3), whih have only reently been measured or for whih

limits have been set [PDG03℄. In the simulations onduted, the branhing frations used

were onsistent with the values listed in Table 5.3.

Final state Two-Body mode Br (�10

�4

)

B

�

!D

0

K

�

�

0

B

+

! D

0

K

�

(892)

+

6:1� 2:3

B

+

! D

�

(2010)

0

K

�

(892)

+

7:2� 3:4

B

0

!D

0

K

+

�

�

B

0

! D

0

K

�

(892)

0

0:48 � 0:12

B

0

! D

0

K

�

(892)

0

< 0:18(90%CL)

B

0

! D

�

(2010)

0

K

�

(892)

0

< 0:68(90%CL)

B

0

! D

�

(2010)

0

K

�

(892)

0

< 0:48(90%CL)

B

0

!D

�

K

0

�

�

B

0

! D

�

K

�

(892)

+

3:7� 1:8

B

0

! D

�

(2010)

�

K

�

(892)

+

3:8� 1:5

Table 5.3: Branhing frations (or limits) on quasi two-body deays with the same �nal state

as the three-body deays in question [PDG03℄.

For the simulation, events were generated aording to the PDFs of Eq. (5.21) for the B

�

!

D

0

K

�

�

0

mode, and Eqs. (5.12{5.15) for the B

0

!D

�

K

0

�

�

mode, with the base parameter

values given in Table 5.4.

Parameters with a tilde denote the \true" values used to generate events, while the orre-

sponding plain symbols represent the \trial" parameters obtained from the simulation. The

only non-vanishing amplitudes in the simulation were the non-resonant amplitudes in the

b ! us and b ! us deays, and the K

�

resonant b ! us amplitude. For simpliity,

additional resonanes were not inluded in this demonstration. However, (broad) resonanes

that are observed in the data should be inluded in the atual data analysis. This is onser-

vative, as broad resonanes tend to onstrain the �t. The simulations were onduted with

a benhmark integrated luminosity of 400 fb

�1

, whih eah of the B fatories plan to ollet

by about 2006.
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Parameter Value Parameter Value

~ 1.2

~

� 0.4

�

~

Æ(�) 0

~

A

U

0

=

~

A

C

0

0.4

�

~

Æ

K

�

1.8

~

A

C

K

�
=

~

A

C

0

1.0

�

~

Æ

0

0.4/1.0

~

A

C

K

� �

p

Br � �

B

Table 5.4: Base parameters used to generate events in the simulation. The value of

~

A

C

K

�
is

hosen so as to roughly agree with the measurement of the orresponding branhing fration

[PDG03℄, taking into aount the K

�+

branhing frations. The value of

~

Æ

U

0

used for the

B

�

!D

0

K

�

�

0

mode was 0.4, while it was 1.0 for the B

0

!D

�

K

0

�

�

mode, in order for the

ambiguities not to fall on top of eah other.

Mode of B

�

!D

0

K

�

�

0

N

signal

Mode of B

0

!D

�

K

0

�

�

N

signal

B

+

! D

0

K

+

�

0

= B

�

! D

0

K

�

�

0

1305 B

0

! D

�

K

0

�

+

112

B

+

! D

0

K

+

�

0

= B

�

! D

0

K

�

�

0

103 B

0

! D

+

K

0

�

�

111

B

+

! D

0

CP=�1

K

+

�

0

186 B

0

! D

+

K

0

�

�

33

B

�

! D

0

CP=�1

K

�

�

0

234 B

0

! D

�

K

0

�

+

33

Table 5.5: The numbers of events obtained by averaging 100 simulations using the parameters

of Table 5.4 and the reonstrution eÆienies listed in the text for an integrated luminosity

of 400 fb

�1

. Note that the B

0

!D

�

K

0

�

�

events are perfetly tagged.

The �nal state reonstrution eÆienies were alulated based on the approximate apa-

bilities of urrent � (4S) detetors. The eÆieny was assumed to be 80% for �

�

and 70% for

K

�

, both inluding partile identi�ation. A reonstrution eÆieny of 60% was assumed

for �

0

and 50% for K

0

S

inluding branhing fration to �

+

�

�

. The produt of reonstrution

eÆienies and branhing frations of the D

0

, summed over the �nal states K

�

�

+

, K

�

�

+

�

0

,

and K

�

�

+

�

�

�

+

, was taken to yield an e�etive eÆieny of 6%. Using the CP-eigenstate

�nal states K

+

K

�

, �

+

�

�

, K

S

�

0

, and K

S

�

0

, the eÆieny for the sum of the D

CP=�1

�nal

states is 0.8%. Similar onsiderations for the D

�

, reonstruted only into the �nal state

K

�

�

+

�

+

, yielded 4%.

In addition to these (in)eÆienies, the overall number of events was further redued by

25% for both modes, in order to approximate the e�et of bakground suppression. Further-

more, the tagging eÆieny (ability to determine the avor of the other side B

0

meson) used

for the B

0

!D

�

K

0

�

�

mode was 27%.

The numbers of signal events obtained in eah of the �nal states with the parameters of Table

5.4 and the above eÆienies are listed in Table 5.5.

The distribution of events in the Dalitz plot an be seen in Fig. 5.10 (for the B

�

!D

0

K

�

�

0

mode), where additional resonanes (between DK and D�) have been added for illustration.

The generated events are then �tted with the orresponding PDFs by minimizing the �

2

of

Eq. (5.24). Generally all parameters are left oating in the �t. It has been veri�ed, that,

given enough statistis and/or repeated enough times, the �t obtains the orret input values

for all parameters. It has also been heked that the output values of the �t does not depend

on any of the other input parameters. Other heks have also been performed to ensure that

the simulation works properly.

In Figs. 5.11 through 5.13, is shown the dependene of �

2

on the values of  and �Æ

0

, the

weak and strong phase, respetively, for the deay B

�

!D

0

K

�

�

0

.

For eah of the �gures, a one-dimensional minimum projetion �

2

() = minf�

2

(;�Æ

0

)g is

also displayed, showing the smallest value of �

2

for eah value of . As the strong phase is



42 5 METHODS FOR MEASURING THE UNITARY ANGLE 

unknown, this �gure shows the sensitivity to . In both types of plots, the smallest value of

�

2

is shown as zero (white), and the edge of the white area roughly orresponds to 2:5�.

In the �rst two �gures (Fig. 5.11 and 5.12), the resonant and non-resonant b!  ontri-

butions, respetively, have been set to zero, as these examples are very instrutive, while in

the �nal simulation (Fig. 5.13) a more realisti simulation is performed with the parameters

of Table 5.4.

At eah point in these �gures, �

2

is alulated with the generated values of the amplitude

ratios A

U

0

=A

C

0

=

~

A

U

0

=

~

A

C

0

and A

C

K

�
=A

C

0

=

~

A

C

K

�
=

~

A

C

0

. This is done out of time on-

straints, as sanning the entire plane would otherwise be too time onsuming, for this purely

illustrative exerise.

When these amplitude ratios are determined by a �t simultaneously with the phases, the

orrelations between the amplitudes and the phases are generally found to be less than 20%,

and it has been tested, that the di�erene between the two approahes is small. Therefore,

the results obtained with the amplitudes �xed to their true values are suÆiently realisti for

the purpose of this demonstration. The estimated sensitivity of the method is of ourse based

on �ts where all parameters are left oating.
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Figure 5.11: (a) �

2

for the B

�

! D

0

K

�

�

0

deay, as a funtion of  and �Æ

0

, with the

parameters of Table 5.4 and no resonant ontribution (

~

A

C

K

�
= 0). (b) Minimum projetion

of �

2

onto , with the eight degenerate ambiguities learly visible (and labeled). The edge of

the white area roughly orresponds to 2:5�.

Fig. 5.11 shows results from a simulation obtained with the parameters of Table 5.4, but

with A

C

K

�
= 0. With no resonant ontribution and thus no hanging strong phases, the

eight-fold ambiguity of the perfet non-resonant regime is learly visible. This is the typial

ase for two-body �nal states.

Fig. 5.12 is obtained with the parameters of Table 5.4, but with A

C

0

= 0. With no non-

resonant b ! us ontribution, the eight-fold ambiguity of the perfet resonant regime is

seen. The ambiguities orresponding to approximate invariane are learly resolved, with the

doubly-approximate S

K

�

+

ex

S

K

�

�

ex

ambiguity resolved more strongly.

Fig. 5.13 is obtained with the parameters of Table 5.4 and shows the ombination of

the two former ases. With equal resonant and non-resonant b ! us amplitudes, only the
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Figure 5.12: (a) �

2

for the B

�

!D

0

K

�

�

0

deay, as a funtion of  and �Æ

0

, with no non-

resonant b ! us ontribution (

~

A

C

0

= 0). For illustration, the value Æ

K

�

= 1:2 is used, suh

that ambiguities do not overlap and thus an be seen. All other parameters are those of Table

5.4. (b) Minimum projetion of �

2

onto , with the eight resonant and somewhat resolved

ambiguities visible (and labeled).
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Figure 5.13: (a) �

2

for the B

�

! D

0

K

�

�

0

deay, as a funtion of  and �Æ

0

, with the

parameters of Table 5.4. (b) Minimum projetion of �

2

onto  with the eight partially

resolved ambiguities indiated.

non-resonant regime ambiguities are observed, due to the relative suppression of the reso-

nant interferene terms (disussed in Setion 5.6). Nonetheless, the 

�

K

�

0

terms are signi�ant

enough to resolve all but the S

�

ambiguity. S

sign

is more strongly resolved, sine it leaves

neither of the 

�

K

�

0

terms invariant.
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Repeating the exerise for the deay B

0

!D

�

K

0

�

�

with all the parameters of the simu-

lation as in Table 5.4, the result of the time-dependent �t is shown in Fig. 5.14. One again

the minimum projetion onto the axis of the weak phase (this time 2� + ) is also shown.
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Figure 5.14: (a) �

2

for the deay B

0

!D

�

K

0

�

�

, as a funtion of 2� +  and �Æ

0

, with the

parameters of Table 5.4. (b) Minimum projetion of �

2

onto , with the eight ambiguities

shown and labeled.

In the B

0

!D

�

K

0

�

�

ase, the pattern is the same as in the time-independent ase, namely

that all ambiguities exept S

�

are resolved, as expeted.

In general the ause of the ambiguity resolving is twofold. Both the varying strong phase,

and the di�erent ontributions (NR � NR and resonant � NR), whih have di�erent strong

phases, help resolve the ambiguities (see Fig. 5.8).

The statistial error, �



, in the measurement of , obtained by �tting simulated event

samples using the MINUIT pakage [JR75℄, as a funtion of one of the parameters of Table 5.4

is presented in Figs. 5.15 and 5.16 for the B

�

!D

0

K

�

�

0

mode. While varying one parameter,

all the other parameters used for generating events in the simulation were those listed in Table

5.4. Similarly, the statistial error, �

2�+

, from the time-dependent B

0

!D

�

K

0

�

�

simulation

is shown in Figs. 5.17 and 5.18.

Eah point in these plots is obtained by repeating the simulation 250 times, to minimize

sample-to-sample statistial utuations. All the parameters of Table 5.4 were determined by

the �t, thus the sensitivity obtained is the most indiative. The arrows in these �gures show

the value orresponding to the parameters of Table 5.4. The total number of signal events in

all �nal states ombined is the same for eah of the data points. The error bars desribe the

statistial error at eah point, whih is determined by the number of experiments simulated.

From Fig. 5.15 one observes that �



has a mild dependene on ~ and �

~

Æ

0

. This is not

surprising, as e.g. a value of  around �=2 result in a large di�erene between the CP = �1

amplitudes, given the strong phases hosen.

Fig. 5.16 shows that the preision on  is independent of �

~

Æ

K

�

, but strongly depends

on

~

A

U

0

=

~

A

C

0

, as expeted. In fat, this dependene is the reason for onsidering three-body
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, as a funtion of (a) ~ and (b)
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0

in the B
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mode. The arrows indiate the base values, and apart from the variable in question, all other

variables are kept onstant.
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Figure 5.16: The error on , �



, as a funtion of (a)

~

Æ

K

�

and (b)

~
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U

0

=
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A
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0

in the B

�

!

D

0

K

�

�

0

mode. The arrows indiate the base values, and apart from the variable in question,

all other variables are kept onstant.

deays in the �rst plae, as an inrease in the amplitude ratio signi�antly inreases the

sensitivity of the mode. At a value of the amplitude ratio of 0.4, the sensitivity is very high,

thus the hoie of the �nal state, B

�

!D

0

K

�

�

0

, serves it purpose (if the amplitude ratio is

indeed 0.4). However, the B

0

!D

0

K

+

�

�

mode, whih ould have an amplitude ratio around

1.0, would still bene�t from this, as the urve in Fig. 5.16 (right) still drops.

The variation of the parameters suggest that a signi�ant sensitivity is obtained over a broad

range of parameters. With the parameters of Table 5.4, the preision expeted is �



� 0:23 =

13

Æ

with an integrated luminosity of 400 fb

�1

.

As an be seen from Fig. 5.17, the resolution on 2�+ does not hange onsiderably with

the input values 2

~

� + ~ and �

~

Æ

0

. Fig. 5.18 shows one again that the value of the strong

phase of the K

�

resonane, �

~

Æ

K

�

does not hange the preision of the method, while the ratio

of amplitudes r =

~

A

U

0

=

~

A

C

0

is of greatest importane.
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In general, the time-dependent method seems slightly less sensitive to the input values,

than the time-independent, but the ratio of amplitudes remains very dominant. With the

parameters of Table 5.4, the preision is �

2�+

� 0:24 = 14

Æ

given an integrated luminosity

of 400 fb

�1

.

It is reassuring, that the feasibility of the methods is not very sensitive to the value of the

parameters, exept for the ratio of amplitudes, whih is the primary reason for onsidering

the three-body modes.

It has been heked, that leaving a possible b ! u K

�

omponent free in the �t does

not hange the onlusions, and should the b ! u transition happen to atually have a K

�

omponent (e.g. resattering), then this improves the sensitivity of the methods, as large

interferene then ours in that region. However, as the two strong phases hange identially,

the phase di�erene remains onstant, and suh a omponent does not help to resolve the

ambiguities (essentially the methods then boils down to the two-body ase).
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5.7.1 General use of three-body modes

After the above analysis using three-body deays had been suggested, it was pointed out that

 an be limited by onsidering general asymmetries in three-body deays [Gro03℄. Expanding

on an idea from two-body deays, one de�nes ratios of partial rates, from whih limits on 

an be made:

sin

2

 � R

CP�

�

2[BR(B

�

! D

0

CP�

X

�

s

) +BR(B

+

! D

0

CP�

X

+

s

)℄

BR(B

�

! D

0

X

�

s

) +BR(B

+

! D

0

X

+

s

)

: (5.25)

The method has the great advantage, that a Dalitz analysis is not required, and sine one

is allowed to integrate over any part of the phase spae, high purity and thereby sensitivity

an be obtained. However, the value of the fration in Eq. 5.25 should be kept blind until

the area to onsider has been settled upon, to avoid being biased towards statistially large

asymmetries.

5.8 Setion summary and onlusion

The unitary angle  is diÆult to measure. The original GW method does not work, and

e�orts to avoid its shortommings are ostly in terms of sensitivity. The entral problem is

the ratio of amplitudes, r � jA(b ! u)=A(b ! )j, whih is small due to olor-suppression.

Furthermore, any measurement of  in these modes will have an eight-fold ambiguity in [0; 2�℄.

The three three-body deays hannels B

�

! D

0

K

�

�

0

, B

0

! D

0

K

+

�

�

, and B

0

!

D

�

K

0

�

�

are olor-allowed and sensitive to the value of , both through time-independent

(B

�

!D

0

K

�

�

0

and B

0

!D

0

K

+

�

�

) and time-dependent (B

0

!D

�

K

0

�

�

) approahes. The

absene of olor-suppression in the b! us amplitudes is expeted to result in relatively large

rates and signi�ant CP violation e�ets, and hene favorable experimental sensitivities.

The largest obstale is that Dalitz plot analyses are required, whih onstitutes experimen-

tal ompliation, not the least in terms of bakground �ghting, whih has not been inluded

in the simulations onduted. However, the methods are e�etive for reduing the eight-fold

ambiguities that onstitute a serious limitation for two-body modes { the redution being a

\by-produt" of the Dalitz approah.

A general onlusion is that every e�ort to inrease the interferene and the sensitivity to 

leads to lower branhing fration and more omplex analysis, and vie versa.

At the risk of stating the obvious, the �nal answer on the sensitivity of the methods an

of ourse only be determined by arrying out the analyses, but perhaps the statement is more

true in this ase than others, as so many of the deisive parameters and distributions are

unknown. Most likely a large fration of the b !  ontribution will proeed through the

K

��

resonane, but the real question is where the rarer b ! u ontribution falls, and if the

two interfere. Indeed, very little is known about three-body B deays, where the bulk of the

physis remains to be measured.
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6 Current knowledge of the CKM matrix

It's as if kaons represent a 3-note piano, whereas B-mesons give you the whole

keyboard. Eah tune you an play gives you di�erent information about the soure

of CP violation.

[K. Peah, Rutherford Appleton Laboratory℄

Assuming unitarity, the CKM matrix has only four independent parameters (see Setion 3.1),

whih inuene all CP asymmetries and eletroweak hadroni deay rates. Thus from om-

bining these inherently orrelated quantities in a global �t, the original four CKM parameters,

whihever parametrization hosen, an be extrated.

The preision with whih the CKM matrix elements are known has inreased rapidly over

the last three years, during the era of B fatories, mostly due to sin(2�) measurements, but

also thanks to improvements in the measurements of V

ub

, V

b

and the progress in theoretial

understanding.

The goal of ombining the various CKM related quantities is not only to obtain the most a-

urate values of the four SM parameters, but more importantly, to test whether CP violation

an be desribed within the SM.

In the following setion the other systems in whih CP an manifest itself and the urrent

measurements of the relevant parameters will be reviewed and the ombined result and thereby

knowledge of the CKM matrix summarized. Many groups have pursued the latter task [AL94,

PS99, C

+

01℄, but the following short desription will be based on [HLLLD01b, HLLLD01a℄.

6.1 CP violation in other systems

The short lifetime of the top quark does not allow for it to form bound states, leaving the B

system as the only possibility for diretly studying the third generation of the CKM matrix.

While the B

0

s

meson is hard to produe in large quantities, it is very interesting from a

theoretial point of view.

However, other quarks also provide information about the CKM matrix elements, and

have neutral systems with possible mixing and CP violation, namely the K

0

K

0

system based

on the s quark and the D

0

D

0

based on the  quark.

6.1.1 The K

0

system

The K system is with regards to CP violation a very well studied system, where all three

types of CP violation has been observed. The physial states with CP and CPT violating

parameters, � and � respetively written expliitly, look as follows:

jK

0

S

i =

1

p

2

1

p

1 + j�+�j

2

((1 + (�+�))jK

0

i+ (1� (�+�))jK

0

i); (6.1)

jK
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p
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p

1 + j�+�j

2

((1 + (���))jK

0

i � (1� (���))jK

0

i); (6.2)

where the notation S (Short) and L (Long) steams from the dominating lifetime di�erene

(�

K

0

S

= (0:8935�0:0008)�10

�10

s; �

K

0

L

= (5:17�0:04)�10

�8

s [PDG02℄). This feature makes

it experimentally easy to separate the two K

0

states, while in the B

0

system one onsiders

B

0

phys

and B

0

phys

and tag them aording to avor spei� deays.

The K

0

mixing is very similar to B

0

mixing in having u-type quarks in the loops of the

mixing diagram (see Fig. 4.1). However, in K

0

mixing top-harm and harm-harm loop

ontributions annot be negleted, and this makes it diÆult to extrat information from

observables in the K system, even though they are very well measured (�m

K

= (0:5303 �
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0:0009)�10

10

s

(�1)

). The measured CP violating quantities in the K system are the following

[PDG02℄:
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; (6.3)
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; (6.4)
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K

j = j(p� q)=(p+ q)j = (2:282 � 0:017) � 10

�3

; (6.5)
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K

CPT

= Re(�
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=�

K

) = (19:2 � 2:4) � 10

�4

; (6.6)

where �

K

measures CP violation in mixing, while �

0

(historially written without subsript)

measures CP violation in deay, thus superweak theory
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(whih requires �

0

= 0) is exluded.

CPT invariane gives a orrelation between �

00

, �

+�

and �

K

, and therefore CPT invariane

an be tested by onsidering:

a

CPT

=

P (K

0

! K

0

(t))� P (K

0

! K

0

(t))

P (K

0

! K

0

(t)) + P (K

0

! K

0

(t))

=

H

11

�H

22

H

11

+H

22

= 4Re(�); (6.7)

where P is the (time dependent) probability. Experimental data indiates no CPT violation,

sine the urrent measurements of � gives [PDG02℄:

Re(�) = (2:9 � 2:7)� 10

�4

; Im(�) = (�0:8� 3:1) � 10

�3

: (6.8)

The rare deays K

�

! �

�

��� and K

0

L

! �

0

��� are of speial interest, sine large CP

violation is expeted with lean interpretation, whih expressed in terms of � and � looks as

follows [Nir98, BF98℄:

�(K

�

! �

�

���) = 8:33 � 10

�6

jV

b

j

4

X

2

(x

t

)

�

�

2

+ (�

0

�� )

2

�

= (3:1 � 1:3) � 10

�11

; (6.9)

�(K

0

L

! �

0

���) = 3:29 � 10

�5

jV

b

j

4

X

2

(x

t

) �

2

= (8:2� 3:2) � 10

�11

; (6.10)

where X

2

(x

t

) is a known funtion of the top mass and �

0

' 1:4 is alulated from next-

to-leading order EW loop ontributions. Evidently, � and � an be leanly extrated from

measuring these rates, and so the experimental hallenge of the low branhing ratios is there-

fore met with proposals of dediated experiments

40

. The E787 experiment at BNL have seen

one harged event [E78797℄.

6.1.2 The D

0

system

The D

0

system is fundamentally di�erent from the K

0

and the B

0

systems in that the mixing

loop (see Fig. 4.1) ontains d-type quarks instead of u-type quarks, so the heaviest quark

in the loop is b instead of t. Sine m

b

� m

t

and sine the ontribution from the heaviest

quark, b, is suppressed by �

2

(jV

ub

V

b

j ompared to jV

td

V

tb

j for the B system), mixing in the

D system is expeted to be very small. In the SM one expets x

D

� �m

D

=�

D

. 0:002,

i.e. the mixing time is � 500 times larger than the lifetime, whih makes the probability of

observing mixing very small.

Most deays of the D

0

meson have avor spei� �nal states, resulting in a very small

expeted lifetime di�erene. Furthermore, diret CP violation in the D

0

system is expeted

to be insigni�ant, leaving only CP violation in mixing (though small) and the interferene

between mixing and deay as possible measurements for probing the theory (and most likely

only in the D

0

! �

+

�

�

;K

�

�

�

;K

+

K

�

hannels).

The urrently best experimental limits on D

0

mixing are from BaBar [BABAR03a℄, and

still above the SM predition. However, the SM predition has been muh debated, as several

e�ets enters in the (time-dependent) amplitude. Therefore, even if D

0

mixing is observed

just below the urrent experimental level, it is not a sure sign of new physis [BSN95℄.

39

A theory explaining CP violation as a onsequene of an additional superweak fore [Wol64℄.

40

Kopio (BNL) and Kami (FNAL) for the neutral mode and E949 (BNL) and CKM (FNAL) for the harged.
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6.1.3 The B

0

s

system

The B

0

s

system is very muh like the B

0

d

system, as only the spetator quark is di�erent, and

apart from the CKM ouplings, all other quantities are equal, to a fairly good approximation

(O(5 � 10%)). However, the ratio of CKM ouplings to the top quark, whih dominates the

mixing frequeny in the two B systems, is jV

ts

=V

td

j

2

' 25, whih yields a very large (and still

unmeasured) mixing frequeny for the B

0

s

system.

While it hard to extrat any information about the CKM-entries from a �m

d

mixing

measurement alone, a ratio with �m

s

an give very preise information, as the theoretial

errors are highly orrelated and thus tend to anel out. For this reason, a measurement of

�m

s

is highly desirable and therefore persued intensely [PDG03, CDF03℄.

The di�erent �nal states allow for both CP eigenstates and Cabibbo-allowed modes, whih

probes . While the CP eigenstate modes, suh as e.g. B

0

s

! �K

0

S

have very low branhing

frations (� 10

�7

), deay hannels like B

0

s

! D

�

s

K

+

have higher branhing fration and good

sensitivity to . Sine the states ommon to the B

0

s

and B

0

s

are no longer suppressed, the

width di�erene is expeted to be signi�ant (see Table 4.1), though still unmeasured.

6.1.4 Comparison of the neutral systems

The di�erent properties of the b, , and s-based neutral quark systems, are ditated by the

dominant quark deay, as is listed in Table 6.1. The size of potential CP violating e�ets in

the three systems are haraterised by the triangles in Fig. 3.1.

System Dominant quark deay Deay width CP violation size

K s! u / �

2

� PS / A

2

�

4

�

D ! s / 1� PS / A

2

�

6

�

B b!  / A

2

�

4

� PS / �

2

�

Table 6.1: Deay width and (potential) CP violation size for the neutral systems. It is

noteworthy that the produt of the deay width and the size of CP violation equals the

(ommon) area of the unitary triangles, disregarding phase spae (PS).

The produt of the deay width and the size of CP violation is �xed by the (ommon) area of

the unitary triangles (disregarding phase spae). This is the feature of the B system, whih

has both a long lifetime (and thus measuring the deay time di�erene is experimentally

possible) and (potentially) large CP violation e�ets.

6.2 Experimental onstraints on CKM related measurements

The parameters, whih are sensitive to and an be related to CKM parameters (see Fig. 6.1a)

and whih have been diretly measured are listed in Table 6.2.

It is interesting to note, that relating these measurements to the four CKM parameters is

limited by theoretial errors in all ases exept for the sin(2�) measurement. The theoretial

unertainty an in some ases and to some degree be anelled out by making ratios and/or

making more inlusive measurements (e.g. �m

d

=�m

s

). As many of these theoretial errors

are not well understood, their treatment has a signi�ant impat on the �nal results.

6.3 Combining measurements

The idea is to make a global �t to all measurements onstraining the four independent CKM

parameters, and then set CL limits on the parameters of interest (all them a), whih in the

ase of the Wolfenstein parametrization are � and �, leaving the remaining parameters (all
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Parameter Value � Error(s) Referene

jV

ud

j 0:9717 � 0:0013 � 0:0004 [HLLLD01a℄

jV

us

j 0:2228 � 0:0039 � 0:0018 [HLLLD01a℄

jV

ub

j (inl.) (4:12 � 0:13 � 0:60) � 10

�3

[HLLLD01a, PDG03℄

jV

ub

j (exl.) (3:35 � 0:20 � 0:50) � 10

�3

[HLLLD01a℄

jV

d

j 0:224 � 0:014 [HLLLD01a℄

jV

s

j 1:04 � 0:16 [HLLLD01a℄

jV

b

j (inl.) (42:0 � 0:6� 0:8) � 10

�3

[HLLLD01a℄

jV

b

j (exl.) 40:2

+2:1

�1:8

� 10

�3

[PDG03, HKM

+

02℄

j"

K

j (2:271 � 0:017) � 10

�3

[PDG02℄

�m

d

(0:502 � 0:006) ps

�1

[PDG03℄

�m

s

Amplitude spetrum [PDG03℄

sin(2�) 0:739 � 0:048 [PDG03℄

m



(1:2� 0:2) GeV [PDG02℄

m

t

(MS) (167:0 � 5:0) GeV [PDG02℄

m

K

(493:677 � 0:016) MeV [PDG02℄

�m

K

(3:490 � 0:006) � 10

�12

MeV [PDG02℄

m

B

d

(5:2794 � 0:0005) GeV [PDG02℄

m

B

s

(5:3696 � 0:0024) GeV [PDG02℄

m

W

(80:423 � 0:039) GeV [PDG02℄

G

F

1:16639 � 10

�5

GeV

�2

[PDG02℄

f

K

(159:8 � 1:5) MeV [PDG02℄

B

K

0:86 � 0:06� 0:14 [Lel01℄

�

s

(M

2

Z

) (in �



) 0:1172 � 0:0020 [PDG02℄

�

t

0:47 � 0:04 [HN94℄

�

tt

0:5765 � 0:0065 [HN94℄

�

B

(MS) 0:55 � 0:01 [BBL96℄

f

B

d

p

B

d

(228 � 30� 10) MeV [Be03℄

� 1:21 � 0:04� 0:05 [Be03℄

Table 6.2: Inputs to the CKM �t. Upper part: Experimental determinations of the CKM

matrix elements. Middle upper part: CP violating and mixing observables. Middle

lower part: Parameters of the SM preditions obtained from experimental data. Lower

part: Parameters of the SM preditions obtained from theory.
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them �) free to vary. The hoie of parameters is of ourse arbitrary, but as the �� � plane

displays the unitary triangle diretly, it has beome standard. As most of the errors are of

theoretial origin and therefore not Gaussian (and in most ases ill-de�ned), great are has

to be taken when inluding these in a likelihood funtion. The approah is to simply let them

vary freely within their range.

A �

2

is formed, �

2

(a; �) = �2 ln(L(a; �)), and the global minimum, �

2

(a; �)

min

, is de-

termined. Then the a spae is sanned, �nding the o�set-orreted minimum, ��

2

(a) =

�

2

(�)

min;a

� �

2

(a; �)

min

, that is the minimum �

2

given a �xed value of a. Were the er-

rors Gaussian, the Con�dene Level (CL) would be alulated as, CL(a) = Prob(��

2

; N

dof

),

where N

dof

is the number of � parameters involved. As the errors are not all Gaussian, this

simpli�ed approah should be substituted with that obtained from MC simulations.

The result of sanning the (�; �) plane using the approah desribed is shown in Fig. 6.1b.

Sine ��

2

will always equal zero at the minimum, the CL will always reah one. The blue

olor (the outermost olored region in b/w versions) approximately equals to the 95 % CL. The

entral values and CL orresponding to one, two and three sigma of the involved parameters

as obtained from the overall �t are shown in Table 6.3.

-2

-1.5

-1
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0

0.5

1
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2

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
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sin γ sin γ

ρ

η
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βγ
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0
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1

1.5
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|Vub/Vcb|
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α
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ρ
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excluded area has CL < 0.05

C K M
f i t t e r

LP 2003

(b)

Figure 6.1: Fit to CKM parameters in the (�; �) plane. (a) Constraints obtained by perfet

measurements free of theoretial errors. (b) The result of �tting all parameters that ontain

information about the CKM matrix elements. The superimposed blue areas orrespond to

the world average sin(2�) value (here aounted for in the �t) inluding one and two standard

deviations respetively. See text and referene for further explanation [HLLLD01b℄.

6.4 Setion summary and onlusion

In addition to the B

u;d

system, the light neutral meson systems arry information about

the CKM matrix, but these are plagued by theoretial unertainties. This is not the ase

for the B

s

system, whih is very interesting, but experimentally less aessible, and one will

have to wait until the start of LHC-B and BTeV for high statistis samples. Combining all

measurements and theoretial parameters sensitive to CKM matrix elements, one obtains

both the most preise values of these, but also an overall test of the Standard Model. The

urrent status of the overall CKM �t is, that all measured and theoretial quantities sensitive

to the CKM matrix parameters are in agreement. The �t yields J = (3:11

+0:33

�0:46

) � 10

�5

, in

aordane with the notion that CP violation is naturally small in the quark setor.
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Observable entral � CL � 1� � CL � 2� � CL � 3�

� 0:2265

+0:0025

�0:0023

+0:0040

�0:0041

+0:0045

�0:0046

A 0:801

+0:029

�0:020

+0:066

�0:041

+0:084

�0:054

�� 0:187

+0:088

�0:070

+0:182

�0:114

+0:221

�0:156

�� 0:356

+0:046

�0:042

+0:086

�0:085

+0:118

�0:118

J [10

�5

℄ 3:10

+0:43

�0:37

+0:82

�0:74

+1:08

�0:96

jV

ud

j 0:97400

+0:00054

�0:00058

+0:00094

�0:00095

+0:00106

�0:00106

jV

us

j 0:2265

+0:0025

�0:0023

+0:0040

�0:0041

+0:0045

�0:0046

jV

ub

j [10

�3

℄ 3:87

+0:35

�0:30

+0:73

�0:60

+0:73

�0:76

jV

ub

j [10

�3

℄ (meas. not in �t) 3:87

+0:34

�0:31

+0:81

�0:61

+1:27

�0:88

jV

d

j 0:2264

+0:0025

�0:0023

+0:0040

�0:0041

+0:0045

�0:0046

jV

s

j 0:97317

+0:00053

�0:00059

+0:00094

�0:00097

+0:00106

�0:00112

jV

b

j [10

�3

℄ 41:13

+1:36

�0:58

+2:43

�1:16

+3:08

�1:73

jV

b

j [10

�3

℄ (meas. not in �t) 41:2

+5:1

�5:7

+7:9

�5:8

+9:9

�5:8

jV

td

j [10

�3

℄ 8:26

+0:72

�0:86

+1:23

�1:79

+1:64

�2:25

jV

ts

j [10

�3

℄ 40:47

+1:39

�0:62

+2:42

�1:21

+3:17

�1:78

jV

tb

j 0:999146

+0:000024

�0:000058

+0:000047

�0:000104

+0:000070

�0:000133

sin 2� �0:14

+0:37

�0:41

+0:57

�0:71

+0:74

�0:82

sin 2� 0:739

+0:048

�0:048

+0:096

�0:095

+0:124

�0:137

sin 2� (meas. not in �t) 0:817

+0:037

�0:222

+0:053

�0:279

+0:067

�0:334

 ' Æ (deg) 62

+10

�12

+17

�24

+23

�30

sin �

12

0:2266

+0:0025

�0:0023

+0:0040

�0:0041

+0:0045

�0:0046

sin �

13

[10

�3

℄ 3:87

+0:35

�0:30

+0:35

�0:60

+0:35

�0:76

sin �

23

[10

�3

℄ 41:11

+1:37

�0:58

+2:43

�1:16

+3:08

�1:73

�m

d

(ps

�1

) (meas. not in �t) 0:54

+0:26

�0:21

+0:62

�0:31

+0:94

�0:34

�m

s

(ps

�1

) 17:8

+6:7

�1:6

+15:2

�2:7

+22:1

�3:7

�m

s

(ps

�1

) (meas. not in �t) 16:5

+10:5

�3:4

+17:7

�5:7

+23:9

�7:2

�

K

[10

�3

℄ (meas. not in �t) 2:5

+1:6

�1:1

+2:4

�1:4

+3:1

�1:6

Table 6.3: CKM �t results and errors, in terms of CL that orrespond to one-, two- and three

standard deviations, respetively, using as input the observables listed in Table 6.2 (inluding

the world average on sin(2�)). For results marked by \meas. not in �t", the measurement of

the orresponding observable has not been inluded in the �t.





Part II

Aelerator and Detetor

The mahine does not isolate man from the great problems of nature but plunges

him more deeply into them.

[Antoine de Saint-Exupery, 1900-1944℄
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In order to pursue the program of studying CP violation in the B system, asymmetri high

luminosity e

+

e

�

olliders operating at the � (4S) resonane, so-alled B fatories, were pro-

posed [Odd℄. As the branhing ratio for interesting B deays is of order O(10

�4

) or less,

one needs to produe at least 10

8

BB pairs, requiring very high luminosity and high reon-

strution eÆieny. Furthermore, the subsequent data analysis requires exellent Partile

IDenti�ation (PID), good alorimetry, and preise vertex resolution. The PEP-II ollider

and the BABAR detetor were designed for exatly those purposes.

In the following, �rst the PEP-II ollider and seond, and more thoroughly, the BABAR

detetor will be desribed. The aelerator desription will inlude motivations, some of the

relevant physis, design and performane of the ollider and omparison with other exper-

iments. In the detetor desription, funtions, design and performane will be desribed

and disussed for eah subdetetor separately, apart from the traking performane, whih

naturally is presented after the SVT and DCH setions.

Both the PEP-II ollider and the BABAR detetor are desribed in detail elsewhere (for the

desription of the PEP-II ollider [PEP93, S

+

03, WWW03, BABAR02a℄ and for the BABAR

detetor desription mainly [BABAR, BABAR02a, BABAR-DIRC03, BABAR-DIRC04℄ and

private ommunations with fellow IR2-team members).

Figure 6.2: Overview of the SLAC aelerator site. The linear aelerator �lls the PEP-II

rings with eletrons and positrons, whih are brought to ollide at the interation point where

the BABAR detetor is loated.
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7 The PEP-II ollider

7.1 The reasoning behind an asymmetri ollider

One of the most distint features about the PEP-II ollider is the asymmetri beam energies.

No other ollider before the B fatories have had this harateristi

41

, but it turns out to be

a entral part of the design.

To be able to perform time-dependent measurements, the two times t

re

and t

tag

have to

be obtained (see Setion 4). The most obvious way would be a \stopwath" approah, that is

measure the time of the e

+

e

�

ollision, t

0

, whih is essentially the time of prodution for the

BB pair due the short � (4S) lifetime (O(10

�23

)), and then subsequently the two B mesons

deay time, t

re

and t

tag

.

The �rst problem enountered is that the ollision time an not be measured with suÆient

auray, as its unertainty is essentially the time it takes for the two bunhes to ross eah

other. At PEP-II, the bunh length is O(1� 2m), whih yields an unertainty in the bunh

rossing time of � 50ps to be ompared with �

B

� 1:5ps. However, as the time distributions

Eqs. (4.25{4.26) show, it is only the time di�erene that is needed, and thus t

0

does not have

to be determined.

The seond and unrepairable problem is the determination of the two B meson deay times.

The time resolution of present detetor tehnology is O(25ps)

42

, whih { impressive as it is {

is still not in the range of the B meson life and mixing time at O(1ps). Thus, one annot from

the arrival time of the daughters of the B meson determine the time of deay with adequate

preision.

Though not immediately obvious, the solution is to use the vertex position of the two B

mesons. At the � (4S) resonane

43

, eah B meson have a boost of � ' 0:06 in the rest frame

of the � (4S). Given the lifetime of the neutral B meson, �

B

0
= (1:542 � 0:016)ps [PDG02℄,

this results in an average ight distane of O(30 �m), whih is not resolvable by todays silion

vertex detetor tehnology

44

. For this reason the PEP-II ollider has, unlike previous e

+

e

�

olliders, been designed with asymmetri beam energies, giving the produed partiles a boost

of � ' 0:56, whih results in resolvable average deay lengths of O(250 �m), well within

reah of modern silion vertex detetor tehnology (see setion 8.2).

Though the vertex resolution issue applies mostly to the neutral B meson, it is also of interest

for other analysis, as it is an important tool in bakground rejetion.

7.1.1 Relation between �z and �t

To a good approximation, that is negleting the modest boost from the � (4S) deay, �

CM

,

and a slight tilt of the beam diretion with respet to the z-axis of � 1

Æ

(see Setion 8.7),

the relation between the vertex distane, �z, and the deay time di�erene, �t = t

re

� t

tag

,

is linear:

�z = ��t: (7.1)

With a onversion fator of � = 165�m/ps, this relation provides an almost one-to-one

orrespondene between �z and �t. While the lak of alignment (neessary for beam-orbit

stability, see Setion 8.7) is a small e�et, whih is easily orreted for [LeC02℄, the boost

from the � (4S) deay is not negligible, as �

CM

=� = 0:14.

41

The asymmetri energies of HERA is due to the di�erent type of partiles in the beams (e

�

and p

+

).

42

The best resolution in time is urrently obtained with so-alled Pestov spark ounters [B

+

96℄.

43

The � (4S) is the lightest b

�

b state (21:2� 3:6 MeV [PDG02℄) above the BB threshold (see Fig. 7.1).

44

Emulsion detetors have a preision of a few �m, but emulsion at the vertex would destroy the beams.
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Correting for this additional boost, the orret relation between �z and �t beomes:

�z = ��t

�

1 +

�

CM

�

os �

CM

t

re

+ t

tag

t

re

� t

tag

�

: (7.2)

As it is not possible to measure t

re

+t

tag

, its value is substituted by its average, whih, given a

value of �t, is �

B

0
+ j�tj. Due to the sin � term in the matrix element (see Eq. (4.19)), the two

B mesons from the � (4S) deay are mostly emitted perpendiular to the beam diretion, and

onsequently their di�erene in boost is generally small (O(��=�) ' 0:14). Therefore, the

approximation works quite well, even though it is mathematially inonsistent to apply it (as

t

re

+ t

tag

was already integrated out of the time distribution). It an be shown [Dib90, Kit03℄,

that it is possible to make the time-dependent �t in terms of �z, but the loss in simpliity

overshadows the gain obtained.

However, the orretion does not ome without a prie. Using Eq. (7.2) introdues (slight)

orrelations between �t and m

ES

for ontinuum bakground both through the boost and the

angle. The hoie between the two depends on how dominant the ontinuum bakground in

the time-dependent �t is.

7.1.2 Cross-setions at the � (4S) resonane

Running at the � (4S) resonane (see Fig. 7.1) not only produes BB pairs, but also muh

other interesting physis as a useful byprodut. However, seen from the point of view of B

physis, these byproduts are onsidered as bakgrounds, olletively refered to as ontinuum

bakground.
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Figure 7.1: San of the � resonane region, revealing the four lowest S states and the BB

threshold. The height of the � (4S) peak relative to the bakground level indiates the fration

of ontinuum bakground to expet. The ontent of this bakground is determined from data

taken below the BB threshold. (Note: The energy sale on the horizontal axis is not ontinuous).

The ross-setion for prodution of fermion pairs from e

+

e

�

ollisions with CM energy at the

� (4S) resonane is given in Table 7.1 [Har98℄.
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Quark pair Cross-setion (nb)

b

�

b 1.05

� 1.30

s�s 0.35

d

�

d 0.35

u�u 1.39

Lepton pair Cross-setion (nb)

�

+

�

�

0.94

�

+

�

�

1.16

e

+

e

�

� 40

Table 7.1: Cross-setions for e

+

e

�

at

p

s = m

� (4S)

. These ross-setions were alulated with

the Jetset 7:4 event generator [SB87℄.

Apart from the ross-setion to e

+

e

�

(mainly Bhabha sattering), having been orreted for

detetor aeptane as it is highly angular dependent, these numbers reet to zeroth order

the lassi ross setion for e

+

e

�

ollisions at high energy (where N



is the number of olors):

�(f

�

f) = N



Q

2

4��

2

3E

2

CM

s

1�

m

2

f

E

2

 

1 +

1

2

m

2

f

E

2

!

E

CM

=m

� (4S)

' N



Q

2

0:78nb: (7.3)

Taking initial state radiation into aount, the atual CM energy has a long tail into the lower

energy region. The result is that fermion pairs are also reated at lower CM energies, where

the ross-setion is higher due to the inverse saling with E

2

CM

, thus making the e�etive

ross-setion higher. Radiative orretions are expeted to be largest for the light quarks,

whih is the reason for the larger u�u than � ross-setion.

The b

�

b ross-setion onstitutes roughly 25% of the entire quark ross-setion.

7.2 Resonane vs. Continuum running

The bakground \under" the � (4S) resonane (see Fig. 7.1), is ontinuum. In order to make

preision measurements, one needs to determine this physis bakground

45

. This is done by

running \o� peak", i.e. 40 MeV below the � (4S) resonane, where ontinuum is essentially

unhanged, but the BB signal is no longer there, as it is below the threshold (see Fig. 7.1).

For deay hannels with little bakground (e.g. J= K

0

S

) the optimal fration of data taking

with ontinuum (o�-resonane) running will be low. But for hannels with more bakgrounds

(e.g. B

0

! �

�

�

�

), the unertainties due to bakgrounds beome signi�ant, and o�-resonane

running is needed.

In order to determine the optimal fration of ontinuum running, , for a spei� hannel

with bakground over signal, b � B=S (assuming all bakground stems from ontinuum),

one onsiders the number of events on resonane and in ontinuum for a �xed amount of

integrated luminosity, L, isolates the amount of signal, S, and determines its error:

N

� (4S)

= (1� )L(1 + b)S

N

ontinuum

= LbS

�

=) �(S) =

r

S

L

s

+ b

 (1� )

: (7.4)

Not surprisingly, the error is proportional to the square root of the signal over the integrated

luminosity, whih just serves as normalization onstants. The minimization of the seond

square root yields the optimal fration of ontinuum running. For no bakground (b = 0)

the minimum is obviously at  = 0, but with just 5% bakground, 18% ontinuum running is

optimal, and for b = 1 the optimal fration of ontinuum running reahes 41%. However, this

assumes that there is no other mean of onstraining the ontinuum bakground parameters.

At BABAR it has been hosen to let 12% of the luminosity be taken o�-resonane.

45

Bakground originating from physis proesses, ontrary to mahine bakground from running the ollider.
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7.3 The general design of the PEP-II ollider

The PEP-II ollider is loated at the end of the linear aelerator (Lina) situated at the

SLAC site (skethed in Fig. 7.2) 40 kilometers south of San Franiso in California, USA.

The three kilometer long Lina

46

injets 9:0 GeV eletrons into the High Energy Ring (HER)

and 3:1 GeV positrons into the Low Energy Ring (LER) of PEP-II, irulating in opposite

diretions. The two storage rings, whih are housed in the former PEP (Positron Eletron

Projet) tunnel of 800 meter diameter, are brought to ollide at the interation point of the

BABAR detetor. The hosen beam energies result in a Center-of-Mass (CM) energy of 10.58

GeV, whih orresponds to the � (4S) resonane, at a boost of � ' 0:56, due to the asym-

metri beam energies. The hoie of boost size is a tradeo� between vertex resolution and

bakground rejetion (improved with larger boost) vs. luminosity and aeptane (improved

with smaller boost). The hosen boost and thus the time resolution is suh that it degrades

time measurements by about 5{10% (ompared to in�nite resolution). A more detailed de-

sription of the PEP-II storage rings an be found at [PEP93, S

+

03℄.

1 2 3 4 5 6 87 19

Figure 7.2: Layout of the Lina and the PEP-II ollider. Eletrons and positrons (reated

using the eletron beam) are aelerated up to their energies of 9.0 and 3.1 GeV, respetively,

and then injeted into the two PEP-II rings with a frequeny of 60 Hz.

PEP-II is designed to have 1658 partile bunhes in eah ring, resulting in a bunh rossing

every 2:1 ns at the interation point, where BABAR is loated. Eah bunh is designed to

onsist of 2:1� 10

10

eletrons for the HER and 5:9� 10

10

positrons for the LER, whih yields

a design urrent of 0.75/2.15 A for the HER/LER respetively. The rings are reharged by the

Lina when the luminosity drops below 90 % of its peak value, approximately every seond

hour. After many tests throughout 2001{2003, ontinuous injetion (desribingly termed

\trikle" injetion) was �nally ommened for the LER in Deember 2003. This eliminates

the injetion time (though only for the LER), during whih no data an be taken, and also

dereases the risk of loosing the beam, while at the same time stabilising the running. With

disontinuous injetion, the temperature of some beam elements hanges quite a lot (� 20

Æ

C).

Trikle injetion for the HER was regarded as more involved and subtle, but after initial

suessful tests, it has now beome standard. With no injetion time, the rate of integrating

luminosity is inreased by about 10-15%.

The luminosity started at an average value of 2:2 � 10

33

m

�2

s

�1

(Run I), and is urrently

(Run IV) around 6�10

33

m

�2

s

�1

, whih is the double of its design value. The total integrated

46

Originally build in 1966, this linear ollider was used for �xed target experiments and later ollider exper-

iments, whih lead to the disovery of quarks (1968), J= (1974) and the � (1975).
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Parameter Unit Design Best ahieved Typial

Cirumferene m 2199.318

Number of Bunhes (HER+LER) 1658 1658 1030{1230

Total Beam Current (HER) A 0.75 1.20 1.1

Total Beam Current (LER) A 2.15 2.43 1.6

Horizontal Spot Size �

X

�m 220 150

Vertial Spot Size �

Y

�m 6.7 5.0

Luminosity m

�2

s

�1

3� 10

33

7:18 � 10

33

5:5 � 10

33

Integrated Luminosity pb

�1

/shift 45 164.6 100

Integrated Luminosity pb

�1

/day 135 479.8 280

Integrated Luminosity fb

�1

/week 1.0 2.491 1.5

Integrated Luminosity fb

�1

/month 4.0 7.334 4.5

Total Int. Lum. (Run I{III) fb

�1

113.27

Table 7.2: Parameters and performane of PEP-II. The typial numbers are taken from Run-

IV. The values are as of New Years Eve 2003{2004, and already signi�antly outdated.

luminosity as of New Years Eve 2003-2004 is 131:05fb

�1

of whih the BABAR detetor logged

113:27fb

�1

on the � (4S) resonane and 12:01fb

�1

40 MeV below. In Table 7.2 are listed

various beam parameters and luminosity performanes [BABAR, WWW03℄.

7.3.1 Determination of luminosity and beam parameters

The integrated luminosity is derived from the known QED proesses e

+

e

�

! e

+

e

�

and

e

+

e

�

! �

+

�

�

. The measurements are onsistent and have negligible statistial error. The

systemati error arises from unertainties in the MC generator and simulation of the detetor

and its aeptane. With improved understanding of the detetor the systemati error drops,

and the urrent level is 1.1%.

The beam energies are determined online from the magneti bending strength and the

aeleration frequeny. While the rms on the absolute beam energies is 2.3/5.5 MeV for the

LER/HER and the systemati error 5{10 MeV, the relative energy is stable within about 1

MeV. The CM energy, whih has a tolerane of about 2 MeV, is kept at the � (4S) resonane

by monitoring the BB prodution. The best alibration of the CM energy is obtained o�ine

from the momentum (in CM) of fully reonstruted B andidates, whih has an error of 1.1

MeV dominated by unertainty in the B mass and the detetor resolution. The spread in the

beam energy, aused by minusule variations in beam partile energies within eah bunh,

dominates the resolution of the key variable m

ES

(see Setion 9.2).

The beam diretion, position and size relative to the BABAR detetor is determined on a

run-by-run basis by onsidering e

+

e

�

and �

+

�

�

events. The only exeption is the very small

vertial beam size, whih is infered from the measured luminosity. The measurements are

heked o�ine by onsidering multi-hadron events and also ompared to values measured by

PEP-II, before stored in a ondition database, whih is used when (re-)proessing the data.

7.3.2 Mahine related onstraints, bakgrounds and radiation

The demand for high luminosity { unpreedented at e

+

e

�

mahines { is ahieved by a high

number of bunhes in the storage rings and a small transverse beam pro�le at the IP. However,

this is not a trivial task to ful�l. With bunhes every 4.2ns (� 1:2m), the problem of parasiti

ollisions arises, that is ollisions every 0.6m on either side of the IP, where the next bunh

rossings our. To redeem this problem, sweeping magnets (B1) are plaed lose to the

IP, suh that the two beams (but espeially the LER) are bend in suh a way, that they
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only oinide at the intended IP (see Figure 7.3). To obtain a small transverse beam pro�le,

quadrupole magnets (Q1) are plaed very lose to the IP, in fat inside the detetor along with

the dipole magnets for bending the beam. This puts stringent requirements on the detetor

design, as it deprives the BABAR detetor spae and thus aeptane lose to the beams.

Figure 7.3: Layout of the Interation Region (IR). Shown are the two beams and the dipole

bending (B) and quadrapole fousing (Q) magnets in the IR. Note that the sale of the

transverse axis is magni�ed 20 times.

The largest bakground is aused by radiative Bhabha sattering generating eletromagneti

showers, when o�-energy beam partiles are swept into the detetor. This bakground is very

pronouned during injetion, after whih it drops to a more reasonable level. As the size of

the bakground depends on the luminosity, it will in the future be even more dominating.

Another large bakground arises from Coulomb sattering of beam-gas moleules, whih along

with beam-gas bremsstrahlung is the primary soure of radiation damage for the SVT. This

bakground, whih sales with the beam urrents, is very large after ventilating the beam pipe

(due to e.g. maintenane or leakages), but dereases with time, as Synhrotron Radiation (SR)

srubs (i.e. leans) the beam pipe.

The bakgrounds may utuate very signi�antly, and for this reason, radiation monitors are

installed, suh that one is able to abort the beam in ase of unaeptably high levels.

The bending of the beams in the Interation Region (IR) gives rise to SR, whih an also

damage the detetor and indue bakgrounds, and therefore radiation masks are installed.

The SR from the losest bending magnets is designed to pass through the interation region

without interating with the beam pipe, while other soures of SR are masked away.

These bakgrounds not only ause general degradation and damage, but also inrease the

oupany, e�etively lowering the eÆieny of the detetor

47

(most ritially for the IFR, f.

Setion 8.8) and ausing operational diÆulties (most ritial for the DCH, f. Setion 8.3).

47

In May 2003 the ollider swithed to a new on�guration, whih inreased the luminosity but also the

bakground. It was found that going from the low to the higher bakground on�guration aused the number

of reonstruted D

��

(! D

0

�

�

soft

) to drop from 8.4 pb

�1

to 7.5 pb

�1

, thus a sizable e�et.
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7.4 B-fatory vs. other experiments

The advantages of an e

+

e

�

ollider at the � (4S) resonane are numerous:

� High ratio of signal to bakground (�

b

�

b

=�

total

= 0:24).

� Clean events (BB prodution is exlusive { no assoiated prodution).

� Kinemati onstraints (p

� (4S)

and j~p

B

j

CM

are known).

� Aeptable (i.e. not too low) b

�

b ross-setion (�(e

+

e

�

! � (4S)! BB) = 1:05nb).

� �

0

and radiative deay apability through  detetion.

The leanliness of events, espeially the fat that no other partiles are produed along with

a BB pair, makes reonstrution and in partiular tagging highly eÆient ompared to other

types of experiments. The limiting fator for the B fatories is the luminosity. The urrent

luminosity level of PEP-II, allows for reasonable statistis (� 5 � 10

8

) given a few years of

running.

Other types of experiments with B physis potential an be divided into two types: e

+

e

�

mahine running at the Z

0

resonane (LEP experiments) and hadroni mahines (HERA-

B/Tevatron/LHC experiments). The LEP experiments had the advantage of a somewhat

high b

�

b ross-setion (6 nb) with a muh larger boost (� ' 9) in a fairly lean environment,

but the luminosity of LEP did not suÆe to provide adequate statistis.

At hadroni mahines, the ross setion for b

�

b prodution is slightly higher and inreases

with energy, as does the boost, whih is typially also muh higher. The main di�erenes are

the muh higher event rate and bakgrounds. The relatively low signal to bakground ratio

requires an extremely good bakground rejetion and ompliates the experiment. As the

LHC has the highest luminosity, b

�

b ross-setion and boost, and a dediated B experiment

(LHCb), CERN will have the furthest reah into preision measurement in B physis.

All these other types of experiments have the advantage of B

s

apabilities, whih an only be

attained at B fatories by going to the muh broader and therefore less advantageous � (5S),

whih lies above the B

s

B

s

threshold. This possibility has been investigated, and in priniple

it is possible, but the feable boost at the B fatories will surely not allow for time-dependent

analysis, as the B

s

mixing frequeny is too high (see Setion 6.1.3).

7.5 Setion summary and onlusions

In order to perform time-dependent CP measurements in the B system, an asymmetri high

luminosity ollider is needed. PEP-II at SLAC is exatly suh a mahine. From the ight

distane between the two B deays (measurable due to the boost from the asymmetry),

deay times di�erenes below 1 ps an be determined. Sine the deays of interest have low

branhing frations, PEP-II is build to maximize the luminosity, whih is the single most

important limitation of B fatories.

The impat of the PEP-II design on the BABAR detetor is mainly through the required

magnets lose to the interation region and the bakground. The latter limits the lifetime

of omponents of the detetor and dereases the reonstrution eÆienies, but it is not the

leading limiting fator, even at high luminosity.

The main advantages that B fatories o�er over other B experiments is high ratio of signal

to bakground, lean events, good kinemati onstraints, and more eÆient neutral partile

reonstrution.
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8 The BABAR detetor

The best test-bed is the system itself. [O'Grady's Law

48

℄

The study of CP violation in the B system is the primary goal of the BABAR experiment,

whih essentially requires good apabilities of:

� Reonstrution of B deays into exlusive �nal states,

� Tagging the other B meson in eah event, and

� Measurement of the relative time between the two B deays.

The ability to ful�ll the above requirements with a high eÆieny for deay hannels with

branhing ratios of order O(10

�4

) or below, requires:

Large aeptane and high reonstrution eÆieny, as any lost trak or lusters ren-

der the deay impossible to fully reonstrut. Furthermore, the tagging eÆieny in-

reases signi�antly with inreased traking eÆieny.

Very good energy and momentum resolution both in angle and in magnitude, enabling

eÆient and lean reonstrution of shorter-lived mesons in the reonstrution hain.

The momentum range overed should be 75MeV to 4GeV for traks and 20MeV to

4GeV for lusters (photon).

Exellent vertex resolution both transverse and parallel to the beam, for time-dependent

measurements and identi�ation of D mesons.

EÆient partile identi�ation of both leptons and hadrons, whih is extremely impor-

tant for both tagging, bakground rejetion and separation of (�nal) states.

Flexible and redundant trigger, apable of separating out mahine noise without loss of

signal eÆieny.

Detailed monitoring, automated alibration and online proessing to realize the \fa-

tory" mode needed for obtaining very high volumes of data.

Tolerant detetor omponents both with respet to bakground and radiation, as the

environment will ontain high levels of both.

It is the optimization of the above demands with respet to ost and eÆieny that has

ditated the design of the BABAR detetor. After a general overview, the various subdetetors

will be treated separately, and their funtion then desribed in the framework of the entire

detetor. The BABAR detetor was tailored for B-physis, but essentially all other types of

physis available an also be studied onurrently.

8.1 General detetor design

From inside and out the BABAR detetor onsists of a:

� Silion Vertex Traker (SVT) for impat point and angle of traks and partial PID,

� Drift CHamber (DCH) for absolute momentum of traks and partial PID,

� Detetor of Internally Reeted

�

Cerenkov light (DIRC) for harged hadron identi�ation,

� EletroMagneti Calorimeter (EMC) for photon detetion and eletron identi�ation,

� Superonduting oil, providing a 1:5 T solenoidal magneti �eld, and �nally

� Instrumented Flux Return (IFR), for muon identi�ation and neutral hadron detetion.

48

The law has the ollary: \Modules in the system that are known to work well, should be taken out!"

: : : beause when all else fails, one will at least be able to reinsert that module and be sure that it works!
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The above desription of funtions is only approximate, as most subdetetors provide addi-

tional and often omplementary information. Thus, to obtain optimal measurements, infor-

mation from various subdetetors is ombined. The BABAR detetor is shown in longitudinal

and transverse ut drawings in Fig. 8.1.

Like most other partile detetors, the BABAR detetor onsists of layers of di�erent in-

dependent subdetetor systems with omplementary funtions. Sine the partile traks are

smeared by multiple sattering as they pass through material (e.g. the beam pipe and dete-

tor), the innermost detetor parts should be the ones with the highest spatial preision, and

they should onsist of the least possible material

49

in order not to degrade the measurements

of the outer subdetetors. The various layers of the BABAR detetor an be found in Table

8.1.

System �

1

Radius/m ADC/bits Segmentation # Layers Performane

�

2

RL/X

0

TDC/ns Channels

SVT 20:1

Æ

3.2{14.4 4 50{100 �m r� 5 �

d

0

= 55�m

�29:8

Æ

5:1%

�

- 100{200 �m z 150k �

z

0

= 65�m

DCH 17:2

Æ

23.6{80.9 8 6{8mm 40 �

�

= 1mrad

�27:4

Æ

2:9%

��

2 drift distane 7104 �

tan �

= 0:001

�

p

t

=p

t

= 0:47%

�

dE=dx

= 7:5%

DIRC 25:5

Æ

81.0{89.0 - 35� 17mm

2

1 �

�

C

= 2:5mrad

�38:6

Æ

17% 0.5 (r����r) 10752 per trak

144 bars

EMC(C) 27:1

Æ

90{136 17-18 47� 47mm

2

1 �

E

=E = 3:0%

�39:2

Æ

17 - 5760 rystals 2�5760 �

�

= 3:9mrad

EMC(F) 15:8

Æ

820 rystals 1 �

�

= 3:9mrad

�27:1

Æ

2�820

IFR(C) 47

Æ

180{300 1 20{38mm 19+2 90% �

�

e�.

�57

Æ

0.5 22k+2k 6{8% �

�

mis-id

IFR(F) 20

Æ

28{38mm 18 (loose seletion,

47

Æ

14.5k 1.5-3.0 GeV)

IFR(B) �57

Æ

28{38mm 18

�26

Æ

14.5k

Table 8.1: Overview of subdetetor overage, thikness, segmentation, and performane. The

notation (C), (F), and (B) refers to the entral barrel, forward, and bakward detetor om-

ponents, respetively. The polar angular overage �

1

(forward) and �

2

(bakward) refers to

the laboratory frame. The listed radiation lengths of the SVT and the DCH inlude the

beampipe

�

(1:1%X

0

) and the support tube

��

(0:8%X

0

), respetively. The magnet's radial

extend between the EMC and the IFR is 1.4{1.7m. The performane is quoted for 1 GeV

partiles, unless otherwise spei�ed. Table is mainly from [BABAR02a℄.

All subdetetors use a ommon eletronis arhiteture, with Front End Eletronis (FEE),

mounted diretly on the detetor to minimize abling. The FEE generally ontains ampli�er,

digitizer, L1 lateny bu�er and event bu�er in that order. After the level 1 trigger (see Setion

8.9.1), the data is transfered via optial �bers to the data aquisition system. As essentially

all omponents are very hard to repair/hange without signi�ant downtime, all parts of the

detetor were submitted to a variety of tests before installation.

49

More preisely, the material should onstitute the least amount of radiation lengths (RL), X

0

, whih is

the mean distane over whih a high-energy eletron looses all but 1=e of its energy by bremsstrahlung, and

an appropriate sale length for desribing high-energy eletromagneti asades [PDG02℄.



66 8 THE BABAR DETECTOR

��

� �

���� ����

����

����

����

���

����

��������

�

���

����

�

�

�

�
�

Scale

BABAR Coordinate System

0 4m

Cryogenic
Chimney

Magnetic Shield
for DIRC

Bucking Coil

Cherenkov
Detector
(DIRC)

Support
Tube

e– e+

Q4
Q2

Q1

B1

Floor

y
x

z
1149 1149

Instrumented
Flux Return (IFR))

Barrel
Superconducting

Coil

Electromagnetic
Calorimeter (EMC)

Drift Chamber
(DCH)

Silicon Vertex
Tracker (SVT)

IFR
Endcap

Forward
End Plug

1225

810

1375

3045

3500

3-2001
8583A50

1015 1749

4050

370

I.P.

Detector CL

�

�


����

IFR Barrel

Cutaway
Section

Scale
BABAR Coordinate System

y

x
z

DIRC

DCH

SVT

3500

Corner
Plates

Gap Filler
Plates

0 4m

Superconducting
Coil

EMC

IFR Cylindrical
RPCs

Earthquake
Tie-down

Earthquake
Isolator

Floor

3-2001
8583A51

Figure 8.1: Layout of the BABAR detetor, shown in ut-away drawings from the side (top

�gure) and from the end (bottom �gure). From the inside and out it onsists of Silion

Vertex Traker (SVT), Drift CHamber (DCH), Detetor of Internally Reeted

�

Cerenkov

light (DIRC), EletroMagneti Calorimeter (EMC), Superonduting oil, and Instrumented

Flux Return (IFR) (see text).
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As the single most expensive subdetetor is the alorimeter (EMC), muh e�ort was

put into minimizing its volume without unjusti�ed performane degradation of neither the

alorimeter nor the traking system inside of it, leading to a ompat design. Due to the

asymmetry of the ollider, the BABAR detetor has also been designed asymmetrial, reahing

into the forward diretion in order to maximize the aeptane. For the same reason, the IP is

moved 0.37 m bakwards (i.e. towards the HER), and supporting eletronis, ryogenis et.

are lead out via the bakward end when possible. In Fig. 8.2 is shown the so-alled detetor

protrator, whih is the orrelation between polar angles in the lab and in the CM referene

frame for massless partiles.
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Figure 8.2: Detetor protrator. The orrelation between polar angles in the laboratory and

the CM referene frame at � = 0:56 for massless partiles. For example a photon emitted

perpendiular to the z-axis in the CM frame, will be deteted in the lab at about 60

Æ

in the

forward diretion.

8.2 The Silion Vertex Traker (SVT)

When harged partiles pass through semionduting material they reate eletron/hole pairs

along their path, whih are olleted by an eletri �eld and thus deteted. The energy

required to reate eletron-hole pairs is an order of magnitude smaller than to ionize gas,

whih gives good spatial resolution (beause of inreased statistis), and sine silion detetors

in addition require little spae, they are often the innermost (vertex) subdetetor.

8.2.1 SVT funtions

The main task of the SVT is to measure the impat point and angle of harged traks for pre-

ise determination of the two B mesons verties in order to provide the ruial �z information

for time-dependent measurements. In order to eÆiently �t time-dependent quantities

50

, the

�z resolution should be better than half the average separation of 260 �m, orresponding to

about 80 �m resolution for eah vertex (in reality this resolution is dominated by the tagging

side resolution, see Setion 8.4). This preision an be reahed, but sine better resolution im-

proves bakground rejetion and failitates the distintion between primary B and seondary

50

What is meant by \eÆiently �t" is that 90% of the statistial power is preserved in time-dependent �ts.
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D verties, the aim of this subdetetor is the best possible ahievable resolution. The point

resolution is limited by multiple sattering to 10� 15 �m for the inner layers and 30� 40 �m

for the outer ones, thus impat parameter and angular information from the innermost points,

provided by the SVT, are the best.

Together with the DCH (see Setion 8.3) the SVT onstitutes the traking system, with

the SVT dominating the preision for the impat point and angle. The traking allows

exlusive reonstrution of B and D mesons, and is needed by the subsequent subdetetors,

most importantly the DIRC, whih entirely relies on the trak angle (in z), at high momentum

best measured by the SVT. Due to the strong magneti �eld, harged partiles with transverse

momentum less than 120MeV will not reah the DCH, and in this ase the SVT provides

the only traking information. This is of partiular importane for slow pions from the deay

of the D

��

! D

0

�

�

soft

, whih plays a entral role in many ontexts (inluding the one of

this thesis). In addition the SVT must be eÆient for partiles that deay within the ative

volume, suh as K

0

S

, and it also ontributes to dE=dx measurements for PID.

To perform the above funtions, the SVT should have small segmentation and over muh

of the solid angle. As the innermost detetor, the SVT should ause a minimum of multiple

sattering and be radiation hard, in order to stay reliable in the PEP-II environment for many

years.

8.2.2 SVT onept and design

The SVT onsists of �ve layers of 300 �m thik double-sided silion strip detetors; the three

inner layers are in standard onentri ylinder design while the two outer layers are in a

novel \arh" design in whih the barrel ends are folded inwards toward the beam pipe, see

Fig. 8.3.

580 mm

350 mrad520 mrad

ee +-

Beam Pipe

Space Frame 

Fwd. support
        cone

Bkwd.
support
cone

Front end 
electronics

Figure 8.3: The Silion Vertex Traker (SVT) shown in the plane of the beam, inluding

priniple dimensions and assoiated strutures.

This design maximizes the polar aeptane (17:2

Æ

< �

lab

< 150:2

Æ

) while minimizing the trak

inidene angles and the amount of material and thereby the multiple sattering. Further

overage is inhibited by beam optis lose to the IP. The modules of the inner layers are tilted

by 5

Æ

and mutually overlap eah other, whih is also very useful for alignment purposes. The

modules on the outer layers are divided into type \a" and type \b" with slightly di�erent

radii in order to allow for overlap between the modules, (see �gure next to Table 8.2).

The three inner layers perform the impat parameter measurements, and are therefore

plaed as lose as possible to a thin water ooled beryllium beam pipe. The two outer layers

are used for low p

t

traking, pattern reognition and linking the traks to the DCH.
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Parameter/Layer 1 2 3 4a/b 5a/b

Radius (mm) 32 40 54 124/127 140/144

Readout hannels 18432 24567 30720 32768 36864

Modules/Layer 6 6 6 8 9

Wafers/Module 4 4 6 7 8

Resolution (�m) z 10 10 10 10-12 10-12

Resolution (�m) � 12 12 12 25 25

Beam Pipe 27.8mm radius

Layer 5a

Layer 5b

Layer 4b

Layer 4a

Layer 3

Layer 2

Layer 1

Table 8.2: Dimensions and parameters for the �ve SVT layers. The resolution quoted is the

intrinsi one at normal inidene assuming signal-to-noise of 20 : 1, but multiple sattering

makes the atual one higher. The outer layers have a radius at the end of 91mm and 114mm,

respetively. The �gure shows the SVT in the transverse plane of the beam, where the plaing

of the �ve layers an be seen.

On eah module silion strips are plaed both parallel (z-strips, on the inner side) and

perpendiular (�-strips, on the outer side) to the beam line, giving both a z (polar) and a �

(azimuthal) measurement. The SVT overs a total area of 0:94 m

2

, and has about 150,000

readout hannels. The readout eletronis is plaed outside the aeptane region to minimize

material in the ative detetor volume, and the modules are supported on ribs plaed on the

end ones. The material of the SVT onstitutes about 4% of a radiation length at normal

inidene. The spei� dimensions and parameters for the SVT an be found in Table 8.2.

To realize the great preision of the SVT, its internal and relative position must be de-

termined aurately, whih is done routinely with partile traks. Changes in position are

mostly due to temperature and humidity hanges, whih are ontrolled with water ooling

and dry air, respetively, and losely monitored, as they an damage the FEE.

Being the detetor losest to the beam, the radiation around the SVT is losely monitored by

12 silion photodiodes, espeially during injetion, whih the SVT may abort, if the integrated

dose gets unaeptably high. These diodes are also used by PEP-II for beam tuning, and are

to be updated by diamond detetors, as these are more reliable, aurate and tolerant.

8.2.3 SVT operation and performane

During the �rst year of running, the performane of the SVT has reahed all the major design

goals. The average hit reonstrution eÆieny is 97%, exluding (9 out of 208) defetive

readout setions but inluding all other defets. The resolution of the impat parameter is

less than 50 �m and typially muh lower, and the hit resolution for inidene angles of 90

Æ

reah 13 �m, inreasing with dip angle as expeted. The performane, whih an be seen

in Fig. 8.4, are in very good agreement with expetations from Monte Carlo studies. As

the traking is done in ombination with the DCH, the traking performane is desribed in

Setion 8.4.

In addition, the SVT provides dE=dx measurements for PID with a resolution of 14%,

whih adds to the PID apabilities, espeially for traks whih do not reah the DIRC (or

DCH). Given that the average energy loss is solely a funtion of �, as per the Bethe-Bloh

formula [BH34, BN37℄, the mass and thus identity of harged partiles an be established,

when the momentum is known.

Thus the inner and outer layers satisfatorily ful�l their funtions of performing angle and

impat parameter measurements, and pattern reognition and low p

?

traking, respetively.

The radiation dose is within the planned budget, and no modules have failed due to radiation

damage.
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Figure 8.4: The SVT performane. Resolution in (a) z and (b) � for eah SVT layer, as a

funtion of dip angle, �. The unertainty inreases when departing from normal inident, as

expeted.

8.3 The Drift Chamber (DCH)

Drift hambers use the ionization of gas (or liquid) to reonstrut traks of harged partiles.

Anode wires are surrounded by athode wires in a hamber �lled with a suitable gas suh

that ions and eletrons will drift. The distane from the various wires an be dedued from

the drift time, and the path of the ionizing partile established.

8.3.1 DCH funtions

The DCH plays a entral part in the BABAR detetor, as it serves several important funtions

required for exlusive and lean B and D reonstrution. Primarily, the DCH is the main

traking devie, and must therefore have very good spatial resolution and large angular over-

age, espeially in the forward diretion (due to the boost) in order to provide good momentum

resolution and high reonstrution eÆieny for partiles with transverse momentum down

to 120 MeV. The DCH de�nes the global oordinate system, and like the SVT, it should

remain eÆient for partiles deaying in the ative volume (suh as K

0

S

). To avoid degrading

the performane of both the DCH itself, but also outer detetors, the amount of material and

thus multiple sattering should be minimized.

In addition to traking, the DCH should provide PID by measurements of dE=dx from

ionization energy loss with 7% preision (assuming passage of 40 DCH layers). This reliably

disriminates between pions and kaons up to momenta around 700MeV, after whih PID is

mainly provided by the DIRC (see Setion 8.5).

Finally, the DCH is expeted to provide the harged trak Level 1 (L1) trigger, and must

therefore be able to trigger with a lateny of no more than (9:5 � 0:5)�s, onstrained by the

SVT data bu�ering. The DCH should be able to perform the above funtions in a 1.5 T

magneti �eld, and with the large beam-generated bakgrounds of � 5kHz/ell expeted to

pass the SVT.
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8.3.2 DCH onept and design

In order to perform the above funtions, a small-ell, low-mass drift hamber design was

hosen (see Fig. 8.5). The ylindrial DCH has a small diameter (inner radius of 23.6m and

outer radius of 80.9m) but is very long (2.76m).
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Figure 8.5: The Drift CHamber (DCH). (a) Longitudinal setion of the DCH with prinipal

dimensions. The o�set from the IP optimizes the aeptane. (b) Transverse setion of DCH

\slie", showing the alternating Axial (A) and stereo (U,V) superlayers.

The 28768 DCH wires yield 7104 drift ells of typial dimentions 11:9(radial)�19:0(azimuthal)mm

2

,

whih eah onsists of a sense wire at � 1960V surrounded by six grounded �eld wires, neigh-

boring ells sharing these (see Fig. 8.6a). The ells are arranged into 40 layers, providing up to

40 spatial and ionization measurements. The layers are grouped by four into 10 superlayers,

within whih eah layer have the same number of ells and wire orientation

51

. A forward and

bakward extension of 1749mm and 1015mm, respetively, ensures that partiles emitted at

17:2

Æ

< � < 152:6

Æ

will traverse at least half of the layers. The volume is �lled with a 80:20

mixture of helium:isobutane, whih along with the hoie of low-mass aluminum strings limits

the multiple sattering inside the DCH to a minimum (0.2% X

0

). This mixture also have the

advantages of fairly short drift times and good spatial and dE=dx resolution.

When harged partiles pass through the DCH gas, eletrons from the ionization drift

towards the anode sense wire, ausing an avalanhe of seondary eletrons (5�10

4

), resulting

in a lear signal. From measuring the time of this signal, the distane of losest approah

(doa) is known from the almost irular isohores (see Fig. 8.6b), leaving only a so-alled

left-right ambiguity, whih is resolved by shifting eah layer by half a ell. The z-oordinate of

the trak points is obtained from slightly rotated superlayers (stereo (U,V) layers as opposed

to axial (A) layers, see Fig. 8.5b and 8.6a), whih alternates. With these stereo-angles going

from 45 to 76mrad, the obtained resolution is � 125�m= sin(50mrad) = 2mm. This is the

reason why the SVT dominates the z-omponent of the momentum, required by the DIRC

(see Setion 8.5.3).

To sweep ions from the �eldless regions between layers and ollet harge aused by

photon onversions, guarding and �eld wires at �340V and �825V, respetively, are plaed

at appropriate edges.

To further minimize the amount of material in the forward diretion, the outer part (r >

46.9m) of the forward endplate was made thinner (12 mm) than the rear endplate (24 mm),

where also all read-out eletronis were mounted. The design and hoie of dimensions is

a deliate and ompliated interplay between wire tensions, material and elastiity along

51

The superlayer design is due to the L1 trigger requirement of fast redution of input via segment �nding.
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with endplate deetion and eletromagneti and gravitational fores. The inner and outer

ylindrial walls of the DCH, whih arry 40% and 60% of the wire load, respetively, serve

to ontain the ionization gas and shield the DCH from the RF �eld from the beam. The total

thikness of the DCH at normal inidene is 1.08% X

0

.
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Figure 8.6: DCH ell layout, ell isohores, and wire spei�ations. (a) Inner ell layout,

inluding sense, �eld, guard and learing wires. At the bottom of the �gure is the 1mm

inner DCH beryllium wall. (b) DCH ell isohores around the sense wire. Table: DCH wire

spei�ation (all wires gold-plated). Table from [BABAR02a℄.

Inreasing the voltage further improves the resolution, but also indues bakground and

shortens the lifetime of the DCH, and so the voltage setting is a trade-o� between the two.

The trak �nding and �tting is performed with the Kalman �lter algorithm [Kal60, Bil84℄,

whih inludes the detailed mapping of magneti �eld and distribution of material.

8.3.3 DCH operation and performane

The DCH has from the start of operations performed lose to design expetations, and has

proven very stable ever sine. With the exeption of a small number of wires, whih were

damaged during High Voltage (HV) ommissioning and initial running, all ells are fully

operational. Due to this unfortunate aident, the voltage was for a period lowered to 1900V

and 1930V, but it has now been restored at its design value of 1960V.

From an ensemble of harged traks, the single ell resolution in the xy-plane, whih de-

pends on the distane from the sense wire, was determined to be 125�m on average (see Fig.

8.7a), thus below the 140�m design resolution requirement.
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Figure 8.7: DCH performane. (a) The DCH spatial resolution as a funtion of drift distane

(averaged over all ells in layer 18). (b) The dE=dx apabilities of the DCH for Bhabha

events.

The dE=dx measurement provided by the DCH is a trunated mean of the 80% lowest indi-

vidual measurements, whih has a resolution 7.5% for Bhabha events (see Fig. 8.7b), limited

by the number of samples and the Landau utuations. Through further orretions the

resolution is expeted to reah the design value of 7:0%.

When extrapolating the bakgrounds expeted with inreasing luminosity, the DCH read-

out is the �rst limitation one reahes, thus an upgrade of the eletronis is needed (and under

onstrution). At inreased luminosities, also the HV will have problems. Fortunately, the

wire aging does not seem to be signi�ant yet, so a replaement of the atual drift hamber

does not seem neessary.

8.4 Traking performane

The traking performane, whih reets the ombined apabilities of the SVT and the DCH,

has been very lose to design expetations from the beginning of data taking, and is well

reprodued by MC simulations.

The overall traking eÆieny is determined from multi-hadron events, where it is om-

puted as the fration of traks reonstruted in the SVT, whih are also reonstruted by the

DCH. At 1960V, the DCH eÆieny is 98� 1% for traks with transverse momentum greater

than 200 MeV and polar angle > 500 mrad, where fake trak orretion dominates the error.

At 1900V the eÆieny is redued to about 94%, whih is at the verge of the aeptable. The

traking eÆieny an be seen in Fig. 8.8I as a funtion of momentum and polar angle.

Using B ! D

�+

X events with D

�+

! D

0

(K

�

�

+

)�

+

soft

, the traking eÆieny at low trans-

verse momentum was studied. The eÆieny remains above 80% down to 70MeV, after whih

it drops quikly, in agreement with simulation (see Fig. 8.8II).

The rms width obtained on �z for a sample where one B meson is fully reonstruted

while the other is tagged is 190�m (see Fig. 8.8III), dominated by the tagging side (70�m for

the reonstruted side), in aordane with expetations.

The overall traking resolution is measured by omparing the two half traks from osmi

rays above 3 GeV, that pass lose to the IP. Traks are parametrized in terms of �ve variables

(d

0

; z

0

; �

0

; tan �; !), (transverse and longitudinal point of losest approah (POCA), azimuthal
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Figure 8.8: Traking performane of SVT and DCH ombined. (I) The traking eÆieny

as a funtion of (a) momentum and (b) polar angle. (II) The low momentum (a) data and

MC eÆieny orrespondane and (b) traking eÆieny. (III) Resolution in �z for fully

reonstruted B deays.

and dip angle and the urvature ! = 1=p

?

), and their error matrix. While the trak POCA

(d

0

and z

0

) and initial diretion are dominated by the SVT, the momentum is primarily

measured by the DCH. The average errors are near-Gaussian:

�

d

0

= 23�m �

z

0

= 29�m

�

�

0

= 0:43mrad �

tan�

= 0:53 � 10

�3

�

p

?

=p

?

= (0:13 � 0:01)% � p

?

(GeV) + (0:45 � 0:03)%

(8.1)

Reonstruting J= ! �

+

�

�

deays, the invariant mass resolution is found to be 11:4 �

0:3MeV at 1960V (13:0 � 0:3MeV at 1900V). The peak falls 0.05% below the expeted J= 

mass, whih is believed to be due to residual inauraies in alignment and mapping of the

magneti �eld.

The dE=dx measurement from the DCH is ombined with that of the SVT and the infor-

mation from the DIRC (see Setion 8.5) in a maximum likelihood �t, whih gives a ombined

and lose to optimal PID.
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8.5 The Detetor of Internally Reeted

�

Cerenkov light (DIRC)

DIRC is �ne

TM

. [Common saying at the daily BABAR operations meeting℄

When partiles exeed the speed of light in a medium (� > 1=n),

�

Cerenkov light is emitted in a

one, analogue to the Mah one reated when traveling faster than the speed of sound. From

Huygens priniple on an alulate the light intensity at time t

0

from a partile passing through

the origin at time t = 0 with veloity v = � in z-diretion by summing the amplitudes:

A =

Z

t

0

�1

e

iw(

n



p

(�t)

2

+r

2

�t)

p

(�t)

2

+ r

2

dt; (8.2)

where r is the transverse diretion and n is the refration index of the medium. This integral

vanishes, unless

n



p

(�t)

2

+ r

2

= t ) os �



=

1

�n

: (8.3)

From the index of refration and measuring the angle of the emitted

�

Cerenkov light, one an

determine the veloity � of a partile. Given the trak momentum, the mass and thus the

identity of the partile an be determined.

8.5.1 DIRC funtions

The DIRC subdetetor is devoted to partile identi�ation (PID), primarily separating harged

kaons and pions at high momentum, but also distinguishing between other stable harged

partiles. The harged kaon identi�ation is very important, both for tagging purposes (see

Setion 4.4.3) and for CP studies, where separation between �nal states (e.g. B

0

! �

+

�

�

and

B

0

! K

+

�

�

) is ruial. Thus, the DIRC must be able to separate kaons and pions up to the

kinemati limit of 4:2 GeV at large angles in the laboratory frame, sine the dE=dx measure-

ment only provides reliable separation between kaons and pions up to 700MeV. The di�erene

in

�

Cerenkov angle between kaons and pions at the highest momentum is, �

�



� �

K



= 6:5mrad.

Also, the DIRC should provide fast signal response and tolerate high bakgrounds, not only

from the IR, but also from low energy photons due to o� energy eletrons (HER), showering

in the line omponents.

8.5.2 DIRC onept and design

The DIRC is a ring-imaging

�

Cerenkov detetor, based on the priniple that the

�

Cerenkov angle

in the ring image is preserved upon reetion from a at surfae (see Fig. 8.9). When harged

partiles pass through a quartz bar,

�

Cerenkov photons are emitted and transported through

total internal reetion to the bak end, where their angle relative to the trak diretion is

measured. With the bars serving as both radiators and light guides, muh spae is preserved,

as the radial size used by the DIRC is 80mm in total

52

, thereby reduing the size and thus

ost of the alorimeter onsiderably.

There are 144 quartz bars in the DIRC, eah 17:25mm thik (�r), 35:00mm wide (r��), and

4:9m long (�z). Eah bar is made up of four 1.225m piees glued end-to-end (by epotek), as

this is the longest possible length attainable for the quality required. The bars are separated

by � 150�m air gaps for optial isolation, and grouped in 12 hermetially sealed so-alled bar

boxes, arranged around the DCH forming a dodeagonal ylinder with radius � 85m around

the beam. Mirrors are plaed at the front end of eah bar, to avoid instrumentation in both

ends.

52

For omparison, the

�

Cerenkov detetor used at DELPHI [DELPHI91℄ used around 70m.
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Mirror

4.9 m

4 x 1.225m Bars
glued end-to-end

Purified Water

Wedge

Track
Trajectory

17.25 mm Thickness
(35.00 mm Width)

Bar Box

PMT + Base
10,752 PMT's

Light Catcher

PMT Surface

Window

Standoff
Box

Bar

{ {
1.17 m

8-2000
8524A6

Internal reetion in quartz bar

Figure 8.9: Sketh of the working priniple behind the DIRC subdetetor.

�

Cerenkov photons

from harged traks are through internal reetion transported to one end of the quartz bars,

and then projeted onto a surfae of PMTs. From the diretion of the trak and the PTM

position, the

�

Cerenkov angle and in turn the veloity and partile identity an be established.

This geometry overs angles down to 25:5

Æ

(39:6

Æ

) in the forward (bakward) diretion in the

lab frame. The material onstitutes 17% of a radiation length at normal inidene, the hoie

of thikness being a trade-o� between number of

�

Cerenkov photons and amount of material

plaed in front of the EMC.

At the bak end of eah bar a 91mm long fused silia wedge reets photons at large

angles, whih redues the required detetion surfae and also reovers photons that would

otherwise be lost due to internal reetion at the silia/water interfae. From the wedges,

the photons emerge into the Stando� Box (SOB), whih is a water-�lled expansion region,

instrumented by 10752 Photo-Multiplier Tubes (PMTs) at the approximately toroidal bak

surfae (see Fig. 8.10). The PMTs have a diameter of 29mm, and are arranged in 12 setors of

896 losely paked arrays, with hexagonal light athers between, suh that the e�etive area

overed is around 90%. Between eah setor is plaed one saler PMT, whih integrates the

number of hits over a seond, for bakground monitoring. The PMTs are operated in groups

of 16 at HV in the range 0.9{1.3 kV, and they are proteted from the fringe �eld of the 1.5T

magnet (see Setion 8.7) by a steel shield supplemented by a buking oil. The orretness of

eah PMT position was tested using osmi ray data

53

.

Puri�ed water was hosen to �ll the 6000 liter SOB, as it is heap and mathes both the index

of refration and hromatiity index of the silia, therefore minimizing internal reetion and

dispersion, respetively, at the silia/water interfae.

The fused syntheti silia used for the bars o�ers a variety of advantages, suh as long

attenuation length, low hromati dispersion for the wavelengths in question and high index

of refration (n = 1:473) inreasing the fration of internally reeted photons. The silia is

also resistant to ionizing radiation and the surfae an be given an exellent optial �nish.

The

�

Cerenkov light one projeted onto the instrumented surfae has the original

�

Cerenkov

angle modi�ed only by the silia/water interfae. The distane from the bars to the PMTs

is � 1.17m, and given the dimensions of the PMTs and the bars, the intrinsi single-photon

geometrial angular resolution is � 7mrad, slightly larger than the rms assoiated with the

photon prodution and transmission dispersion, giving a total of about 10mrad. The overall

photon eÆieny, whih is a funtion of wave length, is the produt of eah omponents eÆ-

ieny. While most omponents are almost perfetly eÆient, the dominant loss of eÆieny

is the quantum eÆieny of the PMTs (� 20%).

53

Both single PMT and one HV group misonnetions were found, as ould be expeted in 10000 hannels.
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Figure 8.10: Layout of the DIRC. Shown is a quartz bar with its surrounding support struture

and the Stando� Box (SOB) at the end.

To ensure high (> 98%) transpareny at wavelengths down to 300nm, the water in the SOB

is kept ultra-pure and de-ionized by irulating it. As puri�ed water is very reative, stainless

steel and polyvinylidene were used for the parts in ontat with the water. The water passes

a system onsisting of six mehanial �lters (1{10�m range), a reverse osmosis unit, a Teon

mirotube de-gasser and a 254nm UV laser, whih prevents bateria growth, followed by �ve

additional �lters (0.2{1.0�m range and haroal). The entire volume an be irulated in six

hours, though ten hours is the default frequeny. Monitors are installed to hek for leaks and

measure resistivity, pH-value, temperature and ow. To prevent ondensation on the quartz

bars and to detet leaks, nitrogen gas ows through the barboxes at 100{200m

3

/min, and is

�ltered through a moleular sieve and three meanial �lters (7�m, 0.5�m and 0.01 �m).

Calibration of the time delay for eah hannel is done with a light pulser system and

from ollision data. The two methods are in good agreement, and the values per hannel

are typially stable to 0.1ns over more than a year of daily alibration. The intrinsi time

resolution of the PMTs is 1.5ns, and the eletronis pipeline had TDCs, whih were designed

to operate with bakgrounds up to 200 kHz/PMT without deadtime.

The signal

�

Cerenkov photons arrive within � 50ns of the 600ns trigger window. For eah

trak and signal photon andidate the

�

Cerenkov angles �



and �



are alulated up to a 16-fold

ambiguity; top/bottom, left/right, bak/forward and wedge/non-wedge reetion.

The di�erene between the expeted and the atual time of arrival, �t



, has a resolution of

1.7ns (see Fig. 8.14) dominated by the PMTs. Using the time information, the number of

ambiguities are typially redued to 2{3, the orret mathing with traks is substantially

improved and the PEP-II indued bakground is redued by a fator of 40 (see Fig. 8.11).

An unbinned maximum likelihood �t in the three dimensions, �



� �t



� N



, gives the

likelihood value for eah of the �ve stable partile types (e; �; �;K; p), along with �



and the

number of signal and bakground photons for eah trak.

8.5.3 DIRC operation and performane

Sine its suessful ommissioning, the DIRC has operated lose to design goals and been very

stable and robust. After �ve years, 99% of the PMTs hannels have nominal performane.
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Trigger window

�300 ns

Time resolution

�8 ns

Figure 8.11: DIRC hits from a dimuon event before and after requiring the arrival time of the

photons to fall within �8ns of their expeted arrival. The photons shown in the left �gure

are within the �300 ns trigger window. The hits in the right �gure (shown in red in both

�gures) are dominantly signal photons.

The primary failure mode is the loss of vauum in the PMT, ausing noise rates at the MHz

level and several hundred kHz in the surrounding PMTs

54

. About �ve PMTs are a�eted per

year. To deal with this problem, the HV group ontaining the failing PMT is swithed o�,

until the single tube an be disonneted at an aess, and the 15 others restored.

The deterioration of the PMT glass is in general not large (few �m/year), exept for about

50 PMTs, whih were manufatured with inorret (zinless) glass that has beome \frosty"

after a while, without impairing their response.

It was realized at an early stage that the DIRC TDCs would not be able to ope with the

rise in luminosity and its assoiated inrease of bakground. Lead shielding around the beam

pipe of the HER redued the bakground and thus improved the situation (see Fig. 8.12)

while, during the Summer shut-down of 2002, new TDCs whih ould enompass tenfold

rates (2MHz/PMT) were installed.

The average number of deteted

�

Cerenkov photons for a trak of � = 1 at normal inidene

is hN



i = 28, inreasing by a fator of more than two for a trak towards the edge (see Fig.

8.13a).

To monitor the overall eÆieny of the DIRC, the number of

�

Cerenkov photons per trak is

measured with a lean high-statistis sample of di-muon events as a funtion of time. The

average photon loss is about 1:9�0:2%/year (see Fig. 8.13b), but seemingly at hanging rates.

It is not orrelated with barbox nor

�

Cerenkov ring loation, whih would both be signs of a

spei� problemati loation.

This loss, whih surpasses the rate of ourane of malfuntioning PMTs (� 0.3%/year), is

not fully understood, as many explanations (water purity, epotek glue, bak mirrors, traking

quality, et.) have been eliminated. A possibility is beginning deterioration of the reetors

between the PMTs, but it remains unlear. However, the impat on the DIRC performane

remains very small.

54

Given the suessive drop in noise level with distane from the enter and the subsequent olorful plot in

the DIRC display, these ourenes have been nik-named \Christmas trees".
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Figure 8.13: Number of photons per trak N



. (a) N



as a funtion of polar angle. The

orrespondane between simulation and data is good (O(5%)). The enhaned number of

photons at � 90

Æ

is due to the fat that around this angle all

�

Cerenkov photons are internally

reeted. (b) hN



i monitored 1999{2002, showing a loss of 1:9�0:2% signal photons per year,

but seemingly at hanging rates. The purple lines indiate hanges in the DIRC reonstrution

software. Note that the errors shown are statistial only, and the �ts are only indiative. At

the urrent rates, the impat on the DIRC performane is very small.
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The resolution on the di�erene between the measured and expeted

�

Cerenkov angle for

single photons, ��

;

, shown in Fig. 8.14, is 9.6mrad (limited by geometrial alignment),

in very good agreement with the expeted value. In the absene of orrelations, the trak

resolution should then be:

�

2

trak

(�



) = �

2



(�



)=N



+ �

2

trak

: (8.4)

Using di-muon events, the

�

Cerenkov angle resolution for traks is measured to be 2.5mrad

(see Fig. 8.14), ompared to the design goal of 2.2mrad.
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Figure 8.14: The DIRC performane in terms of resolution in (a) ��



and (b) �t



, measured

with dimuon events.

From a lean sample of D

�+

! D

0

(! K

+

�

�

)�

+

events, the separation between kaons

and pions an be determined over the whole kinemati range. In the absene of tails on the

distributions, the separation is simply the di�erene of the mean

�

Cerenkov angle divided by the

trak resolution, see Fig. 8.15. However, due to tails, the separation is not quite as signi�ant,

and is more aurately de�ned in terms of eÆieny and misidenti�ation probability as a

funtion of momentum, see Fig. 8.15.

Finally, the very preise timing of the DIRC makes it a good soure of monitoring devie,

and is also used for bakground monitoring by PEP-II. Furthermore, its great sensitivity to

traking makes it a good monitor of the traking alignment

55

.

The DIRC has been operating very reliably, had no major problems and has been most

tolerant to high bakgrounds. Both kink-�nding and PID likelihood are sensitive to the

fration of harged kaons, that deay before reahing the DIRC (15-20%), and so the kaon

eÆieny is not severely a�eted. Alignment and ode developement are expeted to im-

prove the resolution further, but the performane ahieved is exellent and within the design

requirements.

As the DIRC is very sensible to the traking, and sine traking is one of the limiting

parameters, it was thought of plaing an additional traking layer on the outer part of the

DIRC, as this would greatly inrease the trak and thus the angular preision. However, the

DIRC already works very well, and an additional layer of traking is not needed.

55

By monitoring the time resolution over time, slight hanges in the traking resolution an be deteted. An

SVT humidity problem in November 2001, whih aused slight misalignment, was �rst seen by DIRC.
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Figure 8.15: The DIRC PID performane measured with a pure sample of D

�+

! D

0

(!

K

+

�

�
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+

events. (a) Kaon eÆieny and pion mis-identi�ation rate and (b) separation

between kaons and pions as a funtion of momentum. The laking orrespondane between

mis-identi�ation rates (bottom left) and separation (right) is due to non-Gaussian tails in

the

�

Cerenkov angle distribution. Note that the sale on the y-axis on the two left �gures are

not the same.

8.6 The EletroMagneti Calorimeter (EMC)

The detetion of photons and harged partiles interating eletromagnetially, an be done

with \doped" rystals. When eletrons and photons pass through rystal, they loose energy

by bremsstrahlung (eletrons) and e

+

e

�

pair prodution (photons). Both these proesses

produe new eletrons and photons, thereby reating a shower of (low energy) eletrons and

photons.

These exite the atoms in the rystal, emitting photons in the ultraviolet spetrum, whih

through a wavelength shifter (the \doped" impurities, whih absorb light at one frequeny

and reemit it at another one) are turned into frequenies ompatible with standard photo-

diodes aeptane. From the size of the signal, the energy of the interating partiles an be

infered.

8.6.1 EMC funtions and requirements

The EMC is the main detetor for neutral eletromagnetially interating partiles, mainly

photons. It should be able to measure eletromagneti showers over the energy range 20 MeV

up to 9 GeV with exellent eÆieny, and energy and angular resolution. Suh apabilities

enable the reonstrution of �

0

and � deays as well as eletromagneti and radiative proesses,

ranging from low energy �

0

mesons (from e.g. D

�0

deays) to high energy e

+

e

�

! e

+

e

�

()

and e

+

e

�

!  events used for alibration and luminosity determination.

The EMC should in addition be able to identify eletrons, used for tagging, reonstrution

of vetor mesons suh as J= , semi-leptoni and rare deays of B andD mesons and � leptons.

The EMC is also required to provide quik event information, as it onstitutes one of the

two prinipal triggers. Furthermore, the EMC must be able to operate reliably in a radiation

environment over the antiipated ten-year lifetime of the experiment and in the 1.5T magneti

�eld.

Contrary to the previous detetors, the EMC is not required to minimize material, as the

partiles deteted by the outermost subdetetor (the IFR, see Setion 8.8) are only slightly

a�eted by the EMC material.
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8.6.2 EMC design

To ahieve the above requirements, a hermeti, total-absorbtion alorimeter design was ho-

sen. The EMC onsists of �nely segmented rystals, read out at the end by silion photodiodes

mathing the sintillator spetrum

56

. Cesium iodide (CsI) doped with 0:1% thallium (Tl) was

hosen for the rystals beause of its high light yield and small Moliere radius, whih enables

high energy and angular resolution, respetively. In addition, its short radiation length re-

dues the depth required to ontain the showers, and its large attenuation length allows the

rystals to at as both radiators and transmitters. A total of 6580 rystals pointing towards

the vertex are arranged in a barrel setion (5760) and a forward oni endap (820), while

a bakward endap is omitted (out of ost issues), see Fig. 8.16. This results in an angular

overage from 15:8

Æ

to 141:8

Æ

(though e�etively slightly less due to shower leakage in the

edges), whih orresponds to 90% of the CM solid angle.
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8572A03
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Figure 8.16: Layout of EMC rystals along with priniple dimensions and angles. A bakward

endap was not deemed neessary, onsidering its ost.

The dimensions of the rystals are typially 47 � 47 mm at the front fae, 60 � 61 mm

at the bak fae and 296{324 mm long, dereasing in transverse dimension, and inreasing in

length toward the forward diretion, for optimizing the usage of a given number of hannels.

The length orresponds to 16.0{17.5 X

0

, enough to ontain photons and eletron showers,

while hadrons (usually) ontinue to the IFR.

The barrel and outer �ve endap rings have less than 0.3{0.6 X

0

in front of them, inreas-

ing with absolute polar angle and dominated by the DIRC. More material is in front of the

inner three end ap rings, whose main purpose is to ontain the showers.

To ensure low transmittane on the sides, magneti shielding and eletri insulation, eah rys-

tal is wrapped in reetor and aluminum foil and overed with mylar, before being mounted

in the desribed arrays. The rystals are read out at the rear end by two independent 2�1m

2

photodiodes. The photodiodes reside together with preampli�ers in a shielded housing also

used for heat removal. To meet the required energy resolution, the noise from readout ele-

tronis should be below an equivalent of 250keV, whih is ahieved using digital �lters.

The EMC is maintained at a low, onstant and losely monitored temperature, as hanges

degrade the preision and an damage the joints.

56

The design was in part hose beause of reent satisfatory experiene at CLEO [CLEO83℄.



8.6 The EletroMagneti Calorimeter (EMC) 83

To reah the desired energy resolution for the EMC, onstant alibration of the energy

sale is ruial, in order to monitor both short and long term variations. This is done using

the following tehniques:

Charge injetion into the front end of the ampli�ers, in order to monitor the preise re-

sponse funtion (0:1% level) of the read-out eletronis for eah hannel.

Light pulsar system injeting light via optial �bers into the rear end of eah rystal for

traking short term hanges to better than 0:15% (with daily light pulsar runs).

Radioative soure (O

�16

) produing 6.13 MeV photons
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produing 6.13 MeV photons

for setting the energy sale preisely (0:35%), and monitoring long term variations.

Bhabha events for ontinuous alibration, to measure the small hanges in light yield with

integrated radiation (0:35%).

Parameter Barrel Endap

No. Crystals (17:6X

0

) 840 820

No. Crystals (17:1X

0

) 840 0

No. Crystals (16:6X

0

) 840 0

No. Crystals (16:1X

0

) 3240 0

Total Volume (m

3

) 5.2 0.7

No. Readout Channels 11760 1640

Table 8.3: Parameters for the EMC.

Property Value

Radiation Length 1.85 m

Density 4.53 g/m

3

Moli�ere Radius 3.8 m

Light Yield � 50000 /MeV

Peak Wavelength 565nm

Signal Deay Time 640ns/3.34�s

Table 8.4: Properties of Thallium-doped CsI.

Crystals with energy deposit above 1 MeV (15{20%) are read out, after whih lusters and

loal maxima (bumps) are found by pattern reognition algorithms. In ase of several bumps

in a luster, the energy is divided aording to an iterative weight alulation. The position of

a bump is alulated from a enter-of-gravity method with logarithmi weights emphasising

lower energy rystals, with an additional forward-bakward orretion. Bumps, whih have

no traks leading to them, are assumed to be due to neutral partiles.

To distinguish eletromagneti showers ( and e

�

) from showers of neutral hadrons (K

0

L

and n) whih tend to extend over more rystals than the former, the shower shape is hara-

terised by the lateral moment (LAT) [D

+

85℄, de�ned as:

LAT �

P

n

i=3

E

i

r

2

i

P

n

i=3

E

i

r

2

i

+ (E

1

+E

2

)R

2

0

; (8.5)

where n is the number of rystals, R

0

is the mean distane between adjaent rystals, r

i

is the

rystal distane from the shower enter and E

i

is the energy of rystal i, the rystals being

ordered by dereasing energy (i.e. E

1

is the largest rystal energy). Also the regularity of the

shower is haraterised by Zernike moments [SV97℄, as EM showers are most regular.

8.6.3 EMC operation and performane

The EMC has in general been operating well. During the seond year of running, the ooling

of the alorimeter was not entirely stable, whih lead to series of minor problems. But having

overome this problem, no major diÆulties have been enountered, and only the neutron

generator used to produe the alibration soure, O

�16

, has needed replaement.
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The full hain of reation is F

19

+ n! N

16

+He, N

16

! O

�16

+ e and O

�16

! O

16

+ , where the initial

neutrons are produed by a neutron generator plaed next to the detetor.
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The loss of light from radiation damage is starting to show for the end ap, where a 5{10%

degration in energy resolution has been observed. The rate of deterioration will most likely

inrease with the luminosity, but so far the behavior has been favorable, and the rystals,

espeially those in the barrel, are likely to last until 2006 without major replaements. The

silion photodiodes are also a�eted by radiation, and may have to be replaed at some point,

but the issue is again not ritial.
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Figure 8.17: Energy and angular resolution of the EMC. (a) The energy resolution is measured

using �

0

deays, radiative Bhabha events, and �



! J=  events, while (b) the angular

resolution is only determined from �

0

deays. The agreement with MC is good.

The energy resolution is determined by �tting data from the O

�16

soure, �

0

!  deays,

�

1

! J=  events and radiative Bhabha events (see Fig. 8.17a), while the angular resolution

is measured with approximately equal energy �

0

and � deays to two photons (see Fig. 8.17b).

The �t funtions eah onsist of a onstant and an energy-dependent term:

�

E

=E(GeV) =

2:30 � 0:02 � 0:30 %

4

p

E(GeV)

� 1:35 � 0:08 � 0:20 %; (8.6)

�

�;�

=

3:87 � 0:07 mrad

2

p

E(GeV)

� 0:00 � 0:04 mrad: (8.7)

The obtained energy resolution is in agreement with reent MC studies (but worse than TDR

expetations [BABAR℄, whih is thought to be due to too simplisti simulations). The angular

resolution is slightly better than the design requirements and simulation expetations.

The e/� separation, is mainly based on the energy-momentum ratio, and studied with

e

+

e

�

! e

+

e

�

; e

+

e

�

e

+

e

�

events along with K

0

S

! �

+

�

�

and three-prong � deays. In the

momentum range 0:5 < p < 2:0GeV, a tight (very tight) seletion has an average 94.8%

(88.1%) eletron eÆieny with a pion misidenti�ation probability of 0.3% (0.15%), shown

in Fig. 8.18 (left) as a funtion of momentum and polar angle. The �

0

mass resolution is

6:9MeV for photons with E



> 30MeV and E

�

0
> 300MeV (see Fig. 8.18II), whih agrees

well with MC simulations, and is � 10% lower for isolated �

0

andidates in hadroni events

58

.

58

In terms of alorimeter, the Belle detetor is performing slightly better than BABAR, this being attributed

to the larger distane from the IP (1.2m ompared to 1.0m at BABAR) and the lower mahine bakgrounds.



8.7 The superonduting solenoidal magnet 85

EMeasured/EExpected

0.6 0.8 1.0

E
nt

rie
s/

0.
00

7

0

100

200

300

400

500

40 80 120

±   e

±π

0.0

0.000

0.002

0.004

0.006

0.008

0.010

0.000

0.002

0.004

0.006

0.008

0.010

E
ff

ic
ie

n
c
y

0.0

0.2

0.4

0.6

0.8

1.0

E
ff

ic
ie

n
c
y

0.0

0.2

0.4

0.6

0.8

1.0

±   e

±π

0 1 2

Momentum  (GeV/c)

Polar Angle  (degrees)3-2001
8583A43

a)

b)

 (GeV)γγm
0.05 0.1 0.15 0.2 0.25

E
nt

ri
es

 / 
0.

00
1 

G
eV

0

2000

4000

6000

8000

10000

12000
I II

� = 6:9 MeV

Figure 8.18: Performane of the EMC. (I) The E=p distribution for eletrons entered at 0.95.

The non-Gaussian tail towards lower values, is due to material in front of the EMC, leakage,

and ineÆienies. In the smaller �gure is shown the resulting e

�

eÆieny (left y-axis) and

�

�

misidenti�ation (right y-axis) rate as a funtion of (a) momentum and (b) polar angle.

(II) The �

0

mass peak in the invariant mass spetrum of two photons in BB events. The

photons and �

0

andidates are required to have an energy larger than 30 MeV and 300 MeV,

respetively.

8.7 The superonduting solenoidal magnet

The magneti �eld needed for measuring the momentum of harged partiles is provided by a

thin 1.5 T superonduting solenoidal magnet. The inner radius and length of the magnet are

determined by the four inner subdetetors, and the thikness by the required muon and K

0

L

eÆienies. The magnitude and uniformity spei�ations of the �eld are derived from DCH

momentum resolution requirements, whih suggest that a 1.5 T �eld with 2% uniformity in

the traking region is required. Conurrently, the �eld should interfere with PEP-II beam

elements as little as possible. Along with the buking oil (see Setion 8.5), the magnet is

ontrolled by the PEP-II operators, as the �eld inuenes the beam. For beam-orbit stability

reasons, the bending also requires that the beam-axis is tilted slightly (� 1

Æ

) with respet to

the detetor magneti �eld.

8.8 The Instrumented Flux Return (IFR)

Partiles reahing the IFR, suh as muons and hadrons, require muh material to interat

signi�antly. To attain this, alternating layers of metal and detetor plates are used, sine the

showering in the metal will reate harged partiles, detetable in the instrumented layers.

Though harged hadrons are deteted in the IFR, they are also visible to the muh better

inner detetors, and the IFR information is rarely used for these.

8.8.1 IFR funtions and requirements

The primary task of the IFR is high eÆieny muon identi�ation over a wide range of angles

and momenta, whih is very important for reonstrution of vetor mesons (suh as J= ),

study of semi-leptoni and rare deays of B and D mesons and not the least, tagging, needed
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for all time-dependent B

0

analyses. The IFR should be able to eÆiently identify muons with

momenta ranging from 600 MeV up to several GeV. For muon tagging purposes, the upper

limit for a hadron to be misidenti�ed as a muon should be about 5%.

Seondly, the IFR should be able to identify neutral hadrons, mainly the longlived neutral

kaon, K

0

L

, whih is interesting for CP studies, but also neutrons. In addition, the IFR is

used to veto on events with missing hadroni energy, and provides a trigger on osmi ray

events used for alibration and vetoing. Finally, and from a onstrution point of view most

importantly, the iron layers of the IFR omprise the ux return for the solenoidal magnet,

hene the name Instrumented Flux Return.

8.8.2 IFR design

Contrary to the EMC, a large fration of the energy absorbed in the IFR is not deteted, as

only the shower shape and diretion of the partile is deteted. As muons do not interat

strongly, they do not reate showers, ontrary to hadrons, and this is used for disrimination

between the two (mainly �=� separation).

The IFR, shown in Fig. 8.19, onsists of alternating layers of steel and Resistive Plate

Chambers (RPC) arranged to form a barrel and two endaps. The barrel extends radially

from 1.78m to 3.01m and is divided into sextants, eah 3.75m long and 1.88m to 3.23m wide.

The endaps are hexagonal with a entral hole for the beam omponents, giving the IFR an

angular overage of 20

Æ

< � < 147

Æ

. The steel plate thikness inreases from 2 m for the

nine innermost plates to 10m for the outermost ones, for a total of 65m (60m) of steel and

19 (18) layers for the barrel (endaps). In addition, two ylindrial RPC layers are plaed in

the barrel region between the EMC and the ryostat for the solenoidal magnet.

Barrel

342 RPC

Modules

432 RPC

Modules

End Doors

19 Layers

18 Layers
BW

FW

3200

3200

920

1250
1940

4-2001
8583A3

Figure 8.19: Layout of barrel and end aps of the IFR. The many layers of iron serve both as

material to stop hadrons and as ux return for the magnet.

The RPCs onsist of two thin Bakelite sheets treated with linseed oil, whih surround a

2mm gap ontaining (non-ammable) argon-freon-isobutane gas. High voltage (� 7.6 kV) is

applied aross the gap, thus when harged partiles ause ionization in the gas, a disharge

(sparks) is triggered. This indues a signal in the thin readout strips on the bak of the
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Bakelite, whih are plaed perpendiular to eah other, suh that they provide �z-position in

the barrel, and xy-position in the endaps. Two and three-dimensional lustering algorithms

are applied for determining shape and position of lusters, whih are also vetoed by traks,

and the resolution obtained is around a few millimetres, depending on the strip segmentation.

8.8.3 IFR operations and performane

Contrary to the other subdetetors, the IFR has not been optimally operating and performing,

whih has mostly been aused by temperature problems. The IR experimental hall is not

temparature ontrolled, and high temperatures in the IFR (> 37

Æ

C) resulted in exeedingly

high dark urrents, whih in turn aused HV trips repeatedly. To remedy this problem, water

ooling was installed, but some RPCs ontinued to deteriorate, this thought to be aused by

the linseed oil aumulating under the inuene of the eletri �eld.

Another problem has been the mahine related bakgrounds, whih do not ome from the

IP. These ause high rates and fake signals in the outer layers of the IFR (mostly in the end

aps), whih have aused problems and degraded the apabilities.

The performane of the RPCs are determined using both ollision and osmi ray data,

and 75% of the ative RPC modules exeed and eÆieny of 90%. Calibration with osmi

ray data is performed weekly.
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Figure 8.20: Performane of the IFR. (a) Muon eÆieny (left y-axis) and pion misidenti�-

ation rate (right y-axis) as a funtion of momentum. (b) Angular resolution for K

0

L

mesons.

The muon identi�ation performane is evaluated on kinematially seleted muon samples

from ��ee and �� events and pion samples from K

0

S

and three-prong � deays. The average

muon eÆieny in the momentum range 1:5 < p < 3:0GeV is for a loose (tight) seletion lose

to 90% (80%) with a pion misidenti�ation rate of 6{8% (2%). The muon eÆieny and pion

misidenti�ation rate as a funtion of momentum and polar angle an be seen in Fig. 8.20.

The K

0

L

detetion is based on a ombination of the EMC, the two ylindrial RPCs layers

and the IFR luster information. The angular resolution is measured from e

+

e

�

! � !

K

0

S

K

0

L

 events, and the di�erene between the missing momentum and the assoiated K

0

L

luster has a resolution of about 60mrad, whih improves by a fator of two, if also interating

in the EMC. TheK

0

L

eÆieny is estimated to be 20{40% inreasing linearly with momentum.
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8.9 The trigger

While the prodution rate of interesting physis events is relatively modest (� 3Hz for BB

and � 15Hz for others), bakground events are produed opiously. To bring the data rate

down to a reasonable level, suh that the data an be stored (and little or no dead-time is

assoiated with the readout) without the loss of interesting events, a seletion mehanism has

to be employed { this is the trigger.

The trigger must be able to selet the events of interest with a very high (> 99% for

BB), stable and preisely known eÆienies, while reduing the bakground to a level suh

that the total rate does not exeed 250Hz (120Hz at design luminosity), as required by the

online omputing system. In addition to the signal events, the trigger should also be able

to selet events used for alibration, diagnostis and luminosity determination. Furthermore,

the trigger should be adjustable and tolerant to endure even extreme bakgrounds (many

MHz) and several dead/noisy hannels, without deadtime above 1%.

To bring the rate down to 250Hz without loss of signal, a detailed analysis of eah event is

needed, but given the large amount of information and the fast response time needed, this is

pratially impossible. Therefore the trigger is divided into two levels; the �rst-level hardware-

based trigger (L1) reduing the rate down to 2kHz followed by the third-level software-based

trigger (L3)

59

.

8.9.1 Level 1 trigger

The L1 trigger relies solely on information from the DCH (DCT), EMC (EMT) and IFR, the

latter being used for e

+

e

�

! �

+

�

�

events and seletion/veto on osmi rays. By demanding

that the DCH and the EMC trigger eah satisfy the above requirements of being independent,

redundant, and highly eÆient, one obtains an extremely eÆient trigger with furthermore

the ability to interalibrate the two triggers.

To obtain the required L1 speed, the detetor information is ondensed into a more oarse

on�guration (with 1776 (DCH) + 280 (EMC) + 10 (IFR) hannels) with no longitudinal

oordinate.

The trigger deision is based on �xed ombinations of subtriggers, so-alled trigger primitives,

whih are very simple traks or lusters, whih are above a ertain momentum threshold. A

global L1 triggering unit attempts to math the angular information from the harged and

the neutral triggers, and inludes a veto on osmi ray events from the IFR for the �nal L1

trigger deision, whih is formed within 11{12 �s after the orresponding interation. While

the L1 trigger deision is being made, the data is stored in bu�ers in the FEE (see Setion

8.1).

The typial L1 trigger rate during Run-III was about 2kHz, dominated by beam-indued

bakgrounds, while atual physis events (see Tab. 8.5) still omprise only a small fration of

the triggers (> 5%). At future higher luminosities, the DCH z-oordinate information will be

inluded in the L1 deision to disard large bakgrounds originating away from the IP.

8.9.2 Level 3 trigger

Further redution of the rate without loss of signal requires reonstrution of the event, whih

is done on an online omputer farm, and again the trigger is divided into two separate �lters.

The traking �lter requires one high p

t

> 600MeV trak or two low p

t

> 250MeV traks from

around the IP, while the neutral �lter demands either two high energy (E > 350MeV) or

four lusters and an event mass greater than 1.5GeV. Table 8.5 shows the various input and

59

The trigger system was designed to possibly also inlude a seond-level fast software trigger, based on

partial detetor information, in ase the L1 was not apable of reduing the rate enough for the L3 (hene the

terminology). However, it has not beome neessary, and thus at BABAR no seond-level trigger exists.
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Proess Prodution Rate L1 Output L3 Output

BB 3.2 Hz 3.2 Hz 3.2 Hz

q�q, �

+

�

�

, �

+

�

�

16.5 Hz 15.6 Hz 15.3 Hz

Bhabha 159 Hz 156 Hz 21 Hz (unidenti�ed)

45 Hz (for alibration)

Cosmi rays O(35 kHz) 100 Hz < 2 Hz

Beam indued bakgrounds O(30 kHz) 750 Hz 30 Hz

Misellaneous/Random 25 Hz

Total O(30 kHz) 1000 Hz 130 Hz

Table 8.5: Trigger rates at L = 3� 10

33

m

�2

s

�1

. While the physis rates sale linearly with

luminosity, the bakgrounds depend on more parameters (e.g. the beam-indued bakground

is highly vauum dependent).

output rates for the various proesses. While vetoing on most Bhabha events, some are logged

along with random triggers and some are seleted uniformly in polar angle, for alibration.

The typial output rate at urrent luminosity, L = 8� 10

33

m

�2

s

�1

is � 250 Hz, as required.

The L3 also monitors luminosity and BB fration, whih essentially is for energy saling (see

Setion 7.3.1). An example of the L3 trigger (shown online in the ontrol room) is seen in

Fig. 8.21

Figure 8.21: Example of event in the online L3 trigger display. To the left the L1 trigger

primitives are listed, while the more in depth L3 deision is shown on the right.
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8.9.3 Online Prompt Reonstrution

Online Prompt Reonstrution (OPR) of the L3 trigger output event rate is performed on

a omputing farm (in Padua, Italy!), leaving only the \rolling alibration" (realtime update

of alibration onstants) at SLAC. The experiment produes almost 1TB of data daily, and

the total data volume is losing in on the 1PB (1000 TB) mark, announed at SLAC as the

world's largest database. This in turn means, that reproessing of the data, with new and

improved reonstrution algorithms, was most likely done for the last time in 2003, as it has

by now beome a omputationally almost unsurmountable task.
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8.10 The BABAR Data

The data olleted so far (January 2004) is shown in Fig. 8.22. The data taking has been

divided into runs, of whihBABAR is urrently in the fourth (planned to end in July 2004). The

data within eah run is taken under stable onditions, to simplify the subsequent proessing,

quality heks and orretions. The period, reorded data and onditions of eah run an be

found in Table 8.6.

Period Run Int. Luminosity ( fb

�1

) Conditions

Onpeak O�peak

Ot. 1999 { Ot. 2000 Run I 20.721 2.602 DCH 1900/1960V

Feb. 2001 { Jun. 2002 Run II 61.158 6.978 DCH 1930V, EMC Prob.

De. 2002 { Jun. 2003 Run III 31.393 2.436 DCH 1960V

Sep. 2003 { end of year Run IV 22.85 2.15 DCH 1960V

Total (New Year 2003{2004) 136.12 14.15

Table 8.6: Running periods, reorded amount of data, and onditions.
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The daily integrated luminosity and daily data taking eÆieny are shown in Fig. 8.23. The

eÆieny is generally above 95%.
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Figure 8.23: Daily integrated luminosity (left) and daily data taking eÆieny (right) for the

period 1999-2004.

The total number of reonstruted B mesons, using only the most lean and abundant modes

(whih are B

0

! D

(�)�

(�=�=a

1

)

+

and B

+

! D

(�)0

�

+

) using 81.8 fb

�1

is � 5:1 � 10

4

(see

Fig. 8.24). However, by onsidering additional modes with more bakground (overall purity

� 70%), this number an be inreased by a fator of two.

The large number of fully reonstruted B deays not only enables the study of a variety of

hannels, but from the ombined sample of these, it allows the inlusive study of the other B

meson (termed the reoil side B meson). This o�ers a very pure and onstrained environment,

utilized in many analyses (e.g. B ! X

u

`�).
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Figure 8.24: The B

0

and B

�

samples of fully reonstruted events. Shown is the distribution

in the variable m

ES

(see Setion 9.2), with the signal peak to the right and basi parameters

to the left. Larger (but less pure) samples an be obtained by inluding additional modes.

The samples are used as high statistis ontrol samples, and for inlusive studies in the lean

and onstrained reoil side.
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8.11 Setion summary and onlusions

In order to pursue the physis program of measuring CP violation in the B system, the BABAR

detetor should detet traks and lusters with high eÆieny and preision, and both the

vertexing and PID system should perform exellently. Other issues are trigger redundany,

lose monitoring, preise alibration, and tolerane to high bakgrounds.

This is obtained with �ve onseutive subdetetors. Innermost is the silion vertex detetor

(SVT), followed by the drift hamber (DCH), and then the PID system (DIRC). Outermost is

the EM alorimeter (EMC), and �nally the hadron alorimeter (IFR). All subdetetors were

designed and optimized for B physis, though many other subjets are equally well overed.

After four years of running, the BABAR detetor is living up to its expetations and design

goals, as all subsystems are fully operational and all but the IFR, whih is not a ruial

part, have reahed design spei�ations or beyond. The running has been very stable, and

the overall eÆieny is greater than 98% (see Fig. 8.22), whih is hard (and pointless) to

improve. Even with muh inreased instantaneous luminosity, most of the subdetetors will

remain operational.

Having said that, it should be stressed that it is of key importane that eah system is

monitored and studied losely, suh that limiting fators and show-stoppers an be foreseen

and dealt with in due time. As the response time (i.e. the time to realize a problem, solve it,

design a solution, build it, test it, install it, and ommission it) is long, often several years,

great foresight is required. The proess for the new DIRC TDCs was a good example of this.

A task fore reated in 2002 was asked to onsider the possibilities of improving the

BABAR detetor. Many proposals were onsidered, inluding e.g. a 0

th

SVT layer and veto-

alorimetry at low polar angles, but the main onlusion of the task fore was that it was

hard to signi�antly improve the detetor { thus it was built orretly in the �rst plae.





Part III

Analysis

It is a apital mistake to theorize before one has data.

[Sir Arthur Conan Doyle, 1859-1930℄
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The third part of this thesis ontains the data analysis, whih ombines the theoretial on-

siderations developed in the �rst part with the experimental possibilities and onstraints

presented in the seond part. The analysis presented here is a �rst step in the pursuit of

a measurement of . It was arried out \blindly", that is to say, the signal region was not

onsidered until the seletion riteria were �xed, and the CP asymmetries not revealed until

the analysis was frozen.

The �rst objetive is to establish a signal and determine its size, purity and distribution in

the Dalitz plot. As no assumptions about the Dalitz distribution an be made, the seletion

riteria have to be ommon for the entire Dalitz region. Based on the outome of this analysis,

the proportions and prospets of a time-dependent analysis are deided upon, in terms of

Dalitz regions inluded, as too large bakgrounds may inhibit the use of ertain Dalitz regions.

To exeute this strategy, a pre-seletion and a subsequent more re�ned seletion of events

of interest is made, that is events in the signal region and sidebands, from whih the bak-

ground in the signal region an be determined from interpolation (Setions 9.4 and 9.5).

Inluded in this seletion are also ontrol samples, that is other samples, whih allow for the

extration of features from the data itself and omparison between data and MC with large

statistis.

The seleted events are then �tted with an unbinned maximum likelhood �t, from whih

the signal yields and assoiated branhing frations are extrated. To orret for the varying

eÆieny in the Dalitz plot, a novel statistial method,

s

Plot, is employed (Setion 10).

Systemati errors are evaluated by several methods, inluding ontrol samples, general

reipies (essentially also from high statistis ontrol samples) and varying unknown parameters

within their unertainties (Setion 11). The results obtained are validated using simpli�ed

(toy) Monte-Carlo simulations and also the

s

Plot tehnology, whih provides the true signal

distribution with assoiated errors from the data itself (Setion 13).

Though the size of the data sample is not adequate for any deisive onlusions, a time-

dependent CP analysis is presented (Setion 14) to establish limits and evaluate the sensitivity

of suh a �t.
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9 Data sample and seletion

9.1 Data samples

The analysis presented here is based on the Run-I and Run-II data, whih together omprise

81.8 fb

�1

on-resonane and 9.7 fb

�1

o�-resonane data. In addition 132200 Monte Carlo

(MC) D

�

K

0

�

�

and 103200 MC D

��

K

0

�

�

signal events generated uniformly in the kinemati

region (i.e. Dalitz plot) are used, onsidering the subdeays D

�

! K

�

�

�

�

�

, D

��

! D

0

�

�

with D

0

! K

+

�

�

;K

+

�

�

�

0

;K

+

�

+

�

�

�

�

and K

0

! K

0

S

! �

+

�

�

. Furthermore, 175.9 fb

�1

generi B

0

B

0

and 143.8 fb

�1

B

+

B

�

Monte Carlo simulation

60

are used. The samples are

summarised in Table 9.1.

Origin Sample Size Conditions

Data On-Resonane 81.8 fb

�1

May 1999 { July 2002

O�-Resonane 9.7 fb

�1

May 1999 { July 2002

MC D

�

K

0

�

�

Signal 132200 events Feb 2000 { June 2002

D

��

K

0

�

�

Signal 103200 events Feb 2000 { June 2002

Generi B

0

B

0

175.9 fb

�1

May 1999 { July 2002

Generi B

+

B

�

143.8 fb

�1

May 1999 { July 2002

Table 9.1: Data and Monte Carlo samples used in analysis. The data is from Run-I and Run-

II, while the Monte Carlo samples are produed with the same beam and detetor onditions.

Assuming that Br(B

0

! D

��

K

0

�

�

) = 4 � 10

�4

the signal MC orresponds to samples of

11:6� 10

3

fb

�1

for B

0

! D

�

K

0

�

�

and 5:0� 10

3

fb

�1

for B

0

! D

��

K

0

�

�

, i.e. two orders of

magnitude larger than the data sample used.

9.1.1 General omments on Monte Carlo resemblane to data

Though the detetor simulation is quite detailed and involved, and has been tuned to math

the data, the orrespondane is never omplete, and so one should keep in mind that simulated

events (generally alled Monte Carlo), may have slightly di�erent distributions than the true

events, due to the imperfet knowledte of the detetor response.

One plae where this is partiularly pronouned is the entral value for �E, whih is very

lose to zero for MC, while it is shifted by about �5MeV for data. The ause of this shift is

thought to be the same as for the slight shift in the mass peaks, namely tiny disrepanies in

traking (see Setion 8.4). The average shift from �nal state radiation is estimated [PD03℄ to

be around �1MeV, whih is well reprodued by MC and thus not the reason for the shift.

Furthermore, far from all deay modes of the B meson have been aounted for. In

fat, only about 30% of the total branhing ratio is known, and so when generating generi

B deays, one is fored to use algorithms whih hoose �nal states (through a model for

hadronization) aording to what one observes, e.g. average number of traks and lusters

in BB events. In BABAR, JetSet [Sjo94℄ has been hosen to do this task, and ever sine

data started being reorded, the parameters of the algorithm have been tuned to math data

with inreasing preision. The overall orrespondane is generally good, but ertainly has

its limitations. Thus, even if the detetor respone was aurately simulated, the generi B

deays would still not represent reality perfetly, and so one is fored to determine to whih

level of auray the simulation holds and an be used.

The e�ets are usually relatively modest, but they may be ampli�ed when ombined

through the use of several-dimensional �ts and/or neural networks. For these reasons it has

been strived to use data as muh as possible, whih for bakground is done with sidebands

and for signal with resembling ontrol hannels.

60

The luminosity onversion fator used was 1:1� 10

6

N(BB) fb.
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9.1.2 Control hannels

To extrat the signal shape from the data, the B

0

! D

(�)�

a

+

1

deay hannels are seleted as

ontrol samples (see Setion 9.4.1). These hannels have the same �nal state as the signal,

as the subsequent deay a

+

1

! �

0

(! �

+

�

�

)�

+

mathes the �nal state of the signal with

K

0

S

! �

+

�

�

, i.e. three harged traks in addition to the D meson. But ontrary to the

signal, these hannels are not Cabibbo suppressed, and thus these high statistis hannels

allow for extration of signal features from the data itself, thus not relying on MC.

Also the hannel B

0

! D

��

�

+

has been seleted, as it is very pure, and therefore has fewer

requirements in the standard seletion, than the signal hannels does.

9.1.3 Data topology

The distribution of number of traks and visible energy is shown for the various event types

in Fig. 9.1, while the ontents and topology of the data are listed in Table 9.2.

bb
−

qq
−
 continuum

τ+τ-

µ+µ-(γ)

e+e-(γ)

γγ

Number of tracks

A
rb

itr
ar

y 
un

its

0

0.05

0.1

0.15

0.2

0.25

0.3

0 2 4 6 8 10 12 14 16

(a) bb
−

qq
−
 continuum

τ+τ-

µ+µ-(γ)
e+e-(γ)
γγ

Visible Energy (GeV)

A
rb

itr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 1 2 3 4 5 6 7 8 9 10 11

(b)

Figure 9.1: (a) Number of traks and (b) visible energy for proesses ouring in e

+

e

�

ol-

lisions at the � (4S) resonane. While QED proesses are very distint, q�q events resemble

BB deays.

Event type Topology Signal ontamination

e

+

e

�

! � (4S)! BB Many traks mostly hadrons, many D

(�)

Signi�ant

Near-isotropi angular dist. in CM Same angular dist.

e

+

e

�

! qq; q = u; d; s;  Many traks mostly hadrons, some D

(�)

Dominant

Bak-to-bak angular dist. in CM Di�erent angular dist.

e

+

e

�

! `

+

`

�

= Few traks mostly leptons Negligible

Bak-to-bak angular dist. (ontained in q�q)

Table 9.2: Topology of bakground event types. Both BB and q�q (ontinuum) events onsti-

tute bakgrounds, while `

+

`

�

= events an be disregarded.

Though ontinuum events resemble the signal less than BB bakgrounds, its opious

prodution (f. Table 7.1) makes it the dominant bakground. The `

+

`

�

= bakground is

insigni�ant, and is under any irumstanes inluded in the general ontinuum desription.

B

0

! D

(�)�

K

0

�

�

deays distinguish themselves from other proesses in many ways, whih

will be disussed in the following.
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9.2 B meson spei� variables

Apart from the distributions of the individual B deay daughters (see Setion 9.5), the B

meson has features, whih makes it distinguishable from the bakgrounds. As the beam

parameters are very well known, one an within the preision of these infere the magnitude

(but not the diretion) of the B meson's momentum. Along with the mass of the B meson,

this yields the two most disriminating variables.

9.2.1 Energy substituted mass and energy di�erene

Given a reonstruted B andidate, the energy substituted mass is de�ned as:

m

ES

�

q

(s=2 + ~p

B

� ~p

0

)

2

=E

2

0

� p

2

B

CM

=

q

(E

CM

0

)

2

� (p

CM

B

)

2

(9.1)

where s = (p

e

+ + p

e

�)

2

is the total invariant mass of the system squared (i.e. essentially

m

2

� (4S)

, for on-resonane data) and q = (E; ~p) is a Lorentz vetor, with the subsripts B and

0 refering to the B andidate and the beam, respetively. From the CM expression (~p

0

= 0)

in Eq. (9.1) it is apparent, that m

ES

is simply the B mass, where the reonstruted energy,

whih would dominate the error, is substituted with the more preisely known B energy

derived from the beam energy.

The reonstruted energy is used in the energy di�erene, �E, whih is de�ned as:

�E � (2q

B

q

0

� s)=2

p

s

CM

= E

CM

B

�E

CM

0

; (9.2)

where again the CM expression is very intuitive. These two variables optimally use the beam

onstraint and are minimally (but never-the-less) orrelated, due to their ommon soures of

unertainty.

The unertainty of m

ES

arises from the beam energy spread, �

0

, and the error in the B

momentum measurement in the � (4S) frame, �

p

CM

B

:

�

2

m

ES

' �

2

E

0

+

�

p

CM

B

m

B

�

2

�

2

p

CM

B

(9.3)

The beam energy utuations are � 2:5MeV, and the momentum unertainty is of the same

order. As (p

B

=m

B

)

2

' 0:06 at the � (4S) resonane, the m

ES

resolution is dominated by the

beam energy unertainty. As a result, all modes have similarm

ES

unertainties, in the range

[2:5; 2:8℄MeV. For �E, the situation is very di�erent, as the resolution varies by more than

a fator three between �nal states.

The unertainty of �E originates from the error on the B energy measurement, �

2

E

B

, and

again the beam energy spread, �

2

E

0

:

�

2

�E

= �

2

E

0

+ �

2

E

B

(9.4)

Here, the energy resolution for the measured B energy dominates; for the modes onsidered

in this analysis, �

E

B

is 10� 15MeV and though these are some of the smallest �E widths in

BABAR, they still dominate �

2

�E

.

m

ES

and �E are the two most powerful variables for disriminating against bakground,

and for this reason they are both used in the unbinned maximum likelihood �t. Sine the main

soures of unertainty are di�erent form

ES

and �E, the two variables are largely independent.

Correlations stem from the ommon soure of unertainty { the beam energy spread { whih

is dominant for m

ES

while only inuenes �E slightly. As the �E resolution dereases,

this orrelation inreases, sine the relative inuene of the beam energy unertainty on �E

inreases.
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Figure 9.2: Signal MC distributions for B

0

! D

�

K

0

�

�

. Distributions of (a) m

ES

and (b)

�E. () satter plot of m

ES

vs. �E. Pro�le plots (average value of one variable vs. another)

of (d) m

ES

vs. �E and (e) vie versa (see text). The linear orrelation is �15:8%. Note that

m

ES

has been o�set by its entral value of 5.2795 GeV.
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The B

0

! D

(�)�

K

0

�

�

modes have a very well determined �E, due to the many mass

onstraints and relatively large number of traks, and therefore the orrelation is sizable

though not large { the linear orrelation in signal MC is measured to be �15:8%.

In Fig. 9.2 is shown for B

0

! D

�

K

0

�

�

signal MC the distribution of m

ES

and �E

followed by a satter plot of the two and �nally pro�le plots whih show the average value in

bins as a funtion of the other (note that m

ES

has been o�set by its entral value of 5.2795

GeV). Though not large, the orrelation is seen in the satter plot and is revealed very learly

in the two pro�le plots.

While the m

ES

distribution is very nearly Gaussian, the �E distribution has to be �tted with

a double Gaussian with ommon mean (see Setion 10.1.1), due to additional tails from less

well reonstruted events. For suh events with large absolute values of �E, the inuene

of the beam energy unertainty is less outspoken, and most likely therefore the orrelation

dereases for suh events, as an be seen in Fig. 9.2e.

In order to have ample sidebands and yet a not too large �tting range and information loss

(due to hoosing in events with multiple andidates, see Setion 9.7.1), only events within

[5:24; 5:29℄ � [�0:1; 0:1℄ ([5:20; 5:288℄ � [�0:1; 0:1℄) in m

ES

(GeV) and �E (GeV) for the

B

0

! D

�

K

0

�

�

(B

0

! D

��

K

0

�

�

) mode respetively are aepted. However, to retain

larger statistis for the o�-resonane data, windows of [5:20; 5:290℄� [�0:2; 0:2℄ ([5:20; 5:288℄�

[�0:2; 0:2℄) were used in that ase.

The upper limits in m

ES

at 5.29 (5.288) GeV does not inuene the �t (the hange in signal

yield is � �0:04 event), but ensures that no events lie beyond the endpoint of the bakground

funtion (see Setion 10.1.2), even when hanging the endpoint for systemati studies.

9.2.2 Time distribution

In priniple the time distribution also disriminates against the bakground. Corretly reon-

strued B deays may have a signi�ant �z, while ontinuum events and B deays where the

daughters of the two B mesons have been mixed have �z � 0 modulo the resolution funtion.

Though the resolution signi�antly dilutes the disrimination power, the information an still

be used.

However, having foreseen a time-dependent �t (see Setion 14), this information has not been

used in the seletion.

9.3 Shape and angular variables

The largest bakground onsists of e

+

e

�

! q�q ontinuum events, mainly � events, as these

ontain D

(�)

mesons. Unlike the signal, the q�q events have onsiderable phase spae available

in the deay/hadronization, and the topology of the event will thus tend to have partiles in

two bak-to-bak jets (i.e. \jetlike"). This is illustrated in Fig. 9.3.

In addition, angular distributions in the events are disriminating, as both the momentum

and thrust diretions di�ers between hadronisation of spin 1=2 partiles (ontinuum) and

deay of spin 0 partiles reated through a spin 1 resonane (� (4S)! BB).

This means that variables based solely on the shape of the event and angular information

of the B andidate and the Rest-Of-Event (ROE) an be used for disrimination against

ontinuum events. By ROE is meant all the traks and lusters whih are not used in the

reonstrution of the B andidate. For optimal usage, the disriminant variables should be

ombined into one single variable, easily parametrizable and thereby suitable for a likelihood

�t.
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Figure 9.3: Illustration of event shape di�erene between BB and q�q in CM. While the BB is

near-uniform, the q�q is more bak-to-bak. The di�erene an be used for q�q disrimination.

The olor separates the event into reonstruted B meson (blue) and ROE (red), see text.

9.3.1 Shape variables

The quanti�ation of \jettiness" has been done in many ways, of whih the most ommon

are

61

:

Thrust, T , and thrust axis,

~

T , are general and widely used variables, de�ned as:

T � Max

~

T

P

i

j

~

T � ~p

i

j

P

i

j~p

i

j

; (9.5)

where

~

T is the unit diretion, whih maximizes T (named the Thrust), and the sums,

i, are taken over all traks and lusters of interest.

Spheriity, S, de�ned as:

S �

3

2

(�

1

+ �

2

)=�

3

; (0 < �

1

< �

2

< �

3

); (9.6)

where �

i

are the eigenvalues of the tensor:

S

��

�

P

i

j ~p

i;�

� ~p

i;�

j

P

i

j~p

i

j

2

; (�; � = x; y; z); (9.7)

where the sums, i, are taken over all traks and lusters of interest.

Fox-Wolfram Moments (FWM), H

`

, and their ratios, R

`

, de�ned as [ABCLOS79, FW79℄:

R

X

1

X

2

`

� H

X

1

X

2

`

=H

X

1

X

2

0

; with H

X

1

X

2

`

�

X

i2X

1

;j2X

2

j~p

i

jj~p

j

jP

`

(os �

ij

)

E

vis

; (9.8)

where P

l

are the Legendre polynomials, �

ij

the angle between the momenta of partiles

i and j, and E

vis

is the visible energy of the event. For 2-jet events H

even

� 1 and

H

odd

� 0, and the ratio R

2

� H

2

=H

0

has been used as disriminating variable.
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All variables desribing shape are evaluated in the CM frame.
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Super Fox-Wolfram (SFW) Moments, R

SFW

, introdued by Belle [Belle01℄, are de�ned

in terms of FWM as:

R

SFW

� r

0

+

X

`=2;4

�

`

R

B;ROE

`

+

X

`=1;2;3;4

�

`

R

ROE;ROE

`

: (9.9)

R

B;ROE

`

are muh alike the Monomials (see below) with one important di�erene; the

former uses the momenta diretly, whih may lead to orrelations with m

ES

, while in

the latter they enter through the thrust diretion only.

Absolute osine of angle between B and ROE thrust diretions, j os(�

~

T

B

;

~

T

ROE

)j,

de�ned as the angle between the thrust axis of the B andidate and the thrust axis of

the ROE. While ontinuum events tend to have these two axes aligned along the general

jet-axis, j os(�

~

T

B

;

~

T

ROE

)j is almost isotropi for BB events
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.

CLEO ones, C

j

, used by the CLEO ollaboration [CLEO96℄, de�ned as:

C

j

�

X

i2ROE

p

i

Æ

j

i

(�

i

); Æ

j

i

(�

i

) = 1 if j�

i

j 2 [10

Æ

�(j�1); 10

Æ

�j℄; (9.10)

where p

i

is the momentum and �

i

is the angle with respet to the B andidate thrust

axis. These CM momentum ow in nine onentri 10

Æ

ones around the B andidate

thrust axis are then ombined liniarly with optimized oeÆients �

i

as C = �

0

+

P

�

i

C

i

.

Monomials, L

n

, introdued by the BABAR ollaboration [BABAR02℄, de�ned as:

L

n

�

X

i2ROE

p

i

j os(�

i

)j

n

; (9.11)

where p

i

is the momentum and �

i

is the angle with respet to the B andidate thrust

axis [BABAR02℄, and the sum is taken over the ROE. This is a generalization (and

eleganti�ation) of the CLEO ones, as the angular information is made ontinuous.

The most disriminating monomials are L

0

and L

2

(inluding their orrelation).

Not surprisingly these variables are very orrelated, as they all desribe somewhat the same

quantity; the jettiness of the event. However, the di�erenes are important, as the disrimina-

tion power and orrelation with other variables (mostly m

ES

) di�er. The greatest oneptual

di�erene is whether the shape variable is a sum over the entire event or over the ROE only.

Unless only angular information from the B andidate is used (suh as e.g. the B momentum

and thrust axis), inluding the traks from the B andidate an indue unwanted orrelations

with m

ES

. For this reason the spheriity and the (super) FW moments are not onsidered

when onstruting a �tting variable for ontinuum suppression, and the thrust axis is only

used when dividing the event into B andidate and ROE.

For the analysis, the monomials L

0

and L

2

were hosen, due to their simpliity and high

disrimination power. The distribution of these variables an be seen in Fig. 9.4, where they

are ompared to a referene hannel (B

0

! D

��

�

�

) for signal MC and o�-resonane data.

The spei� ontrol sample, B

0

! D

��

�

+

is hosen beause it is very pure and as it does

not have a (default) ut on j os(�

~

T

B

;

~

T

ROE

)j like the ontrol hannels B

0

! D

(�)�

a

+

1

do (see

Setion 9.4.1).

The omparison with the ontrol sample distribution is very good, as an be seen in the

plots. The L

0

distribution on signal MC (a) exhibits a slight disrepany due to inomplete

truth math in the MC for the B

0

! D

��

�

�

mode, but the disrepany is insigni�ant

in the �nal ombination with other variables (see Setion 9.3.3). Using a Kolmogorov test
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The lak of perfet isotropiity of the deay is due to the slight boost (� = 0:06) of the B mesons.



104 9 DATA SAMPLE AND SELECTION

0

200

400

600

800

1000

1200

0 1 2 3 4 5 6 7 8 9 10

(a)

L

0

Signal MC

D

�

K

0

�

�

D

�+

�

�

0

200

400

600

800

1000

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

(b)

L

2

Signal MC

D

�

K

0

�

�

D

�+

�

�

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10

()

L

0

O�-Reson. Data

D

�

K

0

�

�

D

�+

�

�

0

20

40

60

80

100

120

140

160

180

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

(d)

L

2

O�-Reson. Data

D

�

K

0

�

�

D

�+

�

�

Figure 9.4: The distribution of the shape variables L

0

(left) and L

2

(right) for the sig-

nal hannel B

0

! D

�

K

0

�

�

(blue/box/�lled) and the referene hannel B

0

! D

��

�

�

(blak/irle/open) in signal MC (top) and o�-resonane data (bottom). The signal MC

distributions are expeted to be equal, while the o�-resonane data distributions are shown

for illustration of separation and not expeted to be equal (see text).

(integration of the di�erene and omparing to statistial unertainty), the distributions were

assured to be in aordane otherwise.

The o�-resonane distributions are not expeted to be exatly idential, as no real B mesons

are reonstruted, and thus two di�erent bakgrounds make up the distributions. However,

it is noteworthy to see, that despite this di�erene, the wrongly reonstruted B andidates

still show similar distributions for di�erent deay hannels.
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9.3.2 Angular variables

The � (4S) ! BB deay (V ! PP ) follows the distribution dN=d os �

(~p

B

;~z)

= sin

2

�

(~p

B

;~z)

,

where �

(~p

B

;~z)

is the angle between the B andidate momentum and the z-axis in the CM

frame, while the e

+

e

�

! q�q has a uniform distribution. In addition, the B andidate thrust

axis angle (in CM) with respet to the z-axis, j os �

(

~

T

B

;~z)

j, arries disriminating informa-

tion, as the signal distribution is nearly uniform, while the ontinuum bakground follows a

dN=d os(�

(~p

B

;~z)

) = 1+os

2

�

(~p

B

;~z)

distribution. Unfortunately this variable is not as disrim-

inating as its analyti expression might suggest, as the region of high disrimination (high

�

(~p

B

;~z)

) has low aeptane (thus the detetor aeptane has already deided on a ut!).

The distribution of these two variables along with that of the referene hannel (B

0

! D

��

�

+

)

an be seen in Fig. 9.5.

As an be seen from the distributions, the signal shapes are very muh in aordane with

those of the high statistis ontrol hannel. The only exeption is j os �

(

~

T

B

;~z)

j, where the

aeptane for very low thrust angles (whih essentially mathes the �

�

angle) vanishes for

the B

0

! D

��

�

+

deay, but not entirely for the B

0

! D

(�)�

K

0

�

�

deay. It has been heked

that this minusule di�erene does not inuene the distribution of the overall disriminating

variables.

9.3.3 Combining variables

While none of the above variables are by themselves very disriminating, a ombination of

them and their mutual orrelations may be. Combining variables orresponds to substituting

a rudely seleted N -dimensinal box obtained by utting on eah variable separately, with a

more re�ned seletion based on the atual distane (however de�ned) between the signal and

the bakground. There are several methods for ombining variables, of whih the two most

ommon will be disussed.

A simple and transparent method is a linear ombination of the variables in question,

x

i

, using oeÆients, 

i

. This ombination, alled a Fisher disriminant [Fis36℄, only utilizes

the possible linear orrelations between variables, but often produes signal and bakground

distributions whih are easily parametrizable. Furthermore, the impat of eah variable is

diretly visible, and the simpliity of the method renders it ommonly used.

A more powerful mean of ombining variables is through a Neural Network (NN). The

idea is to multiply an input vetor of N

0

variables with an N

0

�N

1

matrix of weights, thus

yielding a new vetor of size N

1

and then apply a non-linear transformation to eah of its

entries. If N

1

= 1 the approah is (apart from the non-linear transformation) exatly that of

the Fisher method desribed above. However, if N

1

is greater than one, the operation yields

a new vetor with N

1

entries, eah being a non-linear funtion of a linear ombinations of the

input vetor (suh an intermediate vetor is alled a (hidden) layer). The non-linearity of the

funtion is for the NN to utilize the non-linearities in the problem. A typial funtion used

is F (x) = (1 + e

�x

)

�1

.

Repeating this operation with N

i

� N

i+1

matries of weights multiplied onto the vetor

of variables resulting from the last iteration, until N

max

= 1, results in a single number,

whih is alled the neural net output. If the weights of the matries are tuned orretly, the

neural net output will be able to reognize (and use) not only the input variables but also

their possible non-linear orrelations for bakground disrimination. This enables a NN to

reognize patterns in data, whih esape detetion using a Fisher disriminant, and whih

inreases its ability to separate signal and bakground.

The output is not restrited to one variable, as a network an be used to disriminate against

several types of bakgrounds (and signals), thus having N

max

> 1. But in general one variable

is preferred, and only this ase will be disussed in the following.
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Figure 9.5: The distribution of the angular variables j os �

(~p

B

;~z)

j (left) and j os �

(

~

T

B

;~z)

j (right)

for the signal hannel B

0

! D

�

K

0

�

�

(blue/box/�lled) and the referene hannel B ! D

�

�

(blak/irle/open) on MC (top) and o�-resonane data (bottom). The signal MC distribu-

tions are expeted to be equal (though aeptane may ause di�erenes, see text), while the

o�-resonane data distributions are shown for illustration of separation and not expeted to

be equal.

While the weights of the neural network have to be obtained through iterative optimization

(\training"), the oeÆients of the Fisher, F , are the result of a diret omputation

63

:

F =

N

X

i



i

x

i

; with 

i

=

N

X

j=1

(V

sig

ij

+ V

bkg

ij

)

�1

(hx

sig

i

i � hx

bkg

i

i); (9.12)

where V

sig

ij

and V

bkg

ij

are the ovariant matries and hx

sig

i

i and hx

bkg

i

i the mean values of the

input variables for signal and bakground, respetively.
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The omputation of ourse depends on how one de�nes the optimal separation.



9.3 Shape and angular variables 107

In priniple, all variables ould be inluded in the ombat against the ontinuum bak-

ground, however orrelated they are, but the work involved in inluding and validating

64

many variables does not stand in measure with the very little gain to be obtained.

Therefore it was deided, based on previous experiene [BABAR03f℄, to use a ombination

of the two monomials, L

0

and L

2

, along with the two angular variables j os �

(~p

B

;~z)

j and

j os �

(

~

T

B

;~z)

j. The linear orrelation among these and relative to other variables an be seen

in Fig. 9.6ab.
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Figure 9.6: Absolute linear orrelations of �E, m

ES

, the shape variables, and the D

�

and

K

0

S

masses for the B

0

! D

�

K

0

�

�

deay in (a) signal MC and (b) o�-resonane data (in %).

Those of the B

0

! D

��

K

0

�

�

hannel are similar. () The eÆieny of the Fisher disriminant

and the NN output for signal and bakground. The Fisher performane is lose to that of the

NN. Note that the abbreviations os(�

B

) = j os �

(~p

B

;~z)

j and os(�

T

) = j os �

(

~

T

B

;~z)

j have been

used.

Both the Fisher disriminant, F , and the neural network were tested. The neural network

on�guration used, onsisted of two hidden layers of dimensions 4 and 3, hosen on the

grounds that it is fast to train and does not ontain too many weights (and is therefore hard

to overtrain, i.e. adapt to statistial utuations in the training sample), while at the same

time preserving the disriminating power. The resulting disrimination power of a ut on the

NN output in terms of eÆieny for bakground as a funtion of eÆieny for signal an be

seen in Fig. 9.6.

From the �gure it is apparent that the Fisher disriminant is almost as performant as the

neural network, and as it is more transparent

65

and yields distributions whih an easily be

parametrized, it was hosen over the neural network. Other variables (j os(�

~

T

B

;

~

T

ROE

)j and

R

2

), other ombinations (L

2

=L

0

), and subdivisions (dividing L

0

and L

2

into harged and

neutral omponents) were also tried, but none of these inreased the separation with any

signi�ane and were therefore abandoned.

The four variables are ombined linearly into one disriminating variable as follows:

F � 

0

+ 

1

L

0

+ 

2

L

2

+ 

3

j os �

(~p

B

;~z)

j+ 

4

j os �

(

~

T

B

;~z)

j

The onstants 

i

are hosen suh that F maximises the separation between signal MC and

o�-resonane data. The onstant 

0

and the overall sale and sign do not a�et the separation,

but are simply hosen suh that the average of the distribution (of the training samples) is

zero, hFi = 0, and suh that signal in general has a (unit) higher value than bakground,

0:5 � hF

sig

i > hF

bkg

i � �0:5. The values of the oeÆients an be found in Table 9.3.
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I.e. ompare distributions with high statistis ontrol samples, for branhing fration measurements.

65

In BABAR (and in HEP in general) there is some ultural (unfounded) relutane to use NN.
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Variable Mean L

0

L

2

j os �

(~p

B

;~z)

j j os �

(

~

T

B

;~z)

j



0



1



2



3



4

D

�

K

0

�

�

oeÆients 0:463 0:415 �1:203 �0:179 �0:213

D

��

K

0

�

�

oeÆients 1:233 0:186 �0:913 �0:803 �0:028

Table 9.3: The Fisher oeÆients for D

�

K

0

�

�

and D

��

K

0

�

�

. The variable L

2

is the most

disriminating, though the ombination with L

0

inreases the separation power signi�antly,

due to their orrelation.

To ompare the resulting distributions between MC and data using these variables and

oeÆients, the very lean (98.0%) hannel B

0

! D

��

�

�

has been used. Sine the Fisher

disriminant only uses variables related to either the rest of the event or variables ommon to

the B andidate (suh as the angular distribution), all hannels have the same signal Fisher

distribution, negleting possible small di�erenes in aeptane. As an be seen in Figure 9.7

(left), the orrespondane between MC and data is good.

The Fisher distribution is shown in Figure 9.7 (right) for the D

�

K

0

�

�

mode for signal

MC and o� resonane data when the andidate seletion has been applied. Also shown are

the eÆienies for the two samples, the one as a funtion of the other. The distributions are

very similar for the D

��

K

0

�

�

mode.

The two distributions are parametrised by (and �tted with) a Gaussian with di�erent

widths above and below the mean (see Setion 10.1). The separation is of the order 1�,

mostly due to the ombination of the variable L

2

and L

0

. F is used in the unbinned maximum

likelihood �t, and therefore no ut is applied on it: F is only required to lie in the range [�3; 3℄,

to avoid outliers.
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9.4 Pre-seletion

In priniple, the pre-seletion ould have been inluded in the general seletion. However, it

reets some of the hoies one is faed with when ommening a data analysis, and what

sidebands are immediately available.

Ideally, one would like to have all data in a format allowing to diretly see the impat of

various bakground rejeting uts by onsidering the sidebands. However, given the immense

amount of data

66

, this is not possible, and one is fored to make a pre-seletion (termed

a \skim" in BABAR jargon) of possible signal andidates and surrounding sidebands. The

riteria for the pre-seletion should have the highest possible signal eÆieny, as later more

detailed analysis will deide on when to sari�e signal events to suppress even further bak-

ground events for an improved signal signi�ane and purity.

Two pre-seletion riteria were designed for the B

0

! D

�

K

0

�

�

and B

0

! D

��

K

0

�

�

sele-

tion. The submodes and ut values inluded in the reonstrution are desribed in Table 9.4

for the intermediate mesons, and in Table 9.5 for the B

0

reonstrution.

The reonstrution is based on two basi quantities, traks and lusters, whih stem

diretly from the detetor. Eah of these quantities have sublassi�ations aording to their

quality, type and origin. The quality and origin sublasses used in this analysis are the

following:

ChargedTrak (CT) is a list of all harged trak found by the traking algorithm, regardless

of origin and PID. By default, the pion mass hypothesis is assigned.

GoodTrakVeryLoose (GTVL) is a re�nement of ChargedTrak, requiring that the CM mo-

mentum is less than 10 GeV, and that the Distane-Of-Closest-Approah (DOCA) is

less than 1.5m (10m) in the transverse (longitudinal) diretion.

GoodTrakLoose (GTL) is a (further) re�nement of GoodTrakVeryLoose adding the (over-

lapping) requirements of a minimum transverse momentum of 100 MeV and at least 12

hits in the DCH.

GoodPhotonLoose (GPL) ontains all single EMC bumps not mathed with any trak, whih

have a minimum energy of 30 MeV and a lateral moment (LAT) below 0.8. By default

the photon mass hypothesis is assigned.

The partile identi�ation is likewise disretized, though originating from momentum depen-

dent likelihood �ts. The PID riteria used in the following are:

KMiroNotPion, uses the SVT (p < 0:5GeV), the DCH (p < 0:6GeV), and the DIRC

(p > 0:6GeV) and requires that the K=� probability ratio is greater than 0.1 for

p � 0:5GeV or 1.0 for p > 0:5GeV. It is optimized to rejet pions.

KMiroNotPionGTL, is the same as KMiroNotPion, but applied to GTL.

KMiroTight, uses SVT and DCH information up to 0:7 GeV and requires the K=� proba-

bility ratio to be greater than 1.0 for p � 2:7GeV, 80.0 for p > 2:7GeV or 15.0 in the

range 0:5 < p < 0:7GeV. It is optimized to keep � misID below 5% up to 4 GeV.

eMiroVeryTight, requiring the eletron probability to exeed 95%. With this seletion, the

misID rate for hadrons is below 0.1%.

Based on these traks and lusters, more omplex andidates are formed, as desribed in

Table 9.4, where also the reonstruted modes are listed. The sizes of the mass windows result

from a trade-o� between ombinatoris and large sidebands. The ones hosen are standard,

and roughly �7� around the entral value (exept for the �

0

).

66

The BABAR database was announed as the worlds largest by SLAC and has surpassed the 1000 TB mark.
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An enlarged D mass window was onsidered, as the D mass sideband is used for measuring

peaking bakground from misreonstruted events (harmless or not), but it was dismissed

due to una�ordably large ombinatoris.

Deay mode Input lists Cut value (MeV)

�

0

!  2� GoodPhotonLoose 115 < m



< 150

K

0

S

! �

+

�

�

2� ChargedTraks m

PDG

� 15

D

+

! K

�

�

+

�

+

KMiroNotAPion + 2� GTVL m

PDG

� 40

D

0

! K

�

�

+

2� GTVL m

PDG

� 40

D

0

! K

�

�

+

�

0

KMiroNotAPion + GTVL + �

0

m

PDG

� 70

D

0

! K

�

�

+

�

�

�

+

KMiroNotAPion + 3� GTVL m

PDG

� 40

D

�+

! D

0

�

+

D

0

+ GTVL 139 < Æm < 150

Table 9.4: Cuts used in the skim for the light and harmed meson reonstrution. The slow

pion used for reonstruting the D

�+

andidate is required to have a momentum in the range

[70MeV; 450MeV℄ in the CM frame.

The harged D

(�)

andidates are ombined with aK

0

S

-andidate and a GTVL to form a B

0

andidate. In the preseletion, the B

0

andidates are required to have m

ES

> 5:15GeV and

j�Ej < 250MeV, yielding ample sidebands. To further suppress bakground, the thrust axes

of the B andidate and of the ROE are required not to be aligned, that is j os(�

~

T

B

;

~

T

ROE

)j <

0:95, a requirement on the seond Fox-Wolfram moment (R

2

< 0:45) was also imposed. These

quantities are used, as they are available at the pre-seletion level (see Setion 9.3.1). The

reason why the uts are very loose is that dediated ontinuum disrimination is planned for

at a later stage. The uts are summarized in Table 9.5.

Deay m

ES

j�Ej R

2

j os(�

~

T

B

;

~

T

ROE

)j

B

0

! D

(�)�

K

0

�

�

> 5:15GeV < 250MeV < 0.45 < 0.95

Table 9.5: Cuts used in the skim at the B reonstrution level (see Table 9.15 for eÆieny).

The eÆieny of the pre-seletion (termed the \raw" eÆieny) is on signal MC 27.9% for

D

�

K

0

�

�

, and 27.5%, 10.6%, and 14.3% for D

��

K

0

�

�

into the three deay modes of the

D

0

, the main losses being due to aeptane

67

. This seletion yields 1.216.709 and 320.016

events on-resonane, and 100.906 and 18.722 events o�-resonane for the B

0

! D

�

K

0

�

�

and

B

0

! D

��

K

0

�

�

modes, respetively. These events are onsidered in the following.

Many other deay modes were inluded in the skim (B

�

! D

(�)0

K

�

(�=�)

0

and B

0

!

D

(�)0

K

0

(�=�)

0

) for other three-body DK� studies and ross heks, but it was deided to

fous on the leanest modes.

9.4.1 Control hannels

The deay hannels B

0

! D

(�)�

a

�

1

, whih have the exat same �nal state as the signal

hannels in question, have also been reonstruted. As they are not Cabibbo suppressed and

therefore have large statistis, they serve exellently as ontrol hannels for extrating the

signal shapes. As the signal hannels are thought to ontain K

�

resonant ontributions, even

the Dalitz distributions will be somewhat mathing, sine the a

1

deay proeeds dominantly

through a �� intermediate deay.

67

A rule of thumb is that 15% of traks and 25% of lusters are outside the aeptane or lost in bakground.
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The same uts are applied to these samples as for the signal hannels (see Table 9.11), with

the K

0

S

uts as obvious exeptions. As the three traks originate from an a

�

1

deay, they are

all required to be GTVL, fail the KMiroTight requirement, have a ommon vertex, and an

invariant mass in the range 1:0GeV < m

���

< 1:6GeV. From �tting these samples with the

same PDFs as the ones used for the signal (see Setion 10), the parameters of the signal shape

in m

ES

and �E are obtained and subsequently �xed.

The shape of the Fisher distribution, F , is not taken from these samples, as the B

0

!

D

(�)�

a

�

1

seletions (standard in BABAR) have a tighter ut on j os(�

~

T

B

;

~

T

ROE

)j (less than 0.7 for

B

0

! D

�

a

�

1

and 0.8 for B

0

! D

��

a

�

1

), than the signal hannels do (j os(�

~

T

B

;

~

T

ROE

)j < 0:95).

As F and j os(�

~

T

B

;

~

T

ROE

)j are highly orrelated, this ut alters the distributions, and so these

modes annot be used. However, F , being based on angular variables of the B

0

meson and

ROE quantities, its distribution is almost independent of the deay mode. Therefore the

distribution is taken from the very pure hannel B

0

! D

��

�

+

, whih does not have any ut

on j os(�

~

T

B

;

~

T

ROE

)j at the pre-seletion level. The same uts on the B and D andidate are

applied to this hannel as for the signal modes, after whih the signal distribution is extrated.

The Fisher distribution obtained have been heked thoroughly and ompared with MC (see

Setion 9.3).

9.5 Candidate seletion

While the oarse pre-seletion is based on general experiene without regard to multiple

andidates and is meant to inlude ample sideband in all dimensions, the atual andidate

seletion is an optimization of the expeted signal signi�ane. The seletion riteria are

obtained essentially by maximising the quantity S=

p

S +B, where S and B are the number

of signal and bakground events, obtained from �tting the most disriminating variable m

ES

with a Gaussian for the signal, and a generi endpoint funtion (known as the Argus funtion

[ARGUS87b℄) for the bakground. The Argus funtion, A, is an empirial endpoint funtion,

whih desribes the shape of the ombinatorial bakground (i.e. random ombinations of

traks and lusters) well (see Eq. 9.13).

A(m

0

; �;m

ES

) = N

B

m

ES

p

1� (m

ES

=m

0

)

2

e

�(1�(m

ES

=m

0

)

2

)

; (m

ES

< m

0

); (9.13)

where m

0

is the upper kinemati limit (threshold of the beam energy), � ontrols the shape

of the funtion, and N

B

is the normalization. A typial example of a �t in m

ES

, where the

bakground is desribed by the Argus funtion an be found in Fig. 8.24.

For the maximisation of the signal signi�ane S=

p

S +B from a �t in m

ES

, j�Ej <

20MeV is required to render the situation loser to that of the atual �t. The bakground is

de�ned as the Argus funtion integrated over the range [5.272,5.288℄.

As most optimization urves have plateaus, simple values have been hosen in an attempt to

keep the uts standard. Vertex �ts are required to either be onverged or to have a probability

above 0.1%, and PID information is also disretized before use (as desribed in Se. 9.4).

The distributions shown in this setion are generally blue when showing MC and red

when showing data. The �ts to the partile mass spetra are only meant for heks and

determination of the entral value and widths. They are not used otherwise. Unless otherwise

spei�ed, all distributions and �gures are obtained when applying a set of referene uts (see

Table 9.11), exept on the variable under onsideration.

9.5.1 �

0

seletion

�

0

andidates are formed from pairs of GoodPhotonLoose with total energy larger than 200

MeV. The mass distribution of the �

0

andidates is shown in Figure 9.8, where it has been
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�tted with a Gaussian distribution

68

for the signal plus a onstant for the bakground, as

suggested by generi MC. The �tting results an be found in Table 9.6.

m(π0) MC signal (smeared)

Entries            7073
  52.21    /    61

P1  0.8097  0.3178E-01
P2  0.1332  0.1588E-03
P3  0.5338E-02  0.2132E-03
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(a)

m(π0) Generic MC all

Entries            4225
  63.17    /    61

P1  0.5794  0.3928E-01
P2  0.1345  0.2456E-03
P3  0.5076E-02  0.3164E-03

0
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(b)

m(π0) Onpeak data

Entries            5773
  75.80    /    61

P1  0.3318  0.3801E-01
P2  0.1343  0.3699E-03
P3  0.5098E-02  0.4831E-03
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80

0.12 0.125 0.13 0.135 0.14 0.145
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Figure 9.8: The �

0

mass distribution for (a) signal MC, (b) generi MC, and () data.

The widths are very muh in aordane, and about 10% below the BABAR general mass

resolution for �

0

of 6.2 MeV as expeted (see Setion 8.6.3). This narrowness is also a

result of onstraining the D

0

mass to its nominal value (see Setion 9.5.4), as this slightly

modi�es (within errors) the diretion of the two photon andidates and thus the �

0

mass. In a

Kolmogorov test, the aordane between generi MC and data was better than 5%, thus both

signal and bakground are well reprodued by the generi MC. The aepted �

0

andidates are

mass onstrained to the nominal value [PDG02℄. No further ut in mass or other variables

69

Sample �

0

mass (MeV) �

0

width (MeV)

Signal MC 134:4 � 0:1 5:34� 0:21

Generi MC 134:5 � 0:2 5:08� 0:32

Data 134:3 � 0:4 5:10� 0:48

Table 9.6: The �

0

mass �t results on signal MC, generi MC and data.

is applied, as later requirements (Æm(D

�

;D

0

)) greatly purify the D

0

! K

�

�

+

�

0

hannel (the

only hannel where �

0

andidates are used).

9.5.2 K

0

S

seletion

The K

0

S

andidates are formed from two ChargedTraks, with a ommon vertex (P

vtx

(K

0

S

) >

0:001). A signi�ant transverse ight length, L

2

, requirement of L

2

=�

L

2

> 4:0 is imposed to

suppress bakground from the vastly more abundant B

0

! D

(�)�

a

�

1

(ontrol) hannels.

TheK

0

S

mass distribution is �tted with a double Gaussian with ommon mean plus a onstant,

as suggested by using the truth information in the generi MC. The results both for generi

MC and data an be seen in Fig. 9.9 and Table 9.7. To ompare the overall width of data

and MC, a weighted average of the two widths, �

WA

= f�

narrow

+ (1� f)�

wide

is alulated.

The K

0

S

mass spetrum is well reprodued by the MC and required to be within �7MeV of

68

Sine the distribution has a tail below the mean, a Crystal Ball Funtion [CrBall℄ is more aurate, but

as m

�

0
is not used in the likelihood �t and have very wide limits, the use of this funtion is not neessary.

69

Quantities suh as the angular photon distribution and the lateral moments were onsidered.
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the K

0

S

mass. One aepted, the mass of the K

0

S

andidate is onstrained to the PDG value

[PDG02℄.

m(D±) Generic BB MC
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Entries            6523
  52.72    /    55

Frac1  0.5544  0.9101E-01
Width1  0.2090E-02  0.1568E-03
Frac2  0.3312  0.8333E-01
Width2  0.4654E-02  0.6173E-03
Mean  0.4979  0.4218E-04

m(D±  Kππ) (GeV/c2)
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m(D±) Data
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Entries           11134
  74.25    /    55

Frac1  0.4141  0.6270E-01
Width1  0.1881E-02  0.1278E-03
Frac2  0.4707  0.5666E-01
Width2  0.3974E-02  0.2600E-03
Mean  0.4976  0.3062E-04

m(D±  Kππ) (GeV/c2)

(b)

Figure 9.9: The K

0

S

mass distribution for (a) generi MC and (b) data. The distributions are

�tted with a double Gaussian with ommon mean, fG(m;�

narrow

) + (1� f)G(m;�

wide

).

Sample m(K

0

S

) (MeV) f �

narrow

(MeV) �

wide

(MeV) �

WA

(MeV)

Gen. MC 498:0 � 0:03 0:63 � 0:10 2:09 � 0:16 4:65 � 0:62 3:05

Data 497:6 � 0:04 0:47 � 0:07 1:88 � 0:13 3:97 � 0:26 2:99

Table 9.7: The K

0

S

mass �t results on generi MC and data. The weighted average �

WA

=

f�

narrow

+ (1� f)�

wide

is alulated to enable a omparison of the overall widths.

9.5.3 D

�

seletion

The D

�

andidates are reonstruted into the mode K

�

�

�

�

�

from three GTVL

70

, whih

have a onverged vertex �t. The trak with the opposite harge of the two others is required

to be identi�ed as a kaon (KMiroNotPionGTL). The D

�

mass distribution for generi MC

and data is shown in Figure 9.10 and the results of �tting the distributions with a single

Gaussian plus a �rst degree polynomial (as suggested by generi MC truth mathing) an

be found in Table 9.8.

Sample D

�

mass (MeV) D

�

width (MeV)

Generi MC 1867:5 � 0:3 6:1 � 0:3

Control Sample 1867:8 � 0:2 6:4 � 0:2

Data 1867:0 � 0:5 6:4 � 0:5

Table 9.8: The D

�

mass �t results on generi MC, ontrol sample and data.

70

The D

�

! K

0

S

�

�

mode was also onsidered, but though it is equally pure, it only adds approximately

10% to the statistis, and was therefore not inluded in the data analysis.
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Figure 9.10: The D

�

mass distribution for (a) generi B

0

B

0

MC and (b) data. The plot

inserted in �gure (a) is the optimization urve, where the error from degenerate peaking

bakground has been inluded. A ut of �12MeV around the mass peak was hosen.

The D

�

width is in good agreement with that of the generi sample and the ontrol sample,

B

0

! D

�

a

1

. In the optimization of the seletion ut, the e�et of peaking bakground (see

Setion 10.1.4) was inluded as this had a non-negligible impat, leading to a slightly tighter

ut. The optimization urve is shown (inserted) in Fig. 9.10a. The somewhat tight ut of

�12MeV around the mean of the data reets ombinatorial and peaking bakground whih

are far from small, as the plot also shows. Finally, the D

�

mass is onstrained to that of the

PDG value [PDG02℄.

As muh bakground is due to wrongly reonstruted D

�

mesons, i.e. ombinatorial bak-

ground, other parameters were onsidered for possible bakground rejetion. With a lifetime

of �

D

� = (1051 � 13) � 10

�15

s [PDG02℄, the average ight length of the D

�

meson is of the

same order as the vertex resolution, and thus disrimination an be obtained. In addition

to the ight length, the angle between the ight diretion and the D

�

momentum arries

information.

For eah of these variables, a transverse and a three-dimensional quantity is alulated, as the

transverse diretion is more preisely determined, but the z-diretion still arries information.

Along with assoiated errors, this yields eight variables, where the transverse quantities are

the most disriminating. Also the vertex �t probability P

vtx

(D

�

) and the kaon diretion in

the CM of the D

�

with respet to the D

�

ight diretion, os �(~p

CM(D)

K

; ~p

D

), have disrimi-

nating properties. As the Dalitz distribution of the daughters is somewhat at (thus does not

arry muh disriminating power) and not neessarily well modelled (thus possibly biasing

the eÆieny alulation), it was deided not to use it.

The ten variables disussed above were ombined in a neural network, whih was trained

using data sideband of the D

�

for the bakground and generi MC for the signal

71

. As no

very pure sample ontaining D

�

exists, alternatives to avoid relying on MC seem distant (e.g.

the B

0

! D

�

�

+

sample is \only" about 80% pure). The resulting separation between signal

MC and bakground data is signi�ant, as an be seen in Fig. 9.11.

71

The use of two di�erent soures (data/MC) might lead the network to reognize and use these di�erenes.



9.5 Candidate seletion 115

Entries            3784
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Figure 9.11: The D

�

neural network separation for signal MC (blue/right) and bakground

data (red/left). Signi�ant disrimination between the two is obtained.

Due to possible di�erenes between data and MC, the use of a ontrol hannel is essential for

estimating the eÆieny, if this rejetion tehnique is to be used. As an additional hek, the

mass distribution ould be used, as the NN output should not be orrelated with this.

If fake D

�

mesons were the single dominant soure of bakground, the neural network would

surely have been inluded in the analysis, either through a ut or (ombined with the mass)

as an additional variable in the likelihood �t, as the NN arries signi�ant additional dis-

rimination power. However, this is not the ase in the �nal B

0

seletion. Despite the large

ombinatorial bakground for the D

�

seen in Fig. 9.10, these are diminished by the (indiret)

requirements on m

ES

and �E, and so there is not very muh to be gained in applying the

network. For these reasons, the neural network for disriminating against fake D

�

andidates

has not been inluded, and will not be onsidered in the following.

9.5.4 D

0

seletion

The D

0

andidates are reonstruted in the three modes K

�

�

+

, K

�

�

+

�

0

, and K

�

�

+

�

�

�

+

.

In the latter two hannels, the kaon is required to be identi�ed as suh (KMiroNotPion). The

K

�

�

+

�

0

andidates are also required to originate from the more densely populated areas of

the Dalitz plot (w

dalitz

> 1:4%)

72

and the vertex of the two harged traks must be plausible

(P

vtx

> 0:001). For the two fully harged modes, the vertex �t is simply required to onverge.

The D

0

mass spetrum has been �tted with a Gaussian and a polynomial of seond degree (as

suggested by onsidering the right and wrong truth math of generi MC). The distributions

an be seen in Figure 9.12 and the various �tting results in Table 9.9. The MC reprodues well

the shapes of the data. In the data, the mass peaks are slightly below the nominal values (�

0.05%), whih is attributed to remaining tiny residuals in the alignment and parametrization

of the magneti �eld (the shift is seen for all mass peaks). In theK��

0

hannel, the slight shift

is also aused by the �

0

, whih has a tail in the mass spetrum below the peak. The mass of

the D

0

andidates are onstrained to the PDG value [PDG02℄ before further reonstrution.

72

The Dalitz weight, w

dalitz

, is essentially the D

0

! K

�

�

+

�

0

deay amplitude (maximally 1).
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m(D0 Kπ) genMC D all

Entries            4144
  98.61    /    63

P1   219.5   5.771
P2   1.863  0.3633E-03
P3  0.6747E-02  0.2028E-03
P4   4.784   2.429
P5  -64.92   15.96
P6  -548.6   2971.

0

50
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200

250

1.83 1.84 1.85 1.86 1.87 1.88 1.89

m(D0 Kπ) onpeak data D

Entries            2758
  88.43    /    64

P1   126.7   3.568
P2   1.863  0.1473E-03
P3  0.6589E-02  0.2065E-03
P4   10.67   1.556
P5  -54.28   15.48
P6  -6018.   1822.
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m(D0 Kππ0) genMC D all

Entries            8746
  135.7    /   114

P1   148.8   3.653
P2   1.863  0.2557E-03
P3  0.1131E-01  0.3741E-03
P4   43.07   2.464
P5  -111.9   15.94
P6  -5431.   1013.
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m(D0 Kππ0) onpeak data D

Entries            7628
  113.4    /   114

P1   79.48   3.451
P2   1.861  0.4533E-03
P3  0.1291E-01  0.7413E-03
P4   45.52   3.159
P5  -145.4   18.97
P6  -3354.   1257.
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m(D0 K3π) genMC D all

Entries            6510
  54.67    /    64

P1   242.5   6.352
P2   1.863  0.9856E-04
P3  0.4952E-02  0.1459E-03
P4   58.07   2.506
P5  -67.39   38.68
P6 -0.2197E+05   3341.
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m(D0 K3π) onpeak data D

Entries            5020
  50.31    /    64

P1   114.8   5.536
P2   1.862  0.2471E-03
P3  0.4825E-02  0.2701E-03
P4   59.72   2.532
P5   17.50   40.49
P6 -0.2083E+05   3385.
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Figure 9.12: The D

0

mass distribution on generi MC (left) and data (right) for K� (top),

K��

0

(middle), K3� (bottom).
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Mode Sample D

0

mass (MeV) D

0

width (MeV)

K� Generi MC 1863:3 � 0:1 6:4 � 0:2

Data 1862:9 � 0:2 6:5 � 0:3

K��

0

Generi MC 1862:5 � 0:4 11:4 � 0:5

Data 1861:2 � 0:6 12:5 � 1:0

K3� Generi MC 1863:1 � 0:2 5:2 � 0:2

Data 1862:0 � 0:3 6:2 � 0:5

Table 9.9: Results of �tting the D

0

mass with a single Gaussian plus a seond degree poly-

nomial for the bakground.

9.6 D

�

seletion

The D

0

andidates are ombined with slow �

�

andidates (GTVL with 70 < p

CM

�

< 450MeV)

to form D

��

andidates

73

. These andidates are aepted on the basis of the very disrimi-

nating mass di�erene Æm

D

�

� m

D

�

�m

D

, whih does not su�er from the D

0

mass resolution.

No requirement on the vertex probability is imposed, as Æm

D

�

is a muh better disriminating

variable.

In priniple the signal distribution of Æm

D

�

should be �tted with a double Gaussian, as

the soft pions reahing the DCH will have a muh better determined momentum than those

reonstruted in the SVT alone. In the MC ase, the use of truth mathing allows one to �t

with a double Gaussian.

This is not possible in data, where the bakground omponent mimis the broad Gaussian,

and thus one is fored to use only a single Gaussian. In order for a omparison to be possible,

the generi MC has also been �tted with a single Gaussian plus a Gaussian for the bakground

omponent. Knowledge of the true distribution does not play a entral role, as Æm

D

�

is not

used in the subsequent likelihood �t (see Setion 10), and orretions are made using ontrol

hannels (see Setion 11.1.5). The Æm

D

�

distribution for signal MC and data an be seen in

Figure 9.13 and the �tting results on data in Table 9.10.

Mode Sample Central value of Æm

D

�

(MeV) Width of Æm

D

�

(MeV)

K� Generi MC 145:46 � 0:01 0:34� 0:02

Data 145:37 � 0:02 0:32� 0:02

K��

0

Generi MC 145:50 � 0:02 0:43� 0:02

Data 145:34 � 0:03 0:46� 0:04

K3� Generi MC 145:50 � 0:02 0:38� 0:02

Data 145:38 � 0:03 0:40� 0:03

Table 9.10: Results of �tting Æm

D

�

on generi MC and data.

Candidates with a mass di�erene, Æm

D

�

, of �2MeV (�1:5MeV) around the entral value of

the mass peak are aepted for the K� and K��� (K��

0

) modes. The reason for the tighter

ut in the mode involving a �

0

is, that Æm

D

�

is a better disriminator than the �

0

and D

0

masses, where the ut is very loose despite high bakgrounds.

The signal MC distributions are very muh the same for all three modes, as it should be, and

the uts applied have a high eÆieny for signal. One again a mass onstraint is applied to

the aepted D

�

andidates.

73

The D

�

�

0

mode was also onsidered, but it ontributes marginally and su�ers from high bakgrounds.
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m(D*) - m(D0 Kπ) MC signal

Entries            5996
  253.7    /    75

P1  0.4894  0.2152E-01
P2  0.2943E-03  0.1138E-04
P3  0.1009E-02  0.2807E-04
P4  0.1455  0.6134E-05

0

100

200

300

400

500

0.142 0.143 0.144 0.145 0.146 0.147 0.148 0.149 0.15

m(D*) - m(D0 Kπ) Onpeak data D*

Entries            1129
  85.08    /    68

P1  0.5393  0.3149E-01
P2  0.3240E-03  0.2262E-04
P3  0.1454  0.1730E-04
P4  0.1474E-02  0.6783E-04
P5  0.1457  0.7298E-04
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m(D*) - m(D0 Kππ0) MC signal

Entries            8596
  375.1    /    80

P1  0.5179  0.2268E-01
P2  0.3578E-03  0.1240E-04
P3  0.1067E-02  0.2851E-04
P4  0.1455  0.6255E-05
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m(D*) - m(D0 Kππ0) Onpeak data D*

Entries            3625
  115.0    /    95

P1  0.2914  0.2219E-01
P2  0.4610E-03  0.3665E-04
P3  0.1453  0.2977E-04
P4  0.2051E-02  0.5700E-04
P5  0.1459  0.6216E-04
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m(D*) - m(D0 K3π) MC signal

Entries            6282
  279.5    /    75

P1  0.4817  0.1748E-01
P2  0.2780E-03  0.9795E-05
P3  0.1076E-02  0.2734E-04
P4  0.1455  0.5625E-05
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m(D*) - m(D0 K3π) Onpeak data D*

Entries            3151
  111.4    /    92

P1  0.2549  0.1785E-01
P2  0.4014E-03  0.3209E-04
P3  0.1454  0.2990E-04
P4  0.2229E-02  0.6113E-04
P5  0.1460  0.6756E-04
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Figure 9.13: The Æm

D

�

mass distribution on signal MC (left) and data (right) for K� (top),

K��

0

(middle), K3� (bottom).
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9.6.1 Summary of seletion requirements

There exists no alulations of the B

0

! D

(�)�

K

0

�

�

branhing frations, only rough esti-

mates [APS03℄, based on omparison with non-suppressed deays, of the order of 4�10

�4

. It

is the assumption used in the optimization of uts. The uts desribed above are summarized

in Table 9.11. They were obtained while blind, and were �xed before unblinding the signal

region.

Mode B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Submode K�� K� K��

0

K3�

Bahelor trak NOT VeryTightEl NOT VeryTightEl NOT VeryTightEl NOT VeryTightEl

NOT TightKaon NOT TightKaon NOT TightKaon NOT TightKaon

m

�

0
{ { �20MeV {

L

2

=�

L

2

(K

0

S

) > 4 > 4 > 4 > 4

P

vtx

(K

0

S

) > 0:001 > 0:001 > 0:001 > 0:001

m

K

0

S

�7MeV �7MeV �7MeV �7MeV

w

dalitz

{ { > 1:4% {

Kaon ID KMiroNotPion { KMiroNotPion KMiroNotPion

P

vtx

(D

�=0

) Conv. vertex �t Conv. vertex �t > 0:001 Conv. vertex �t

m

�=0

D

�12MeV �15MeV �30MeV �15MeV

Æm

D

�

{ �2MeV �1:5MeV �2MeV

P

vtx

(B

0

) > 0:001 Conv. vertex �t Conv. vertex �t > 0:001

Table 9.11: Cuts applied to the sample before the B

0

reonstrution (exept P

vtx

(B

0

) ut).

9.7 B

0

seletion

The B

0

andidates are formed from D

��

, K

0

S

and GTVL andidates, requiring the vertex

probability to be greater than 0.1% for all submodes in order to redue the ombinatoris.

9.7.1 Multiple andidates

In some events, several signal andidates are present: 3.5% in signal MC (8.4% in data)

for B

0

! D

�

K

0

�

�

, and 9.2% in signal MC (15.9% in data) for B

0

! D

��

K

0

�

�

. When

seleting all andidates whih ful�ll the referene uts and have m

ES

, �E, and F within

[5:24; 5:29℄ � [�0:1; 0:1℄ � [�3; 3℄, the number of andidates is distributed as desribed in

Table 9.12.

Mode Sample Candidates in event

1 2 3 4 5 6 7

D

�

K

0

�

�

Signal MC 24321 745 61 7 0 0 0

Data 9330 586 93 17 3 1 0

D

��

K

0

�

�

Signal MC 6435 623 64 20 6 1 0

Data 4849 742 112 48 8 9 0

Table 9.12: Distribution of number of andidates in events satisfying the seletion riteria for

signal MC and on-resonane data. The general overestimation of apabilities in MC auses

its lower multipliities. The D

��

K

0

�

�

mode has a larger fration of events with multiple

andidates due to the presene of a soft pion.
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There are several solutions to the problem, whih have been investigated. It was found, that

the best simple method is to selet one andidate on the basis of the D

0=�

mass, as it is not

used in the �nal likelihood �t. One de�nes a hi-square:

�

2

�

 

m

D

0=�

�m

peak

D

0=�

�

m

D

0=�

!

2

; (9.14)

and retains the andidate with the smallest value. Inluding �E in the �

2

, signi�antly

improves the right andidate fration, but biases the distribution of this variable. In �tting

the �E distribution of the o�-resonane data, the number of faked signal andidates inreased

by �ve events, when inluding �E in the �

2

. Considering this potentially large bias ompared

to the relative small gain, �E was omitted from the �

2

.

The simple �

2

piks the right andidate in 53.5% of the multi-andidate ases of signal MC

for D

�

K

0

�

�

and 58.6% for D

��

K

0

�

�

, as an be seen in Table 9.13. Adding m

K

0

S

and/or

Æm

D

�

, and the �

0

mass in the D

0

! K

�

�

+

�

0

ase does not inrease the right seletion rate.

Sine most of the ases have two andidates, this is lose to a random hoie. For andidates

sharing the same D andidate, the hoie is ompletely random.

Seletion by �

2

Right and. Wrong and. Right seletion rate (%)

D

�

K

0

�

�

813 705 53:6 � 1:3

D

��

K

0

�

�

715 521 58:6 � 1:4

Table 9.13: The right seletion rate of the �

2

hoie on signal MC.

9.7.2 Self Cross Feed

Signal events that have been wrongly reonstruted (either due to wrong ombination or

inlusion of partiles from the other B meson) may still fall in the signal region, though the

distributions of disriminating variables for suh events do not neessarily math that of the

orretly reonstruted signal. This is termed self ross feed (SCF). It is most pronouned in

�nal states ontaining a bahelor �

0

, as these are the least onstrain ed. If not orreted for,

it is a potential soure of bias (through the eÆieny orretion) when measuring branhing

frations, as suh events are rejeted by the truth mathing in the signal MC. In Table 9.14 are

listed the SCF in eah of the four �nal states onsidered in this analysis (inluding submodes)

estimated by using the MC truth mathing, whih has an eÆieny better than 0.5%.

Mode Submode Fration of SCF

B

0

! D

�

K

0

�

�

D

�

! K

�

�

�

�

�

1:0 � 0:1%

B

0

! D

��

K

0

�

�

D

0

! K

�

�

+

1:7 � 0:3%

B

0

! D

��

K

0

�

�

D

0

! K

�

�

+

�

0

3:9 � 0:5%

B

0

! D

��

K

0

�

�

D

0

! K

�

�

+

�

�

�

+

2:5 � 0:4%

Table 9.14: Self Cross Feed (SCF) estimates from signal MC using truth mathing.

As an be seen from the table, SCF is not very signi�ant for the deay modes onsidered,

as these do not ontain bahelor �

0

's nor possible interhanges of �nal state partiles

74

.

Furthermore, the SCF does not interhange the D

(�)�

and the �

�

harges (like the �

�

�

�

hannel), whih an have a sizable impat on the time-dependent �t.

74

Only in the B

0

! D

��

K

0

�

�

mode with the subsequent deay D

�+

! D

0

(K

�

�

+

�

+

�

�

)�

�

is there

potentially a hane of interhanging two pions.
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9.7.3 Final samples

The eÆieny of the various seletion requirements on signal MC are listed in Table 9.15.

The requirements have been applied onseutively in the order listed; the quoted eÆienies

are with respet to the samples obtained from the pre-seletion (see Setion 9.4).

Mode B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Submode K� K��

0

K3�

Listing Singly Multip. Singly Multip. Singly Multip. Singly Multip.

Raw eÆieny 0.275 0.241 0.106 0.143

�E 0.992 0.992 0.989 0.989 0.993 0.993 0.992 0.992

m

ES

1.000 0.992 1.000 0.989 1.000 0.993 1.000 0.992

P

vtx

(B

0

) 0.939 0.931 0.999 0.989 0.999 0.993 0.970 0.962

NOT VTEletron 0.994 0.925 0.993 0.982 0.995 0.988 0.996 0.958

NOT TKaon 0.986 0.912 0.985 0.967 0.988 0.976 0.991 0.949

Æm

D

�

{ { 0.873 0.844 0.552 0.539 0.825 0.783

m

D

0.890 0.812 0.929 0.784 0.905 0.488 0.888 0.695

P

vtx

(D

�=0

) 0.989 0.803 0.996 0.781 0.999 0.488 1.000 0.695

m

�

0
and w

dalitz

{ { { { 0.945 0.461 { {

m

K

0

S

0.945 0.759 0.935 0.730 0.935 0.431 0.940 0.653

P

vtx

(K

0

S

) 0.986 0.748 0.971 0.709 0.977 0.421 0.982 0.641

L

2

=�

L

2

(K

0

S

) 0.965 0.722 0.956 0.678 0.957 0.403 0.958 0.614

Mult. Cand. 0.974 0.703 0.948 0.643 0.913 0.368 0.932 0.572

Overall 0.193 0.155 0.039 0.082

Table 9.15: Singly and multipliative eÆieny of uts. The raw eÆieny is the eÆieny

after the pre-seletion. The D

(�)

mass requirements (in bold) are the eÆieny ostly. The

last line (Multiple andidates) is the eÆieny in dealing with multiple andidates in an event,

and thus the hane of hoosing the wrong andidate in events with more than one.

The initial samples (see Table 9.1) are at this point muh redued, and the remaining number

of events are listed in Table 9.16. The frations listed in the multipliative olumns are relative

to the sample from the preseletion.

Origin Sample B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Size (events) Fration (%) Size (events) Fration (%)

Data On-Resonane 10030 0.011 5773 0.0064

O�-Resonane 3274 0.031 732 0.0069

Sideband 11726 0.013 4307 0.0048

MC Signal MC 24497 19.33 7150 6.93

Generi B

0

B

0

6030 0.003 519 0.0003

Generi B

+

B

�

4679 0.003 2493 0.0016

Table 9.16: Redued data and Monte Carlo samples. The eÆienies quoted are relative to

the initial samples.
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9.8 Setion summary and onlusion

The data samples used for the analysis omprises of 81.8 fb

�1

on-resonane and 9.7 fb

�1

o�-resonane data. The on-resonane data orrespond to roughly 88 million BB pairs. In

addition to this, simulated samples of both signal and generi deays are used along with

similar ontrol samples. Due to possible di�erenes between simulation and reality, the latter

samples are used whenever possible.

The two most disriminating variables for B andidates are m

ES

and �E, the latter even

more so for the deay modes onsidered, as the many traks and mass onstraints inrease

its preision. In addition topologial and angular variables an be ombined to disriminate

against the dominating ontinuum bakground.

The event seletion applies general requirements to the masses and vertex probabilities of the

daughters. It also uses the transverse ight length of the K

0

S

and the deay distribution of

D

0

! K

�

�

+

�

0

. Additional disriminating information exist, but its usage is not straight

forward, and the gain it brings turns out to be limited.

The amount of signal mis-reonstrution (SCF) is very low, and the overall eÆienies are

19.3% for B

0

! D

�

K

0

�

�

, and 15.5%, 3.9%, and 8.2% for B

0

! D

��

K

0

�

�

in the three

deay modes of the D

0

, respetively.
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10 Fitting

After the seletion desribed in the previous setion has been applied, eah event ontains

exatly one B

0

andidate. Three variables still haven't been limited to the signal region, and

are available for �tting; namely m

ES

, �E, and F . They are required to be in the ranges

[5:24; 5:29℄ � [�0:1; 0:1℄ � [�3; 3℄ and [5:20; 5:288℄ � [�0:1; 0:1℄ � [�3; 3℄ for B

0

! D

�

K

0

�

�

and B

0

! D

��

K

0

�

�

respetively

75

. No requirement on the Dalitz position is made, thus

(initially) inluding the entire Dalitz region in the �t (resonant and non-resonant).

10.1 Signal and bakground haraterisation

Ideally one would like to �t the signal and bakground with a priori known PDFs leaving

all parameters oating in the �t. However, due to lak of statistis, signal parameters have

to be obtained from larger data samples (see Setion 9.4.1). In priniple the ontrol sample

ould be inluded in the �t. This has not been done, as the signal sizes are rather small

(5{10%) ompared to the ontrol samples, and therefore wouldn't add signi�antly to the

preision of the signal parameters. Also, several di�erent ontrol hannels are used for the

various dimensions and omponents in the �t, and the inreased number of free parameters

and events would signi�antly inrease the �tting time. To avoid biases due to di�erenes

between data and MC, data samples have been used whenever possible. The shape used for

eah PDF is disussed below and a summary an be found in Table 10.1.

10.1.1 Signal shape

The signal is desribed by a Gaussian distribution in m

ES

, two Gaussian distributions with

ommon mean in �E and a Bifurated Gaussian

76

in F .

The parameters for the signal shape in m

ES

and �E, obtained from the ontrol hannels

B

0

! D

(�)�

a

�

1

(see Setion 9.4.1), are the m

ES

mean and width, the widths of the two

Gaussians in �E, the fration of eah, and the ommon mean.

The three parameters for the Bifurated Gaussian desribing the F distribution are obtained

from the B

0

! D

��

�

�

ontrol sample. To hek that the F distribution is desribed well by

the hosen PDF, and that there are no tails unaounted for, the number of events beyond the

�3� limits was determined on the B

0

! D

��

�

�

sample. The result was 6 events below and

4 events above the entral distribution, whih is in good agreement with 4.2 events expeted

on eah side for the B

0

! D

�

K

0

�

�

mode.

10.1.2 Continuum bakground

Continuum events, espeially � events, are the dominant soure of bakground. This bak-

ground is desribed by an Argus-funtion [ARGUS87b℄ in m

ES

, a polynomial of �rst degree

in �E and a Bifurated Gaussian in F .

The o�-resonane data give a handle on the ontinuum bakground, and it is �tted in

order to onstrain the shape. The ontinuum Fisher shape is �xed to that obtained on the

o�-resonane data, while the m

ES

and �E parameters are only used as initial values in

the likelihood �t, and left oating in the �t. Repeating the exerise of heking the tails (see

subsetion 10.1.1 above) on the o�-resonane data gave no events beyond the 3� limits, where

1.1 was expeted, thus again no long tails were deteted.

It should be noted, that onsidering the F distribution of the sideband (either in m

ES

or

�E) does not give any good handle on the ontinuum bakground, as a signi�ant fration

75

Before applying this requirement, the o�-resonane m

ES

is orreted (using the beam energy), suh that

it shares the same distribution as the on-resonane ontinuum.

76

A Gaussian with di�erent widths above and below the mean, thus four parameters in total.
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of the side band events originates from ombinatorial BB events, whih have very nearly the

same F distribution as signal.

10.1.3 Combinatorial BB bakground

Combinatorial BB events also ontribute signi�antly to the bakground, and this soure is

evaluated using generi B

0

B

0

and B

+

B

�

Monte Carlo. The parametrization of ombinatorial

BB bakground is the same as for the ontinuum, but with a new set of parameters for all

variables exept the endpoint of the Argus funtion, whih is ommon and kept �xed.

To minimize orrelation with ontinuum events when performing the �nal �t, the Fisher shape

has been �xed to that obtained by �tting generi MC, whih has been found to desribe data

well in previous studies (see Setion 9.3). All the other parameters are left oating in the

likelihood �t, using as initial values the results from �tting the generi BB MC sample.

10.1.4 Peaking BB bakground

In addition to the ombinatorial bakgrounds, two sorts of peaking bakgrounds are possible.

By peaking is generally meant a tendeny to have peaking features in one or more variables,

where the random bakground does not have any suh features.

The �rst type of peaking bakground omes from deays where a (low momentum) parti-

le from a B deay has been missed (e.g. �nal state D

�

K

0

S

�

�

�

0

) or simply exhanged with

another belonging to the rest of the event (e.g. �nal state D

�

K

0

S

X, where X has been ex-

hanged with a random pion). Suh events peak in m

ES

, but not neessarily with the same

shape as the signal. However, suh events do not peak in �E, as a missing partile (typially

a �

0

) will shift �E by at least the energy of this partile, thus at least the mass of a pion. In

the �t, only the interval [�100; 100℄MeV is onsidered, and only a tail due to resolution and

exhange with ROE partiles will be seen.

In the �E sideband of B

0

! D

�

K

0

�

�

on-resonane data the peaking bakground is visible

(see Fig. 10.1a), and the mean (5:278 � 0:001GeV) and width (3:72 � 0:50MeV) of the peak

are in aordane with the values obtained from generi BB MC (see Fig. 10.1b), whih are

used in the likelihood �t (see Table 10.2). Due to the larger ombinatorial bakground, it is

hard to identify the exat soure of peaking bakground events. As illustrated in Fig. 10.1b,

one an by subtrating the sideband in m

ES

(blue/dark grey region) from the peaking region

(red/light grey region) hek, that this bakground does not peak in �E (see Fig. 10.1).
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Figure 10.1: (a) Position and width in m

ES

of peaking bakground measured in the �E

sideband of the data. (b) Peaking bakground and () the �E distribution of the peak-

ing bakground in generi BB MC. The latter is obtained from the peaking region in m

ES

(red/light grey region) subtrated the sideband in m

ES

(blue/dark grey region). None of the

bakground, that peaks in m

ES

, also peaks in �E (see text).
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As parametrization for the peaking bakground in �E, polynomials of zeroth, �rst, seond,

and third degree along with an exponential and a onstant plus an exponential have been

tried. Sine the exponential is the simplest funtion that desribes the data well, this was

hosen (aording to Oam's Razor [O30℄). In addition, it is both liable and robust. Hene,

this omponent is parametrised by a Gaussian in m

ES

, an exponential with oeÆient �

peak

in �E, and the same Bifurated Gaussian as for the ombinatorial BB bakground for the

Fisher variable, F . The size of this bakground is thus evaluated from the �t.

The seond possible type of peaking bakground originates from B

0

deays with the same

partiles in the �nal state (e.g. K

�

(K�)K

�

(K

0

S

�)� or D

0

(K�)K

0

S

��), whih an be reshu�ed

to mimi a B

0

! D

(�)�

K

0

�

�

andidate. It is thus ompletely degenerate with the signal

shape in terms of variables used in the �t (i.e. it peaks in m

ES

and �E and has the shape

of BB events). This bakground is denoted degenerate peaking bakground (also known as

double peaking bakground, refering to m

ES

and �E). Its size is evaluated a posteriori by

using the m

D

and m

K

0

S

sidebands. This omponent, being ontained in the signal yields,

annot be orreted for in the �t, but must be subtrated afterwards, if present.

An alternative method to inorporate these bakgrounds would be to inlude the D and K

0

S

masses and their sidebands in the �t. In this manner, the degenerate peaking bakground

would no longer be degenerate, but ould be determined from the �t. This approah was

attempted, but due to the enlarged sample and the larger dimensionality of the �t, the

time required for the �t to onverge inreased beyond the aeptable and the approah was

abandonned.

10.1.5 PDF and parameter summary

A summary of the above desribed PDFs are presented in Table 10.1.

Component Signal Continuum BB BB peak Total

m

ES

G

1

Argus

1

Argus

2

G

2

7

�E GG P1

1

P1

2

Exp 7

F BG

1

BG

2

BG

3

BG

3

9

N parameters 9 6 6 6 23

Table 10.1: PDFs used for signal, ontinuum, and BB bakground (non-peaking and non-

degenerate peaking). Four parameters are ommon among omponents, whih has to inluded

when summing the bottom line of the table. The abbreviations are G = Gaussian, GG =

double Gaussian, P1 = polynomial of �rst degree, Exp = exponential, and BG = Bifurated

Gaussian. The olor ode is Blak: Fixed in �t, Magenta: �xed from MC, and Green: Free.

In addition to the 4 yields of interest, the number of parameters desribing the shape of the

PDFs are 9 for the signal, and 14 for the bakground, giving a total of 27 parameters. The all

signal and 9 bakground parameters are �xed in the �t, giving a total of 9 free �t parameters.

10.2 Likelihood �t

The events are �tted with an extended unbinned maximum likelihood �t ontaining the

variablesm

ES

, �E, and F . A probability produt, P

j

(m

ES

;i

;�E

i

;F

i

) = P

j

(m

ES

;i

) �P

j

(�E

i

) �

P

j

(F

i

), is assigned to eah event, i, and an unbinned likelihood is onstruted:

lnL =

X

i

ln

 

X

j=omp.

N

j

P

j

(m

ES

;i

;�E

i

;F

i

)

!

�

X

j=omp.

N

j

; (10.1)

where the sum j is over the four omponents of the sample (signal, ontinuum, ombinatorial

and peaking bakground), and N

j

is the number of events in eah omponent.
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The �tting is done using RooFit [KV01℄ based on ROOT [Bru95℄. To test the �tting routine

and obtain initial and possibly �xed values, the o�-resonane data, the ontrol samples (B

0

!

D

(�)�

a

�

1

andB

0

! D

��

�

�

) and the generi MC were used. For the signal MC, eah dimension

in the �t (m

ES

, �E, and F) were �tted separately, while the �t was performed in all relevant

dimensions simultaneously for the other samples. The �t onverges niely and the results an

be seen in Figure 10.2 for MC samples (signal and generi BB) and in Figure 10.3 for data

samples (o�-resonane data and ontrol samples).

In general the PDFs desribe the data well. The only exeption to this is the F signal distri-

bution, where the PDF in all three signal ases (signal MC, generi BB, and B

0

! D

�

a

+

1

)

falls slightly below the atual distribution at its enter: The Bifurated Gaussian used to

parametrize this distribution simply does not have enough degrees of freedom to inorporate

the features of the distribution.

Several other distributions were tried, and the best �t was obtained with a Bifurated Gaus-

sian plus a Gaussian. However, this PDF has twie the number of parameters, and as the

shape is obtained from the ontrol sample B

0

! D

��

�

+

(see Fig. 10.3), some would have been

poorly determined. In addition, the systemati from hanging this PDF is very small (see

Setion 11.1.7), it was deided to keep the simplest PDF, namely the Bifurated Gaussian.

To test the �tting routine further, the �t was applied to a test sample onsisting of bakground

events (from m

D

�
sideband) and 150 signal MC events: 156� 17 events were obtained, thus

in aordane within statistial errors.

10.2.1 Result for the B

0

! D

�

K

0

�

�

mode

After having performed the �t on MC, o�-resonane, and ontrol samples, it was applied to

the B

0

! D

�

K

0

�

�

data sample. One again the �t onverged niely, with values for the

bakground parameters lose to the ones obtained from the initial �ts. The results of the �t

an be seen in Fig. 10.4 (left) and the obtained parameters are listed in Table 10.2.

In addition to the entire Dalitz plot, the K

�

(892) resonane region (de�ned as a mass range

entered on the K

�

(892) mass, of half width 2� = 100MeV) was �tted separately. When

applying this ut, the number of bakground events drop by an order of magnitude, and

the subsequent �t annot determine the same amount of parameters. For this reason the

exponential oeÆient of the PDF in �E for the peaking omponent was �xed to the value

obtained when �tting the entire sample. The �t result is shown in Fig. 10.4 (right) and the

parameters are listed in Table 10.3.

The orrelation matrix gives the linear orrelation among the variables. The orrelations for

the B

0

! D

�

K

0

�

�

�t (and the �ts in general) are not large, and the signal yield is the least

orrelated parameter (see Table 10.4).

10.2.2 Result for the B

0

! D

��

K

0

�

�

mode

Despite ontaining a �

0

in the �nal state, the D

0

! K

�

�

+

�

0

mode does not have a

muh larger unertainty in �E, whih is due to the mass onstrain on the D

0

and the

D

��

. From �tting the signal MC with a single Gaussian the width was determined to be

�

�E

(K

�

�

+

�

0

) = (12:5 � 0:2)MeV, ompared to �

�E

(K

�

�

+

) = (11:8 � 0:2)MeV and

�

�E

(K

�

�

+

�

+

�

�

) = (11:6 � 0:2)MeV.

To inlude this small e�et and possibly other di�erenes (e.g. eÆieny orretions), the

three D

0

modes were �tted separately in the B

0

! D

��

K

0

�

�

�t, eah with the �t param-

eters obtained from their respetive ontrol hannels (i.e. the B

0

! D

�

a

+

1

hannel with the

mathing deay mode of the D

0

). The result of the �t an be seen in Fig. 10.5 (left), where

the three D

0

modes have been added together, and the obtained parameters are listed in

Table 10.5.
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Figure 10.2: Projetions of the m

ES

(top), �E (middle) and F (bottom) distributions with

the unbinned maximum likelihood �t PDF plotted on top for signal MC (left) and generi

BB MC (right) for the deay B

0

! D

�

K

0

�

�

(see text). Key for urves: Green: ombinatorial

BB, yan: peaking BB and blak: signal.
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Figure 10.3: Projetions of the m

ES

(top), �E (middle) and F (bottom) distributions with

the unbinned maximum likelihood �t PDF plotted on top for o�-resonane data (left) and

the ontrol samples B

0

! D

�

a

�

1

for m

ES

and �E and B

0

! D

��

�

�

for F (right) for the

deay B

0

! D

�

K

0

�

�

(see text). Key for urves: Green: ontinuum and ombinatorial BB, yan:

peaking BB and blak: signal.
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Component Parameter Fixed Value Unit Soure

Signal m

ES

Mean Yes 5:2801 � 0:0001 GeV D

�

a

1

m

ES

Width Yes 2:612 � 0:060 MeV D

�

a

1

�E Mean Yes �4:89 � 0:30 MeV D

�

a

1

�E Width

1

Yes 8:18� 1:18 MeV D

�

a

1

�E Width

2

Yes 15:55 � 2:11 MeV D

�

a

1

�E f

G1

Yes 0:443 � 0:186 { D

�

a

1

F Mean Yes 0:432 � 0:025 { D

��

�

F �

Left

Yes 0:716 � 0:017 { D

��

�

F �

Right

Yes 0:539 � 0:016 { D

��

�

Continuum m

ES

Shape No �19:2� 3:3 {

m

ES

Endpoint Yes 5:2903 � 0:0001 GeV D

�

a

1

�E Slope No �1:74 � 0:29 ev/GeV

F Mean Yes �0:339 � 0:066 { O�-Resonane

F �

Left

Yes 0:744 � 0:043 { O�-Resonane

F �

Right

Yes 0:613 � 0:041 { O�-Resonane

BB m

ES

Shape No �13:3� 9:3 {

�E Slope No �0:46 � 0:72 ev/GeV

F Mean Yes 0:468 � 0:018 { BB Generi MC

F �

Left

Yes 0:640 � 0:012 { BB Generi MC

F �

Right

Yes 0:454 � 0:011 { BB Generi MC

BB peak m

ES

Mean Yes 5:2801 � 0:0008 GeV BB Generi MC

m

ES

Width Yes 3:95� 0:56 MeV BB Generi MC

�E Exp. Coef. No �8:6� 6:3 GeV

�1

Table 10.2: Parameter values from the B

0

! D

�

K

0

�

�

�t. The errors on the �xed parameters

are the ones obtained from the �t on the o�-resonane/ontrol/MC sample. They are varied

by �1� to aount for systemati errors.
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Figure 10.4: Projetions of the m

ES

, �E and F distributions with the unbinned maxi-

mum likelihood �t PDF plotted on top for the deays B
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! D

�

K

0

�

�

(left) and B

0

!

D

�

K(892)

��

(K

0

�

�

) (right). Key for urves: Red: ontinuum, Green: omb. BB, yan: peaking

BB and blak: signal.
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Component Parameter Fixed Value Unit Soure

Signal m

ES

Mean Yes 5:2801 � 0:0001 GeV D

�

a

1

m

ES

Width Yes 2:612 � 0:060 MeV D

�

a

1

�E Mean Yes �4:89 � 0:30 MeV D

�

a

1

�E Width

1

Yes 8:18 � 1:18 MeV D

�

a

1

�E Width

2

Yes 15:55 � 2:11 MeV D

�

a

1

�E f

G1

Yes 0:443 � 0:186 { D

�

a

1

F Mean Yes 0:432 � 0:025 { D

��

�

F Left Width Yes 0:716 � 0:017 { D

��

�

F Right Width Yes 0:539 � 0:016 { D

��

�

Continuum m

ES

Shape No �15:8� 7:9 {

m

ES

Endpoint Yes 5:2903 � 0:0001 GeV D

�

a

1

�E Slope No �1:52 � 0:67 ev/GeV

F Mean Yes �0:339 � 0:066 { O�-Resonane

F Left Width Yes 0:744 � 0:043 { O�-Resonane

F Right Width Yes 0:613 � 0:041 { O�-Resonane

BB m

ES

Shape No �55:4 � 79:0 {

�E Slope No �0:29 � 5:47 ev/GeV

F Mean Yes 0:468 � 0:018 { BB Generi MC

F Left Width Yes 0:640 � 0:012 { BB Generi MC

F Right Width Yes 0:454 � 0:011 { BB Generi MC

BB peak m

ES

Mean Yes 5:2801 � 0:0008 GeV BB generi MC

m

ES

Width Yes 3:95 � 0:56 MeV BB generi MC

�E Exp. Coef. Yes �8:6 � 6:3 GeV

�1

BB generi MC

Table 10.3: Parameter values from the B

0

! D

�

K

��

�t. The errors on the �xed parameters

are the ones obtained from the �t on the o�-resonane/ontrol/MC sample. They are varied

by �1� to aount for systemati errors.

Param. All N

BB

N

Peak

N

Cont

N

sig

�

BB

�

Cont

�

Peak

P1

BB

P1

Cont

N

BB

0.707 1.000 0.474 -0.507 0.097 -0.335 -0.022 -0.296 0.023 -0.013

N

Peak

0.824 0.474 1.000 0.004 0.375 -0.587 -0.046 -0.635 0.151 -0.018

N

Cont

0.585 -0.507 0.004 1.000 -0.026 0.016 -0.014 0.001 0.037 0.002

N

sig

0.455 0.097 -0.375 -0.026 1.000 -0.133 0.042 -0.350 0.121 0.003

�

BB

0.743 -0.335 -0.587 0.016 -0.133 1.000 -0.405 0.409 -0.145 0.053

�

Cont

0.553 -0.022 -0.046 -0.014 0.042 -0.405 1.000 -0.018 0.065 -0.039

�

Peak

0.744 -0.296 -0.635 0.001 -0.350 0.409 -0.018 1.000 -0.400 -0.006

P1

BB

0.681 0.023 0.151 0.037 0.121 -0.145 0.065 -0.400 1.000 -0.524

P1

Cont

0.587 -0.013 -0.018 0.002 0.003 0.053 -0.039 -0.006 -0.524 1.000

Table 10.4: Correlations among �tted variables for the B

0

! D

�

K

0

�

�

�t. The leftmost

olumn ontains the total orrelation, the signal yield having the smallest orrelation, mainly

with the peaking bakground, as it resembles signal the most.
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Figure 10.5: Projetions of the m

ES

, �E and F distributions with the unbinned max-

imum likelihood �t PDF plotted on top for the deays D
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(left) and B
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K(892)
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0

�

�

) (right). Key for urves: Red: ontinuum, Green: omb. BB, yan: peaking

BB and blak: signal.
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Comp. Parameter Fixed Value Value Value Soure

K� K��

0

K3�

Signal m

ES

Mean Yes 5:2803� 0:0001 5:2804� 0:0001 5:2803� 0:0001 D

��

a

1

m

ES

Width Yes 2:547� 0:074 2:623� 0:103 2:510� 0:090 D

��

a

1

�E Mean Yes �4:26� 0:47 �6:34� 0:66 �6:45� 0:57 D

��

a

1

�E Width

1

Yes 8:48� 0:81 11:42� 0:87 11:59� 0:67 D

��

a

1

�E Width

2

Yes 21:07� 2:44 32:69� 6:40 40:08� 13:12 D

��

a

1

�E f

G1

Yes 0:517� 0:085 0:686� 0:078 0:844� 0:063 D

��

a

1

F Mean Yes 0:432� 0:025 (ommon for all modes) D

��

�

F �

Left

Yes 0:716� 0:017 (ommon for all modes) D

��

�

F �

Right

Yes 0:539� 0:016 (ommon for all modes) D

��

�

Cont. m

ES

Shape No �38:5� 10:2 �17:1� 5:3 �25:4� 4:9

m

ES

Endpoint Yes 5:2883� 0:0002 5:2884� 0:0003 5:2884� 0:0003 D

��

a

1

�E Slope No �0:22� 1:42 �1:12� 0:73 �0:51� 0:70

F Mean Yes �0:224� 0:081 (ommon for all modes) O�-Res.

F �

Left

Yes 0:586� 0:051 (ommon for all modes) O�-Res.

F �

Right

Yes 0:601� 0:051 (ommon for all modes) O�-Res.

BB m

ES

Shape No �30:3� 14:0 �49:6� 8:7 �27:5� 9:0

�E Slope No 1:01� 1:75 �0:54� 1:14 �2:14� 1:19

F Mean Yes 0:532� 0:019 (ommon for all modes) Gen. MC

F �

Left

Yes 0:637� 0:013 (ommon for all modes) Gen. MC

F �

Right

Yes 0:367� 0:012 (ommon for all modes) Gen. MC

Peak m

ES

Mean Yes 5:2798� 0:0003 (ommon for all modes) Gen. MC

m

ES

Width Yes 3:33� 0:45 (ommon for all modes) Gen. MC

�E Exp. Coef. No �4:5� 6:2 �12:9� 27:1 �6:1� 7:9

Table 10.5: Parameter values from the B

0

! D

��

K

0

�

�

�t. The errors on the �xed param-

eters are the ones obtained from the �t on the o�-resonane/ontrol/MC sample. They are

varied by �1� to aount for systemati errors.
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One again the �t is repeated in theK

�+

resonant region only, and for the same reason as when

�tting B

0

! D

�

K

��

, some bakground parameters are �xed. The resulting distributions

and �ts an be seen in Fig. 10.5 (right) and the �tted parameters an be found in Table 10.6.

Comp. Parameter Fixed Value Value Value Soure

K� K��

0

K3�

Signal m

ES

Mean Yes 5:2803� 0:0001 5:2804� 0:0001 5:2803� 0:0001 D

��

a

1

m

ES

Width Yes 2:547� 0:074 2:623� 0:103 2:510� 0:090 D

��

a

1

�E Mean Yes �4:26� 0:47 �6:34� 0:66 �6:45� 0:57 D

��

a

1

�E Width

1

Yes 8:48� 0:81 11:42� 0:87 11:59� 0:67 D

��

a

1

�E Width

2

Yes 21:07� 2:44 32:69� 6:40 40:08� 13:12 D

��

a

1

�E f

G1

Yes 0:517� 0:085 0:686� 0:078 0:844� 0:063 D

��

a

1

F Mean Yes 0:432� 0:025 (ommon for all modes) D

��

�

F �

Left

Yes 0:716� 0:017 (ommon for all modes) D

��

�

F �

Right

Yes 0:539� 0:016 (ommon for all modes) D

��

�

Cont. m

ES

Shape No �38:7� 12:5 �22:6� 7:6 �32:4� 6:9

m

ES

Endpoint Yes 5:2883� 0:0002 5:2884� 0:0003 5:2884� 0:0003 D

��

a

1

�E Slope No 0:27� 1:82 �0:78� 1:05 1:18� 1:01

F Mean Yes �0:224� 0:081 (ommon for all modes) O�-Res.

F �

Left

Yes 0:586� 0:051 (ommon for all modes) O�-Res.

F �

Right

Yes 0:601� 0:051 (ommon for all modes) O�-Res.

BB m

ES

Shape Yes �30:3� 14:0 �49:6� 8:7 �27:5� 9:0 D

��

K

0

S

�

�E Slope Yes 1:01� 1:75 �0:54� 1:14 �2:14� 1:19 D

��

K

0

S

�

F Mean Yes 0:532� 0:019 (ommon for all modes) Gen. MC

F �

Left

Yes 0:637� 0:013 (ommon for all modes) Gen. MC

F �

Right

Yes 0:367� 0:012 (ommon for all modes) Gen. MC

Peak m

ES

Mean Yes 5:2798� 0:0003 (ommon for all modes) Gen. MC

m

ES

Width Yes 3:33� 0:45 (ommon for all modes) Gen. MC

�E Exp. Coef. Yes �4:5� 6:2 �12:9� 27:1 �6:1� 7:9 D

��

K

0

S

�

Table 10.6: Parameter values from the B

0

! D

��

K

��

�t. The errors on the �xed parameters

are the ones obtained from the �t on the o�-resonane/ontrol/MC sample. They are varied

by �1� to aount for systemati errors.

From the �gures with PDFs superimposed on top of the projeted data distributions one an

see that the parametrizations and �ts desribe the data well.

Param. All N

BB

N

Peak

N

Cont

N

sig

�

BB

�

Cont

P1

BB

P1

Cont

N

BB

0.707 1.000 -0.459 -0.535 -0.002 -0.220 0.067 -0.116 -0.029

N

Peak

0.713 -0.459 1.000 0.015 -0.128 0.496 -0.013 0.093 0.066

N

Cont

0.601 -0.535 0.015 1.000 -0.034 -0.031 -0.059 0.061 -0.006

N

sig

0.223 -0.002 -0.128 -0.034 1.000 0.016 0.037 -0.028 0.007

�

BB

0.735 -0.220 0.496 -0.031 0.016 1.000 -0.520 -0.173 0.181

�

Cont

0.606 0.067 -0.013 -0.059 0.037 -0.520 1.000 0.171 -0.119

P1

BB

0.624 -0.116 0.093 0.061 -0.028 -0.173 0.171 1.000 -0.584

P1

Cont

0.599 -0.029 0.066 -0.006 0.007 0.181 -0.119 -0.584 1.000

Table 10.7: Correlations among �tted variables for the B

0

! D

�

K

��

�t. The leftmost

olumn ontains the total orrelation, the signal yield having the smallest orrelation, mainly

with the peaking bakground, as it resembles signal the most.
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10.3 Yields

The yields from the �ts shown in Figure 10.4 for B

0

! D

�

K

0

�

�

and in Figure 10.5 for

B

0

! D

��

K

0

�

�

are listed in Table 10.8.

Component D

�

K

0

�

�

D

�

K

��

D

��

K

0

�

�

D

��

K

��

Signal 230� 24 143� 14 134 � 17 78 � 10

Continuum 7009 � 117 1135 � 44 3464 � 97 708� 38

BB 2578 � 112 92� 34 2072 � 91 52 � 28

BB peak 202� 66 12� 17 69� 26 12� 9

Purity (%) box 40 84 45 83

Purity (%) error 39 73 44 71

Table 10.8: Raw yields and purities obtained from the likelihood �t (degenerate peaking

bakground has not been subtrated). The errors are statistial only, and the purities are

de�ned either within a ertain signal region (box) or diretly from the unertainties (error).

As an be seen from the yields, a signi�ant fration of the events lies in the K

�

band. Not

surprisingly, both the bakground and the peaking bakground are signi�antly redued when

onsidering only the K(892)

��

band. The purity listed in Table 10.8 is de�ned in two ways;

�rst as the signal fration in the region [5:27; 5:29℄� [�0:02; 0:02℄� [�0:5; 3℄ in m

ES

, �E, and

F (box) and seond as N

sig

=�

2

N

sig

(error). The latter de�nition shows to what degree the

statistial error orresponds to that of an equally large perfetly lean sample.

10.4 Degenerate peaking bakground

The degenerate peaking bakground is evaluated using the sidebands of m

D

and m

K

0

s

. The

sidebands onsist of events whih satisfy all seletion riteria, but whose D or K

0

S

masses lie

outside the signal region. For the D meson sideband the intervals 20 < jm

D

�m

peak

D

j < 35MeV

around the entral value were used for the fully harged modes (35 < jm

D

�m

peak

D

j < 65MeV

for the D

0

! K

�

�

+

�

0

mode) and for the K

0

S

the intervals 10 < jm

K

0

s

�m

peak

K

0

s

j < 15MeV

were used. The result an be found in Table 10.9.

Mode Signal m

D

sideb. m

K

0

s

sideb.

D

�

K

0

�

�

229:5 � 24:2 21:7 � 13:7 �6:4� 4:5

D

�

K

��

142:5 � 14:1 10:8 � 5:5 3:5� 3:2

D

��

K

0

�

�

(K�) 42:9 � 10:0 9:4 � 7:5 3:7� 4:6

D

��

K

��

(K�) 31:8 � 8:0 3:1 � 3:0 �2:0� 2:9

D

��

K

0

�

�

(K��

0

) 59:4 � 11:8 2:6 � 4:6 5:7� 4:7

D

��

K

��

(K��

0

) 24:6 � 5:5 1:0 � 1:0 �0:8� 1:7

D

��

K

0

�

�

(K3�) 31:9 � 6:9 6:7 � 3:4 2:1� 2:2

D

��

K

��

(K3�) 23:1 � 5:9 3:6 � 2:8 1:6� 2:4

Table 10.9: Signal and degenerate peaking bakground yields evaluated using the m

D

and

m

K

0

S

sideband.

For the K

0

S

mass spetrum, the sideband window (5 MeV on eah side) has a smaller size

than the signal window (7 MeV on eah side), and as the bakground is assumed (and tested

on generi MC and by �ts) to be uniformly distributed, a saling fator of 7/5 = 1.4 has

been applied. For the D

�

sideband the window is 15 MeV, whih is larger than the signal

window of 12 MeV, so here a saling fator of 12/15 = 0.8 is used. The D

0

sidebands have
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the same size as the signal window, thus no saling fator is required. In the seletion, the

D and K

0

S

sidebands are made mutually exlusive to avoid double ounting (due to multiple

andidates).

The yields found in the sidebands an have two origins. Either they are due to misreon-

struted signal events or they are from B

0

deays with the same �nal state. It is the fration

of the yields whih exeed the misreonstrution estimates, that has to be subtrated.

It is noteworthy that only very little degenerate peaking bakground (if any) originates from

fake K

0

S

mesons, thus the potentially troublesome B

0

! D

(�)�

a

�

1

hannels (used as on-

trol hannels) do not ontribute to the B

0

! D

(�)�

K

0

�

�

signal. The degenerate peaking

bakground from o�-resonane data is onsistent with zero, as one would expet.

10.5 Setion summary and onlusion

The seleted data sample is �tted with an unbinned maximum likelihood �t in the three

variables m

ES

, �E, and F , onsidering four distint PDF omponents: Signal, along with

ontinuum, ombinatorial BB, and peaking BB bakground. The �t is tested on both simu-

lated events and ontrol samples. The signal shape is determined from the latter and frozen

in the �t, while the bakground shape is mostly left oating.

The �t onverges lose to the initial values obtained from MC samples, and the yields are

230 � 24 for B

0

! D

�

K

0

�

�

and 134 � 17 for B

0

! D

��

K

0

�

�

, with a purity around 40%.

Repeating the �t in the K

��

resonant region yields 143� 14 and 78� 10 events, respetively.
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11 Systemati errors

Everything is vague to a degree you do not realize till you have tried to make it

preise.

[Bertrand Russell, 1872-1970℄

Systemati errors is a ommon expression for soures of unertainty whih are assoiated with

the (subjetive) hoies made in an analysis. They arise from the fators used for turning an

event yield into a branhing fration, suh as eÆieny orretions, PDF parametrizations,

theoretial unertainties and total number of B deays onsidered.

Their treatment an be ontroversial, as no �xed set of rules exists on how to determine their

size. Furthermore, as they are often not of statistial origin and therefore not Gaussian in

distribution, great are has to be taken in their interpretation.

Below are listed the various systemati errors onsidered in this analysis. For the most part

they are of quite standard origin and their size relatively easily alulable.

11.1 EÆieny orretions

One of the most important and entral orretions to make is the eÆieny orretion, and

it is not surprisingly also the one that requires the most time and e�ort. Basially, the eÆ-

ieny for signal events is alulated using signal MC. Knowing how many deays went into

the simulation, and how many were reonstruted, an eÆieny an be alulated.

However, though the detetor simulation is both detailed and tuned to data, the orrespon-

dane is never omplete (see Setion 9.1.1). As a result, one is fored to quantify the level

of auray to whih the simulation holds and onsequently the size of eventual orretions

needed to restore idential properties between data and MC, whih evidently have assoiated

(systemati) errors.

To determine the size of the orretions and their errors, one uses large and suÆiently lean

data samples obtained from other soures. Along with orresponding MC samples, the dif-

ferenes between the two an be quanti�ed for eah type of partile/phenomena.

11.1.1 Traking eÆieny orretion

The traking eÆieny orretion is determined from e

+

e

�

! �

+

�

�

events, where (apart

from neutrinos) one tau deays to a lepton (Br(�

�

! `

�

��

`

��

�

�) = (35:21 � 0:09)%) and

the other tau deays to three harged pions (Br(�

�

! �

�

�

+

�

�

�

�

�) = (9:22 � 0:10)%) of

whih only two are deteted. Thus the signature and hene seletion riteria of suh events is

an isolated lepton with two reoiling traks. From knowing that a fourth trak has to exist

(simply from harge onservation), the following ratio (for that trak) an be establised:

� =

(�A)

Data

� (�A)

MC

(�A)

MC

; (11.1)

where � is the eÆieny and A is the aeptane of MC and data. To a very good approx-

imation the aeptane, anels in this ratio, and onsequently the di�erene between the

simulated and the atual traking eÆieny, denoted �, an be determined (the orretion

to be made is 1 ��). Note, that not the absolute, but only the relative traking eÆieny

between data and Monte Carlo is measured.

In general, the traking eÆieny orretion is a funtion of momentum, diretion, and trak

quality, and therefore a mapping aording to these quantities may be needed. With a binned

mapping, the division has to be oarse enough for eah bin to ontain enough statistis, suh



138 11 SYSTEMATIC ERRORS

that the (systemati) error on the orretion remains small ompared to the orretion it-

self

77

.

A set of orretions is omputed for eah setting of the DCH high voltage, sine it hanges

with these. But as the Monte Carlo samples are produed with the same onditions as the

data, the orretions do not hange signi�antly for the di�erent voltage settings.

The traking eÆieny orretions and systemati errors are omputed on the average

for eah trak quality involved, as no signi�ant dependenies are seen in other dimensions

[Tra03℄. GoodTraksVeryLoose (GTVL) do not require any orretion (the orretion is

onsistent with unity), and a systemati error of 1.3% is assigned for eah trak. GTVL with

low momentum (i.e. the soft pion from D

��

deays) do not require any orretion either, but

entail a systemati error of 1.6%. The trak identi�ed as a kaon for the reonstrution of D

�

andidates is required to be a GoodTrakLoose (GTL). For these, there is a orretion of 0.8%

and a systemati error (whih is entirely orrelated with those of GTVL) of 2.0%. Overall,

the total systemati error due to traking eÆieny orretions is estimated to be 5.9% for

B

0

! D

�

K

0

�

�

, and 5.5%, 5.5%, and 8.1% for the three D

0

modes of B

0

! D

��

K

0

�

�

.

11.1.2 K

0

S

eÆieny orretion

The K

0

S

eÆieny orretion has to be omputed separately from the traking eÆieny or-

retion, due to the depeny on the deay distane and the additional requirements demanded

in the analyses. The orretions are studied using high-statistis data and MC samples, and

alulated for the most ommon set of requirements. The eÆieny orretion is applied on

an event-by-event basis [KsC03℄.

The overall orretion fator obtained is 0:971� 0:018 for B

0

! D

�

K

0

�

�

and 0:971� 0:019

for B

0

! D

��

K

0

�

�

averaged over di�erent DCH voltage settings and D

0

deay modes. In

addition, a orretion of 0:981 � 0:002 has to be applied, due to the K

0

S

mass ut.

11.1.3 �

0

eÆieny orretion

The �

0

eÆieny orretion is obtained from tau deays, where one tau deays to a lepton

(�

+

! `

+

�

`

��

�

) and the other to one harged hadron and N �

0

's (�

�

! h

�

N�

0

�

�

). The

ratio between events with N = 1 and N = 2 depends only on the branhing ratio (known to

better than 1%), the MC kinematis (assumed well-modelled) and the �

0

eÆieny. Finally, a

large lean sample of suh events an be obtained from the data. This sample is also used to

measure di�erenes between the �

0

mass resolution and the energy sale di�erene between

data and MC.

The systemati errors due to eÆieny di�erenes is estimated to be 3% and the unertainty

due to mass resolution 3% also. The overall systemati error omes out to be 5:0%, whih

also inludes a small bias error from the tau method itself.

11.1.4 PID eÆieny orretion

The PID eÆieny orretion is obtained from a pure sample of D

�+

! D

0

(! K

�

�

+

)�

+

soft

deays, where the identity of the kaon and pion from the D

0

deay is determined from the

harge of the soft pion. By omparing the PID performane for this seletion with that of

an equivalent MC sample, the orretion and its unertainty an be obtained as a funtion of

momentum and seletion riteria.

For the three deay modes of the D

0

, the kaon list used is KMiroNotPion, for whih the

orretions omes out to be 0.977, 0.965, and 0.961, respetively. In the reonstrution of D

�

andidates, KMiroNotPionGTL are used, for whih no mapping of the eÆieny orretion

77

A more re�ned approah is to parametrize the eÆieny orretion and then �t it on the data samples.
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exists. Therefore the orretions relevant to KMiroNotPion were used, whih yielded a or-

retion of 0.957. The assoiated systemati error is multiplied by the eÆieny ratio between

the two seletions

78

to aount for possible di�erenes. Inluded in the above orretions is

also the demand that the bahelor trak is not a KMiroTight or a eMiroVeryTight.

The systemati error due to the PID orretions was taken to be 2.0% for the B

0

! D

�

K

0

�

�

mode, as suggested by the PID analysis [PID03℄, and 2.2% for the B

0

! D

��

K

0

�

�

mode.

11.1.5 D

(�)

eÆieny orretions and branhing ratios unertainties

The uts applied on the D

0=�

masses and D

�

mass di�erene are also potentially di�erent

for data and MC. In order to estimate the orretions needed and their assoiated systemati

error, the eÆienies were determined from a �t inm

ES

of the ontrol hannels B

0

! D

(�)�

a

�

1

on both data and MC samples. The ratio of the data and MC eÆienies were omputed for

eah mode, and the results an be found in Table 11.1 along with the errors assoiated with

the branhing frations of the D

(�)

mesons [PDG02℄.

Mode B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Submode K�� K� K��

0

K3�

D

�=0

mass ut 0:981 � 0:004 0:983 � 0:009 0:980 � 0:011 0:976 � 0:012

Br of D

�=0

�0:066 �0:024 �0:069 �0:042

D

��

mass ut { 1:004 � 0:004 0:999 � 0:012 0:998 � 0:005

Br of D

��

{ �0:007 (ommon for all modes)

Table 11.1: EÆieny orretions and assoiated systemati errors for D

(�)

mesons. The

orretions are alulated by applying the same uts as used in the analysis to data and MC

samples of the ontrol hannel B

0

! D

(�)�

�

�

.

The impat of the vertex probability ut was studied in the same manner, but as all orretions

were onsistent with one with very small errors (typially 0:998� 0:002), no orretions were

applied. The branhing fration unertainties were taken from [PDG02℄.

11.1.6 EÆieny modelling

In three-body deays the momenta of the daughters is not �xed and therefore the eÆieny

varies from event to event, ontrary to the usual two-body ase. In order to orret for the

eÆieny in the branhing ratio alulation, one is obliged to map the eÆieny aross the

Dalitz plot. This is done using signal MC generated with a uniform distribution in the Dalitz

plot.

Both a ontinuous and a binned approah were attempted. The ontinuous mapping onsisted

of a generi funtion, whih expanded around every statistially signi�ant seond derivative.

This yielded a funtion, whih was suÆiently exible to map the hanging eÆieny aross

the Dalitz plot, while at the same time not being too sensitive to statistial utuations. The

binned mapping was done by dividing the Dalitz plane (de�ned as m(D;K) 2 [0; 30℄GeV

2

and m(K;�) 2 [0; 15℄GeV

2

) into an N �N grid. The hoie of number of bins, N

bins

, was a

trade-o� betweeen granularity of the mapping and the statistis in eah bin. Below 10 � 10

bins the binning was too oarse to desribe the features of the eÆieny variations, and above

100 � 100 bins, statistial utuations started to show.

Due to resolution e�ets, events an lie beyond the Dalitz limit, and the question of where to

limit the Dalitz region arises. In the following the energies and invariant masses were stritly

78

Using signal MC, this ratio was evaluated to be 1:082.
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required to lie within their kinemati limits, while the osine of the angle between any pair

of daughters was required to lie in the range [�1 � Æ; 1 + Æ℄, where Æ = 0:05 aounts for

the resolution. These requirements were found to be adequate for the purpose, though more

involved riteria were onsidered (see Setion 12.3.2).
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Figure 11.1: EÆieny as a funtion of Dalitz plot position for (a) B

0

! D

�

K

0

�

�

and (b)-

(d) B

0

! D

��

K

0

�

�

into the D

0

�nal states K�, K��

0

, and K3�, respetively. The general

distribution is alike for all hannels, but the eÆieny varies muh between them. Note the

grouped binning, whih avoids edge e�ets.

Both the ontinuous and the binned approah su�er from edge e�ets, where the eÆieny

drops rapidly, but has tails as disussed above. This results in regions with very low and quite

unertain eÆienies, whih an have a sizable impat on the branhing fration measurement,

when orreting for them.

Whereas this problem is hard to redeem for the ontinuous method, it is easier for the binned

approah, where it an be �xed by the use of \smart" binning. One demands that every bin

has a minimum number of events in them (N < 100 for D

�

K

0

�

�

and N < 25 for eah D

0

mode of D

��

K

0

�

�

). If this is not the ase, then the bin is averaged with its surrounding

neighbours (i.e. merged) till the statistis is inreased beyond the minimum requirement (see

Fig. 11.1a). For eah bin the eÆieny is alulated as the number of reonstruted signal

MC events divided by the number generated in that bin (orreting for the size of the bin, if

it lies on the edge).

For kinemati reasons, the invariant masses should lie in the plane m

2

DK

+m

2

D�

+m

2

K�

=

m

2

B

0

+ m

2

D

+ m

2

K

0

+ m

2

�

�

� M

2

, whih simply orresponds to demanding that �E = 0.

The invariant masses are therefore orreted by the fator (m

2

DK

+m

2

D�

+m

2

K�

)=M

2

, whih

essentially realizes a linear projetion onto the Dalitz plane. None of the orretions are larger

than 4%.

To quantify the systemati error in modelling the eÆieny, the parametrization of the

latter is varied. The resolution parameter Æ was varied between 0.025 and 0.075, the minimum

required number of events, N

min

, was varied between 50 and 150 (12 and 50), and the binning

N

bins

was varied between 10 and 100 (10 and 50) for the B

0

! D

�

K

0

�

�

(B

0

! D

��

K

0

�

�

)

mode. The impat of the last variation an be seen in Fig. 11.2.
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Figure 11.2: Result for branhing ratios using di�erent binnings for the four modes (a) B

0

!

D

�

K

0

�

�

, (b) B

0

! D

�

K

��

, () B

0

! D

��

K

0

�

�

, and (d) B

0

! D

��

K

��

. Binnings are

required to be 10 � 10 or greater, and they are �tted with a onstant. The inserted �gures

show the distribution of results, and the width is taken as a systemati error.

The systemati error from normalization was 3.0% (4.1%), the one from the minimum required

number of events in a bin was 0.8% (1.3%) and the RMS of the results using di�erent binnings

were 1.7% (2.3%) for the B

0

! D

�

K

0

�

�

(B

0

! D

�

K

��

) mode. The last error is mostly of

statistial origin in laking signal MC events in the most ontributing areas.

For the B

0

! D

��

K

0

�

�

(B

0

! D

��

K

��

) mode, the numbers are 0.2%, 0.2% and 0.6%

(0.5%, 1.4% and 1.4%) from normalization, 2.0%, 2.0% and 2.3% (2.8%, 1.5% and 3.2%) from

the minimum required number of events in a bin and 5.7%, 6.9% and 5.6% (5.0%, 4.0% and

5.4%) from hanging the binning, for the three D

0

modes, respetively.
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11.1.7 PDF shape

To alulate the systemati due to the PDF shape, one varies all �xed parameters in turn

by �1�, as listed in Tables 10.2 and 10.5, and note the impat it has on the number of

signal events, N

sig

. The systemati error is taken to be these variations in quadrature taking

orrelations (obtained from the ontrol samples) among the variables into aount:

�N =

s

X

i�j

�N

�x

i

�N

�x

j

�(x

i

)�(x

j

) �

ij

: (11.2)

As the oeÆient of the exponential PDF in �E for the peaking bakground is only �xed in

the �t of the K

��

band, it is of ourse only varied here.

Sample Entire Dalitz Plot K

�

Band (�100 MeV)

Parameter �N

All

(+1�

x

) �N

All

(�1�

x

) �N

K

�

(+1�

x

) �N

K

�

(�1�

x

)

m

ES

Mean -0.29 0.42 0.03 -0.03

m

ES

Width 1.34 -1.36 0.49 -0.51

m

ES

Max 0.13 -0.01 -0.02 0.02

�E Mean 0.35 -0.18 -0.20 0.21

�E Width1 3.44 -4.38 1.04 -1.02

�E Width2 7.25 -8.57 4.20 -4.62

�E Fra -10.96 8.86 -4.91 3.57

Correlated variation 8.28 3.59

F Mean Sig -3.25 3.03 -0.83 0.73

F SigmaLeft Sig 1.54 -1.57 0.47 -0.48

F SigmaRight Sig -1.74 1.81 -0.33 0.32

Correlated variation 3.93 0.86

F Mean Cont 0.47 -0.30 -0.21 0.25

F SigmaLeft Cont 0.84 -0.70 0.17 -0.16

F SigmaRight Cont 0.01 -0.23 0.13 -0.34

Correlated variation 1.16 0.16

F Mean BB 0.07 -0.35 0.02 -0.10

F SigmaLeft BB -0.09 0.09 0.01 -0.01

F SigmaRight BB 0.20 0.08 -0.01 -0.06

Correlated variation 0.22 0.09

m

ES

Mean Peak 4.03 -2.19 0.57 -0.45

m

ES

Width Peak 2.77 -2.35 0.20 -0.20

�E Peak Exp. Coef. { { 1.35 -2.08

Correlated variation 4.31 1.81

Total systemati (events) 10.2 4.1

Total systemati (%) 4.5 2.9

Table 11.2: Systematis from the PDF shapes for the B

0

! D

�

K

0

�

�

and B

0

! D

�

K

��

modes. Eah �xed parameter is varied by ��, and the hange in number of signal events,

�N

sig

, is determined. Inluding orrelations (i.e. when the parameters are obtained from the

same ontrol sample), the total impat on the signal yield is determined. The exponential

oeÆient �

peak

is not varied for the DK� sample, as it is left oating in the �t. Correlations

are inluded in the alulation of the overall impat on the yield (see Eq. (11.2)). The variables

with the largest impat are written in bold.
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Sample D

0

! K

�

�

+

D

0

! K

�

�

+

�

0

D

0

! K

�

�

+

�

+

�

�

Dalitz Region �N

All

�N

K

�

�N

All

�N

K

�

�N

All

�N

K

�

m

ES

Mean -0.27 -0.17 -0.29 -0.07 -0.03 -0.11

m

ES

Width 0.33 0.44 0.25 0.16 0.52 0.44

m

ES

Max -0.02 0.07 -0.67 -0.05 0.12 0.01

�E Mean 0.03 -0.05 0.21 0.09 -0.05 -0.14

�E Width1 0.53 0.21 1.14 0.24 1.21 0.20

�E Width2 1.15 0.38 -1.52 0.61 1.37 0.66

�E Fra -1.15 -0.45 -1.74 -0.65 -2.49 -1.26

Correlated variation 1.48 0.71 2.82 0.88 2.86 1.37

F Mean Sig 0.13 -0.03 -0.21 -0.06 -0.41 0.02

F SigmaLeft Sig -0.12 -0.02 0.02 -0.01 0.05 -0.03

F SigmaRight Sig -0.09 -0.04 -0.18 -0.03 -0.46 -0.05

Correlated variation 0.11 0.08 0.34 0.09 0.77 0.05

F Mean Cont 0.06 -0.22 2.14 -0.03 -0.04 -0.09

F SigmaLeft Cont -0.08 0.11 -0.79 0.04 -0.31 0.02

F SigmaRight Cont -0.05 -0.07 0.75 -0.05 -0.24 -0.10

Correlated variation 0.07 0.22 2.26 0.06 0.50 0.17

F Mean BB -0.14 0.00 0.19 0.02 0.06 -0.12

F SigmaLeft BB -0.03 0.00 -0.16 -0.01 -0.03 0.03

F SigmaRight BB -0.09 0.01 -0.03 -0.04 0.02 -0.09

Correlated variation 0.24 0.01 0.15 0.03 0.06 0.18

m

ES

Mean Peak 0.32 0.00 0.00 -0.05 -0.30 0.15

m

ES

Width Peak 0.10 0.00 0.00 -0.12 -0.17 -0.70

Correlated variation 0.35 0.00 0.00 0.14 0.35 0.71

Total systemati (events) 2.39 0.75 3.63 0.90 3.02 1.56

Total systemati (%) 7.5 3.0 8.5 3.9 5.1 4.8

Table 11.3: Systematis from the PDF shapes for the B

0

! D

��

K

0

�

�

and B

0

! D

��

K

��

modes. Eah �xed parameter is varied by �1�, and the hange in number of signal events,

�N

sig

is determined. Inluding orrelations (i.e. when the parameters are obtained from the

same ontrol sample), the total impat on the signal yield is determined. The exponential

oeÆient �

peak

is not varied for the DK� sample, as it is left oating in the �t. Correlations

are inluded in the alulation of the overall impat on the yield (see Eq. (11.2)). The variables

with the largest impat are written in bold.

11.1.8 Resonant orretion

In the absene of interferene, resonanes follow a Breit-Wigner (BW) shape with a arateris-

ti entral value and width for eah resonane. The width of the K

��

is 50 MeV, whih means

that it has tails beyond the required mass of m(K

��

) � 100 MeV. To estimate these tails,

and thus the seletion eÆieny of the mass requirement, dediated B

0

! D

(�)�

K

��

signal

MC was used. The seletion eÆieny was found to be 93 � 1% for both the B

0

! D

�

K

��

and the B

0

! D

��

K

��

deays, whih is in agreement with numerial estimates.

In addition, non-resonant ontributions (or tails of other resonanes) an potentially be

present under the BW shape. Suh ontributions are estimated from �tting the invariant mass
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m(K

0

; �

�

) in the range [0.8;1.3℄ GeV on eÆieny, bakground, and orrelation orreted

signal events in data

79

. The results of suh a �t are shown in �gure 11.3. The frations

�tted, f

[0:8;1:3℄

, are the frations of the K

�

resonant omponent in the range [0.8;1.3℄ GeV,

and we obtain: f

[0:8;1:3℄

D

�

K

0

�

�

= 0:950 � 0:081 and f

[0:8;1:3℄

D

��

K

0

�

�

= 1:217 � 0:148. From these one

an extrat the same frations for the interval [0.8;1.0℄ GeV, whih are the orretion fators

with systemati unertainties �(f) needed. This is done as follows:

f =

�

res

f

[0:8;1:3℄

�

res

f

[0:8;1:3℄

+ �

non-res

(1� f

[0:8;1:3℄

)

; �(f) =

�

res

�

non-res

(�

res

f

[0:8;1:3℄

+ �

non-res

(1� f

[0:8;1:3℄

))

2

(11.3)

where �

res

=

R

1:0

0:8

BW=

R

1:3

0:8

BW and �

non-res

= (1:0 � 0:8)=(1:3 � 0:8) = 0:4 are the frations

of resonant and non-resonant in the range [0.8;1.3℄ GeV, whih falls in the range [0.8;1.0℄

GeV. This yields the orretions and assoiated systemati errors, f

D

�

K

0

�

�
= 0:978 � 0:036

and f

D

��

K

0

�

�
= 1:083� 0:050. Sine the value of f

D

��

K

0

�

�
is outside the physial region (a

negative non-resonant ontribution does not make any sense), but onsistent within errors,

the resonant fration is hosen to be unity with the same error.

The additional orretions and systematis to Br(B

0

! D

(�)�

K

��

) are thus 0:950 � 0:037

and 0:930 � 0:051 for the modes B

0

! D

�

K

��

and B

0

! D

��

K

��

, respetively.
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Figure 11.3: Fit of K

��

invariant mass m(K

0

; �

�

) in the range [0.8;1.3℄ GeV on eÆieny,

bakground, and orrelation orreted signal. The PDF ontains a BW (resonant) and a at

(non-resonant) part both normalized to unity in the range [0.8;1.3℄ GeV, and the fration

f

[0:8;1:3℄

an be used to extrat the fration of (non-)resonant in the K

�

range.

The result of the above �ts an be ross heked by �tting the heliity distribution of the

K

��

resonane (see Fig. 12.4). The distribution is �tted with the harateristi dN=d os(�) =

os

2

(�) distribution for the resonant part and a at omponent for the non-resonant part, and

the result of suh a �t is f = 0:993 � 0:058, in good agreement with the invariant mass �t.

The error is slightly larger, as only the range [0.8,1.0℄ GeV is �tted.

79

In fat the m(K

0

; �

�

) distribution of data weighted by W

sig

de�ned in Eq. 12.2.
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11.1.9 Sideband subtration

The degenerate peaking bakground is measured using the D

�=0

and K

0

S

mass sidebands

(see Setion 10.4). The sideband data is �tted in the exat same manner as the signal, and

subtrated from the signal. The assoiated errors are onsidered statistial.

However, there is a small amount of signal in the sidebands, whih has to be orreted for. The

fration is determined from the ontrol hannels, whih yields 3:2�0:6% for the B

0

! D

�

a

�

1

hannel and 4:2 � 1:1% for the B

0

! D

��

a

�

1

hannel. This is in aordane with signal

MC for the same hannels (3:6 � 0:5% and 3:7 � 0:4%, respetively), and signal MC for the

B

0

! D

(�)�

K

0

�

�

modes (3:9� 0:2% and 4:6 � 0:3%, respetively).

This means that the fration of events in the D

�=0

sidebands, whih exeeds � 3� 4% is not

aounted for by the signal, and thus other ontributions are there. However, the statistis

available deprive the situation of a deisive onlusion.

For obvious reasons, the K

0

S

an not be investigated in the ontrol hannels, but in signal

MC signal frations of 1:5 � 0:2% for B

0

! D

�

K

0

�

�

and 1:6 � 0:3% for B

0

! D

��

K

0

�

�

were found. The K

0

S

mass sideband ontributions are onsistent with zero, as an be seen in

Table 10.9, but the statistis are not adequate for determining e�ets of the order suggested

by signal MC.

To aount for any true signal that falls in the sidebands, orretions of the order suggested

by the ontrol hannels for the D

�=0

and by the signal MC for the K

0

S

are made, and the

errors in these orretions are onsidered systemati.

11.1.10 Systemati error from luminosity determination

The total luminosity used in the analysis is evaluated by onsidering QED proesses (see

Setion 7.3.1), and the determination arries with it a systemati error of 1.1%.

11.1.11 Summary of orretions and systemati errors

The eÆieny orretions are summarised in Table 11.4 and the systemati errors are sum-

marised in Table 11.5.

Mode B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Submode K�� K� K��

0

K3�

K

0

S

reonstrution 0:971 � 0:018 0:971 � 0:019 (same for all three modes)

K

0

S

mass ut 0:981 � 0:002 0:981 � 0:002 (same for all three modes)

K

��

mass ut 0:930 � 0:010 0:930 � 0:010 (same for all three modes)

D

�=0

mass ut 0:981 � 0:007 0:991 � 0:009 0:987 � 0:010 0:994 � 0:011

D

��

mass ut { 1:002 � 0:004 1:020 � 0:007 0:996 � 0:008

Traking 0:992 � 0:059 1:000 � 0:055 1:000 � 0:055 1:000 � 0:081

PID 0:957 � 0:020 0:968 � 0:020 (same for all three modes)

D

�=0

sideband subtration 0:968 � 0:006 0:958 � 0:011 (same for all three modes)

K

0

S

sideband subtration 0:985 � 0:002 0:984 � 0:003 (same for all three modes)

Total 0:769 � 0:076 0:803 � 0:081 0:814 � 0:082 0:800 � 0:101

Table 11.4: EÆieny orretions from uts, reonstrution, PID, and sideband subtration.

The orretion from the requirement on m

K

�� only applies to the resonant modes.
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Mode B

0

! D

�

K

0

�

�

B

0

! D

��

K

0

�

�

Submode K�� K� K��

0

K3�

Traking 5.9 5.5 5.5 8.1 orr.

PID 2.2 2.0 2.0 2.0 orr.

�

0

reonstr. { { 5.0 {

BR of K

0

S

0.4 0.4 0.4 0.4 orr.

K

0

S

reonstr. 1.8 1.9 1.9 1.9 orr.

K

0

S

mass ut 0.2 0.2 0.2 0.2 orr.

K

��

mass ut { (1.0) { (1.0) { (1.0) { (1.0) orr.

BR of D

�=0

6.6 2.4 6.9 4.2

D

�=0

mass ut 0.7 0.9 1.1 1.2

BR of D

�

{ 0.7 0.7 0.7 orr.

D

�

mass ut { 0.4 0.7 0.8

PDF 4.5 (2.9) 7.5 (3.0) 8.5 (3.9) 5.1 (4.8)

Normalization 3.0 (4.1) 0.2 (0.5) 0.2 (1.4) 0.6 (1.4)

Nmin 0.8 (1.3) 2.0 (2.8) 2.0 (1.5) 2.3 (3.2)

Modeling 1.8 (2.4) 5.7 (5.0) 6.9 (4.0) 5.6 (5.4)

Sideband 0.6 1.1 1.1 1.1 orr.

Luminosity 1.1 1.1 1.1 1.1 orr.

Total Systemati Error 11.0 (11.1) 11.8 (9.5) 15.5 (12.4) 12.6 (12.7)

Table 11.5: Summary of systemati errors for measuring Br(B

0

! D

�

K

0

�

�

) and Br(B

0

!

D

��

K

0

�

�

). In parenthesis are shown the systemati errors, for the K

��

resonant mode,

when di�erent. The last olumn states if the error is onsidered orrelated among submodes.

The errors are in perent.
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12 Results

12.1 Branhing fration alulation

The standard method of alulating the branhing fration is:

Br =

N

signal

�N

peaking

N

BB

� �

i

Br

i

(12.1)

where N

signal

is the number of signal events, N

peaking

is the estimated number of degenerate

peaking bakground events, N

B

0
is the total number of B

0

mesons, � is the signal eÆieny

and Br

i

are the branhing frations of the subsequent deays. It is assumed that all � (4S)

deays to BB pairs of whih half are neutral (i.e. N

B

0
= N

BB

).

However, as the eÆieny of a three-body deay varies from event to event (see Setion

11.1.6), the branhing fration beomes the sum of eah event's ontribution orreted for the

eÆieny at the point of the event in the Dalitz plot.

The ruial question is what to use for the event ontribution in the numerator of Eq. 12.1.

A natural suggestion seems to be the signal probability of eah event, simply de�ned as

N

sig

P

sig

=

P

j

N

j

P

j

, and this hoie would be a possibility. Nevertheless, this usual probability

su�ers from several de�ienies. First of all it fails to inlude the inevitable orrelations among

the yields of the various omponents in the likelihood �t. This means that the subsequent

signal distributions (e.g. Dalitz plot) derived from these signal probabilities will not be entirely

orret. Seondly and equally important, it is not lear how to alulate the statistial error

on suh a sum.

An alternative, whih solves both of these problems in the most simple of manners, is

s

Plot

weights [PLD04℄, where one introdued a weight de�ned on an event-by-event basis as:

W

sig

�

P

j

V

sig;j

P

j

P

j

N

j

P

j

; (12.2)

where N

j

and P

j

are the number of events and the probability (PDF) of the j

th

omponent,

and V

sig;j

is the signal row of the ovariane matrix of the omponent yields obtained from

the likelihood �t. Weighting eah event by W

sig

, whih in the absene of orrelations is the

signal usual probability de�ned as N

sig

P

sig

=

P

j

N

j

P

j

, yields the data signal distribution of

any quantity (e.g. Dalitz plot distribution). Note that these weights an take values on both

sides of the usual probability range [0; 1℄.

Using these weights, the branhing fration beomes the sum of eah event's ontribution

orreted by its eÆieny:

Br =

X

i

W

sig

(m

ES

;i

;�E

i

;F

i

)

N

BB

0

�

i

�

k

Br

k

; (12.3)

where the sum i is over all events and �

i

the eÆieny at the point of the Dalitz plot where

the event lies. In this manner, the varying eÆieny is orretly aounted for. Another way

of interpreting this is to alulate an eÆieny orreted event yield as N

orr

=

P

i

W

sig;i

=�

i

,

whih an be entered into the numerator of Eq. (12.1). The degenerate peaking bakground

is subtrated in the same manner, using the �ts on the sidebands.

Finally the branhing frations are alulated applying the orretions (see Table 11.4)

and subtrating the peaking bakground (see Table 10.9), and the results an be found in

Table 12.1. One again the proedure is applied both for the entire Dalitz plot and then for

the K

��

resonant region. To ensure that the proedure is the exat same, the same eÆieny

orretion was applied to the resonant deay, but afterwards ross-heked with dediated

B

0

! D

(�)�

K

��

signal MC (see Setion 11.1.8).

The weights used for ombining the three D

0

submodes are alulated from the statistial

error with the unorrelated systemati error added in quadrature, that is weight = (�

2

stat

+

�

2

syst,unorr.

)

�1

. The D

0

! K� dominates the average, whih is a result of its purity.
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Channel Submode (weight) Branhing fration Stat. Error Syst. Error

B

0

! D

�

K

0

�

�

4.97 0.69 0.55

B

0

! D

�

K

��

4.78 0.58 0.53

B

0

! D

��

K

0

�

�

D

0

! K� (0.62) 2.35 0.85 0.28

B

0

! D

��

K

0

�

�

D

0

! K��

0

(0.16) 2.83 1.66 0.44

B

0

! D

��

K

0

�

�

D

0

! K3� (0.22) 4.96 1.40 0.63

B

0

! D

��

K

0

�

�

�

2

= 2:6, P (�

2

) = 0:28 3.00 0.66 0.29

B

0

! D

��

K

��

D

0

! K� (0.48) 3.33 0.85 0.32

B

0

! D

��

K

��

D

0

! K��

0

(0.23) 2.97 1.21 0.37

B

0

! D

��

K

��

D

0

! K3� (0.29) 3.23 1.09 0.41

B

0

! D

��

K

��

�

2

= 0:1, P (�

2

) = 0:97 3.22 0.59 0.29

Table 12.1: Calulated branhing frations (10

�4

) with statistial and systemati unertain-

ties. P (�

2

) reets the ompatibility when ombining the modes, using the weights indiated

in parenthesis. The B

0

! D

(�)�

K

��

hannels have been orreted for Br(K

��

! K

0

�

�

).

12.2 Resonant fration alulation

To alulate the fration of K

��

resonant ontribution, denoted f(B

0

! D

(�)�

K

0

�

�

), and

the unertainty on this ratio, the branhing fration for the K

��

resonant deay, Br

res

, has to

be ompared to the branhing fration for the entire Dalitz region, Br

all

. From the branhing

fration for the three-body deay exluding the resonant region, i.e. the non-resonant deay

80

,

Br

non

, the resonant fration an be determined as:

f �

Br

res

Br

res

+Br

non

; �

2

f

= �

2

Br

res

�

1� f

Br

res

+Br

non

�

2

+ �

2

Br

non

�

f

Br

res

+Br

non

�

2

;(12.4)

The non-resonant fration and its unertainty is omputed as Br

non

= Br

all

� Br

res

and

�

2

Br

non

= �

2

Br

all

� �

2

Br

res

, respetively, and the validity of this omputation has been heked

with �ts of the non-resonant region. The result for both the B

0

! D

�

K

0

�

�

and the B

0

!

D

��

K

0

�

�

mode an be found in Table 12.2.

Channel Br

res

Br

non

f

B

0

! D

�

K

0

�

�

3:19 � 0:39 1:78� 0:57 0:64� 0:08 � 0:02

B

0

! D

��

K

0

�

�

2:15 � 0:39 0:85� 0:53 0:72� 0:13 � 0:02

Table 12.2: Resonant and non-resonant branhing fration and resonant frations. The al-

ulation of the latter is based on the resonant ontribution to the total branhing fration,

thus the resonant branhing fration is not orreted for Br(K

��

! K

0

�

�

) = 2=3.

The systemati unertainty in these results are due to systemati di�erenes in the eÆ-

ieny orretion and the orretion for the K

��

mass requirement and the (possible) non-

resonant fration under the K

��

BW peak. The �rst is estimated to be smaller than 2.0%

of the frations, sine it is not the systemati error from the eÆieny orretion but only

systemati di�erenes that are of importane. The seond ontribution was determined to be

1.0% for the mass ut and 3.6% (5.0%) for the non-resonant ontribution orretion for the

B

0

! D

�

K

0

�

�

(B

0

! D

��

K

0

�

�

) mode.

Overall this means that the systemati error on the frations is 0.04 and 0.05, respetively.

80

The name \non-resonant" is hosen out of ease, as the statistis is not adequate for determining the origin

of signal outside the K

��

resonane.
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12.3 Dalitz distributions

It takes about 1000 events to �t a Dalitz plot. [Brian Meadows℄

While almost all two-bodyB deays are measured, little is known about three-body deays.

E�orts have started, but true signal Dalitz plot distributions are still in their infany. Among

the reasons is the problem of bakground subtration, whih is deliate both from a physis

and statistial point of view, due to orrelations, eÆieny orretions and propagation of

errors. A simple, eÆient, and transparent method of solving all of the above problems is the

use of

s

Plots.

12.3.1 Properties of

s

Plots

The

s

Plot weights W

sig

(m

ES

;�E;F) were introdued in Setion 12.1, where they were used

for the branhing fration alulation. Their di�erene from ordinary probabilisti weights is

that they inlude orrelations between the omponents, whih has the onsequene that they

an take values outside the usual probability range [0; 1℄.

Their advantage is that by weighting eah event by this weight, the \true" data signal dis-

tribution is obtained for any quantity, whih an be used both for illustration and heks. A

speial ase of this is for heking variables, whih are used in the likelihood �t. For these,

the �t is repeated exluding this variable, and weights are realulated. The data signal

distribution using these weights an then be ompared to the signal PDF of this variable

(from the original �t). This gives an unbiased and visual omparison between the \true" data

signal distribution and its PDF desription

81

(see Setion 13.2). Suh plots are extremely

useful for deteting ontributions, whih are not aounted for by the PDF, but whih are

\hidden" in the bakground distribution. In addition, the value and statistial error of any

subregion (e.g. bin) an be alulated simply from the sum and the square-root of the sum

of the squares, respetively. This makes

s

Plots a simple but powerful tool, without whih

three-body analyses would be muh more ompliated.

12.3.2 Resolution in Dalitz plot

The resolution in the Dalitz plot is examined using signal MC. For eah event the di�er-

ene between the generated and reonstruted value in m

2

DK

and m

2

K�

are reorded. These

residuals are shown as a funtion of m

2

DK

and m

2

K�

in Fig. 12.1.
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Figure 12.1: Resolution on invariant mass squared in Dalitz plot as a funtion of m

2

DK

and m

2

K�

. The resolution depends approximately linearly on the invariant mass squared in

question ((a)+()) as expeted (see text), while it is independent of the other invariant mass

((b)+(d)).
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If the variable in question was inluded in alulating the weights, it would bias these to resemble its PDF.



150 12 RESULTS

As an be seen from the �gures, the resolution inm

2

DK

andm

2

K�

are to a fair approximation a

linear funtion of the square of the invariant masses themselves and independent of the other

invariant mass. The reason for this is the approximate rule (due to equal spatial traking

resolution), �(1=p

?

) � �

0

, where �

0

is a onstant resolution spei� for eah traking system

(see Eq. (8.1)). Given this, one has that:

p

i

=

p

i?

sin �

i

; �

p

i

=

1

sin �

i

�(p

?i

) =

1

sin �

i

1

(1=p

?i

)

2

�(1=p

?i

) = sin �

i

p

2

i

�

0

: (12.5)

With the invariant mass expression m

2

12

' m

2

1

+m

2

2

+ 2p

1

p

2

(1 � os �

12

) and negleting the

unertainty on the masses and angles, this yields:

�(m

2

12

) ' 2(1 � os �

12

)(p

2

�

p

1

� p

1

�

p

2

) ' m

2

12

h

q

p

2

?1

+ p

2
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i�

0

: (12.6)

In general, the position resolution in the Dalitz plot is quite good due to the lak of unon-

strained neutral partiles. In addition, essentially no SCF falls in a di�erent position of the

Dalitz plot than the true deay. Sine the resolution is smaller than the resonant strutures

looked for, it an essentially be neglegted. However, for narrow resonanes the resolution

is essential, and should one wish to �t for interferenes in the Dalitz plot involving sharp

resonanes, the resolution should be inluded.

12.3.3 Signal Dalitz distribution

Weighting eah event by the weight W

sig

(m

ES

;�E;F) desribed in Eq. (12.2) and dividing

by the eÆieny at eah given point, the Dalitz distribution of the signal an be obtained.

In Figure 12.2 is shown the eÆieny, bakground, and orrelation orreted B

0

! D

�

K

0

�

�

signal distribution in the Dalitz plot along with projetions onto the three invariant masses,

to display the errors (whih are hard to show in the Dalitz plot), and reveal potential resonant

substrutures, are being taken of reetion e�ets.

The Dalitz distribution learly shows that the K

��

resonane is dominant, as expeted, and

the harateristi spin-1 heliity shape (dN=d os � / os

2

�, f. Setion 12.3.4) is learly seen.

Other ontributions are somewhat sattered, the largest part falling in the bottom left orner

(large D� invariant mass), but it is not signi�ant. For the sake of larity, bins in the Dalitz

plot where the sum of the event weights is negative are indiated as if there were no entries.

The lak of statistial errors in the Dalitz plot makes it hard to evaluate the signi�ane of

seeming features.

No signi�ant struture is seen in them

DK

distribution, as the two \peaks" at 3.6 and 5.1 GeV

in Fig. 12.2b are simply due to the heliity struture of the dominantK

��

resonane projeted

onto the m

DK

axis (so-alled reetions). The ontribution at high D� invariant mass is

visible in the projetion. If signi�ant, it would be the signature of the deay B

0

! D

��0

K

0

S

,

where the D

��0

is a wide heavy resonane deaying to D

+

�

�

. The m

K�

distribution learly

shows the K

��

peak, while other strutures are not signi�ant. A �t with a relativisti

Breit-Wigner to the peak yielded m

K

�� = 900:2 � 6:3 MeV and �

K

�

= 51:5 � 10:5 MeV, in

aordane with the parameters of the K

��

resonane values.

For the B

0

! D

��

K

0

�

�

mode, the eÆieny, bakground, and orrelation orreted

signal Dalitz plot and its projetions are shown in Figure 12.3.

One again the Dalitz distribution learly shows that the K

��

resonane is dominant. An

interesting ontribution at very high K

0

S

� invariant mass an be seen, however not signi�ant.

Contrary to the B

0

! D

�

K

0

�

�

Dalitz plot, no sign of ontributions at high D� invariant

mass is seen, while the lower end of the spetrum is more populated.

No signi�ant strutures are seen in the m

DK

distribution, nor in them

D�

distribution, where

the hint of a (more narrow) D

��

resonane seemed suggested in the Dalitz plot.
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Figure 12.2: B

0

! D

�

K

0

�

�

data signal Dalitz distribution and projetions onto the three

invariant masses after eÆieny, bakground, and orrelation orretions. (a) The Dalitz

distribution shows the dominant K

��

resonant ontribution. The dashed line shows the

approximate Dalitz region limit. The projetions of the Dalitz plot are shown in (b) onto

m

DK

, () onto m

D�

, and onto m

K�

axis. The �t in the last plot is a relativisti Breit-Wigner

�t to the K

��

resonane.
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Figure 12.3: B
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�

data signal Dalitz distribution and projetions onto the three

invariant masses after eÆieny, bakground, and orrelation orretions. (a) The Dalitz

distribution exhibits the dominant K

��

resonant ontribution. The dashed line shows the

approximate Dalitz region limit. The projetions of the Dalitz plot are shown in (b) onto

m

DK

, () onto m

DK

, and onto m

K�

axis. The �t in the last plot is a relativisti Breit-Wigner

�t to the K

��

resonane.
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12.3.4 Partial wave analysis

In the B

0

! D

�

K

0

�

�

hannel, the heliity of the spin-1 K

��

resonane follows the distri-

bution dN=d os � / os

2

�, where � is the angle between K

��

and the K

0

in the K

��

CM

frame, sine both the B

0

and the D

�

mesons have spin 0. The B

0

! D

��

K

��

hannel is

more ompliated, as there are three heliity amplitudes to be separated by angular analysis

(mentioned in Setion 5.2), and it will therefore not be regarded here.

If the K

��

resonane interferes with other ontributions, whih have other spin omponents,

then the heliity distribution of the K

��

is altered from its original distribution. One an

therefore look for suh omponents by onsidering the heliity distribution of the K

��

. The

signal heliity distribution of the K

��

and the higher mass region 1:0 < m(K

0

S

�) < 2:0GeV is

shown in Fig. 12.4 along with �ts to dN=d os � / os

2

� and a general polynomial of seond

order.
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Figure 12.4: Signal heliity distribution for the K

��

and the higher mass region 1:0 <

m(K

0

S

�) < 2:0GeV. The solid urves are �ts to the spin 1 distribution dN=d os � / os

2

�,

while the dashed urves are �ts to general polynomial of seond degree.

As an be seen from the �ts, the K

��

heliity distribution follows the spin-1 predition with

no sign of interferene. The higher mass region distribution has too little statistis to reveal

anything about the underlying spin struture. A further investigation of the K

��

heliity

distribution and its possible interferene with other omponents require the division into

slies of mass, for whih the statistis are not suÆient.

To hek that the heliity distribution isn't a�eted by an artifat of low momenta K

0

S

mesons

(os � < 0), the width of m(K

0

S

) is measured for eah end of the spetrum. No di�erene is

found.
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13 Validation

Now we an onlude that the number of sign errors is even, that the sum of the

biases is small, and that the bugs do aidentally not inuene the results too

muh.

[Upon having ompleted the validation℄

In addition to the various test and heks before applying the analysis to the data, a posteriori

validations of the results are performed. The validation is done in two way.

The �rst is the lassi method of using toy MC studies, whih through repeating the �t many

times an detet irregularities in the �tting parameters and an provide a basis of omparison

for the value of the data likelihood.

The seond method used is not lassi (yet), and uses a novel statistial method alled

s

Plot,

whih was introdued in Setion 12.1. Using the ovariane matrix from the likelihood �t,

the signal (and bakground) distributions are extrated from the data itself (in an optimal

manner), suh that it an be ompared to the PDFs from the �t.

13.1 Toy MC studies

One way to test a likelihood �t is by generating many similar distributions (named toy MC)

and then repeat the �t on these samples to see if the values and errors obtained distribute

themselves orretly, and if the likelihood of the �t to data is probable.

Given the PDFs and yields obtained from the likelihood �t, 250 toy MC experiments were

generated and �tted in the same manner as the atual �t: The number of events of eah

omponent were hosen aording to a Poissonian distribution with the mean being the yield

extrated from the �t, and their distribution in the three �tting variables following that of

the PDFs obtained from the �t. For eah toy experiment, the result in terms of yields, �tting

parameter values and errors, and the likelihood were reorded.

Sine the likelihood value does not in itself arry any information (one an always add

a onstant to the likelihood), it is very useful to repeat the �t on toy MC and obtain a

distribution of likelihood values with whih the value from the �t to data an be ompared.

The distribution of likelihood values obtained from the �tted toy MC is shown in Figure 13.1.
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Figure 13.1: Distribution of likelihood from toy MC simulations. The distribution has been

�tted with a Gaussian. The value obtained in the �t to data was -118439 (vertial line),

whih 30% of the toy MC distribution falls below (horizontal line).
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The value of the likelihood from the �t on data falls in the entral part of the distribution,

whih indiates that the PDFs desribe the data well. The hane of obtaining a smaller

likelihood is 30%.

The results for the parameters and yields are shown using pull distribution, that is the

di�erene between the �tted and the true value divided by the error on the �tted value, (x

fit

�

x

true

)=�(x

fit

). Suh distributions should be unit Gaussians, that is Gaussian distributions

with a mean of zero and a width of one. If the mean of the pull distribution, �, falls di�erent

than zero, it means that the parameter is biased in the �t, i.e. it onsistently takes a value

di�erent from the true value. If the width of the pull distribution, �, is not one, it means

that the error obtained from the �t is overestimated (� < 1) or underestimated (� > 1).

The pull distributions for the �ve oating bakground parameters are shown in Fig. 13.2.
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Figure 13.2: Pull distribution for the oating bakground parameters. The plots are (a)

ontinuum Argus shape, (b) BB Argus shape, () ontinuum �E slope, (d) BB �E slope,

and (e) peaking �E oeÆient. All means are onsistent with zero (no biases) and all widths

are onsistent with unity (orret error estimation). The one deviating bin in the peaking

�E oeÆient pull distribution (e) is due to a omputational artifat.



156 13 VALIDATION

From the toy MC pull distributions of the parameters desribing the bakground, whih are

left free in the �t, it is apparent that these are all well determined with orret errors in the

�t. The one deviating bin in the peaking �E oeÆient pull distribution (see Fig. 13.2e) is

due to a omputational artifat (initial value sometimes not oated!).

The pull distributions of the four yields are shown in Fig. 13.3.
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Figure 13.3: Pull distributions for the four yields. The plots are for (a) signal, (b) ontinuum,

() ombinatorial BB, and (d) peaking BB. All means are onsistent with zero (no biases)

and all widths are onsistent with unity (orret error estimation).

The pull distributions for the event yields of eah omponent again show the behaviour of

unbiased �t parameters with a orret error evaluation. Even the peaking bakground yield,

whih is small and has a large error does not show any sign of misbehaviour. The pull

distribution for the signal yield is most important, as the branhing fration measurement

depend diretly on the signal yield.

In order to test possible orrelations in the signal, the exerise was repeated, but this time

using signal MC for the signal events, while the bakgrounds were still generated from PDFs.

In this way one an test if any orrelations not aounted for by the �t (e.g. the orrelation

between m

ES

and �E) biases the result. The result of this study an be found in Fig. 13.4,

and no biases are found in the pull distributions of the four yields.

However, as eah event ontributes roughly the same to the likelihood, the distribution of

these is dominated by the bakground, and it will be less sensitive to signal disrepanies.

One again the pull distributions for the yields are in aordane with unit Gaussian distri-

butions, and no biases or exessive tails are seen.
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Figure 13.4: Pull distributions for the four yields when using SP4 signal MC for the signal.

The plots are for signal (upper left), ontinuum (upper right), BB (lower left) and peaking

(lower right).
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13.2

s

Plot validation

As mentioned in Setion 12.1, the

s

Plot weights W

sig

(m

ES

;�E;F) have the property, that

any quantity weighted by them will show the bakground subtrated, orrelation orreted

data signal

82

distribution (inluding orresponding errors). Suh a feature an be used for

heking that the PDFs indeed desribe the data orretly or that other distributions ome

out as expeted.

To hek the math between a distribution of a variable and the orresponding PDF, one

alulates the

s

Plot weight omitting the variable in question (if the variable is inluded, it

will bias the data distribution to math the PDF), and plots the distribution with the PDF

overlayed. In this manner all other (bakground) omponents have been subtrated orretly,

and the omparison beomes diret and visual. Suh plots, alled

s

Plots, are shown in Fig.

13.5 and 13.6 for B

0

! D

�

K

0

�

�

and B

0

! D

��

K

0

�

�

, respetively.

As an be seen from the �gures, the distributions have the expeted shapes. Espeially

m

ES

and �E exhibit very learly the shapes foreseen and put into the PDFs, whih is en-

ouraging, as they are the most disriminating variables.

When �tting the m

ES

distributions, the mean, width and yield are in agreement with those

obtained from the �t in the analysis. The same is true when �tting the peaking omponent

of the bakground.

Finally, the

s

Plot weights are alulated for the masses of the D

�

and K

0

S

, whih are not

in the �t, and thus all variables in the �t an be inluded in the alulation. The results are

shown in Figure 13.7. The distributions learly show Gaussian behavior with resolutions in

agreement with the expeted values, as the overlayed �ts verify. This in turn serves as a test

of the

s

Plot weights. The �t does not have any information about the signal distribution of

the D

�

and K

0

S

masses, but from the separation obtained from the �t, these an be extrated

from the data.

A ommon problem in displaying data form a likelihood �t in several dimensions, is that a

simple projetion onto eah variable (see Figs. 10.4 and 10.5) does not show the disriminating

properties of all the other variables. If a ut is applied to these, then the power of the likelihood

�t is somewhat sari�ed visually, and some signal events will not be inluded in the plot.

With

s

Plots, these diÆulties are avoided, as one simply shows the distribution of the

s

Plot

weights with the orresponding PDF overlayed. However, though the purity an in priniple

be extrated from omparing the signal size with the errors, it does not allow for a visual

demonstration. Therefore, plots with both the

s

Plot and the projetion with a likelihood

ut are shown in Fig. 13.8 for m

ES

.

Suh plots visually give the signal distribution and the quality of its desription by the PDF

along with the level of bakground and thus the purity. In the limit of very high purity, the

two approahes oinide, as an be seen for the pure resonant samples.

13.3 Setion summary and onlusion

Systemati errors arise from a variety of orretions and variations of parameters known with

a limited auraies. The dominant soures of error are theD

�=0

branhing frations, traking

eÆieny, and the PDF shapes, while other orretions have minor e�ets. Given the yields

with the statistial errors along with the systemati unertainties, the branhing frations of

the three-body deays B

0

! D

�

K

0

�

�

and B

0

! D

��

K

0

�

�

and their K

��

resonant parts

were alulated. In order to orret for the varying eÆieny in the Dalitz plot, so-alled

s

Plot weights were employed, but the sope of these weights go far beyond suh a alulation.

The weights are very useful for extrating the Dalitz distribution of the signal, whih were

also shown. For the validation both the usual method using toy MC and the new method

using

s

Plots were used. Both methods showed no sign of biases or inorret error estimation.

82

Though most often applied to signal, it an equally well be done for any other omponent in the �t.
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Figure 13.5: The signal (left) and bakground (right)

s

Plot B

0

! D

�

K

0

�

�

distributions for

the variables m

ES

(top), �E (middle) and F (bottom). Superimposed is the PDF obtained

from the �t.
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Signal mES distribution
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Figure 13.6: The B

0

! D
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K
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�

s

Plot distribution for the variables m

ES

(left), �E (mid-

dle), and F (right). Superimposed is the PDF obtained from the �t.
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Figure 13.7: The signal

s

Plot distributions for the D

�

(left) and K

0

S

(right) masses, �tted

with a Gaussian distribution.
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Figure 13.8: The B

0

! D

(�)�

K

0

�

�

s

Plot distribution in m

ES

. The solid entries and line

shows the signal ontribution and PDF in m

ES

and serves as a visual hek of this PDF

omponent, while the dashed entries and line is a �t to the m

ES

distribution after applying

ut on �E (see text).
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14 Time-dependent analysis

The biggest di�erene between time and spae is that you an't reuse time.

[Merrik Furst℄

14.1 Time-dependent analyses ingredients

The time distributions of B

0

and B

0

deays to a ommon �nal state may reveal CP violation

through the interplay between mixing and deay (see Setion 4.5.3). However, sine the

�nal state of interest an be reahed by both b quark avors (otherwise there would be no

interferene), one is required to determined that of the deaying B

0

or B

0

by other means.

To obtain this ruial information, the avor of the other B

0

meson in the � (4S) deay has

to be determined along with the time di�erene between the two deays, sine the orrelation

between the two avors is time-dependent (see Setion 4.4.2). As only a small fration of the

B deays are fully reonstruted, one has to determine these two quantities from inomplete

information

83

, whih of ourse indues errors.

The situation is shematially illustrated in Fig. 14.1. From an asymmetri e

+

e

�

ollision

at the � (4S) resonane, one reates a boosted B

0

B

0

pair. One of the two B mesons deays

into the �nal state of interest (here D

�

K

0

S

�

+

), and from the remaining traks and lusters,

both the avor and the deay vertex of the other B

0

meson has to be determined. The

drawing is simpli�ed, as generi B deays on average have 5:5 harged and an equivalent

number of neutral partiles in the �nal state [Har98℄.

e
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z

Figure 14.1: Example of B

0

B

0

deay with D

�

K

0

S

�

+

�nal state. To �t the CP asymmetry in

the lifetime distributions, both the avor and the deay vertex of the other (tagging side) B

0

meson has to be determined. Note that the drawing is shemati and not to sale.

14.2 Determination of B

0

avor { tagging

Given a B

0

B

0

event, where one B meson is fully reonstruted (denoted B

re

), the ability to

determine the avor and deay vertex of the other neutral B meson (ommonly referred to as

the tagging side B meson and denoted B

tag

) plays a entral role in time-dependent analyses.

If the tagging side B meson ould be fully reonstruted, the task would be almost trivial.

But the eÆieny of full reonstrution is quite low (� 10

�3

), whih means that one is fored

to take an inlusive approah. Thus, the deay vertex and avor of the tagging side B meson

has to be determined from onsidering the remaining traks, whihever part of the tagging

side B deay they may onstitute.

83

Mostly due to limited aeptane, but also beause of partile misidenti�ation and mahine bakgrounds.
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Though the variety of B deays is very rih, and not all deay modes arry avor information,

some harateristi properties o�er general avor features, whih an be reognized by algo-

rithms. Due to the inompleteness of the information available, the outome is not always

orret, and in general two quantities haraterize suh an algorithm:

� The eÆieny of yielding a B

0

(B

0

) avor tag, � (�).

� The probability of a B

0

(B

0

) tag indiating the wrong avor, ! (!).

Due to di�erenes in the interation ross setion of partiles and anti-partiles with the

detetor, the tagging eÆieny and the wrong tag (mistag) fration need not be exatly the

same for B

0

and B

0

. This is parametrized as h!i =

1

2

(! + !) and �h!i = ! � !. A ommon

notation is D � (1� 2h!i) and thus �D = �2(! � !).

The key �gure of merit for the tagging performane is Q = �(1 � 2h!i)

2

, whih is alled

the e�etive tagging power

84

. This expression an be derived by taking the derivative of

the likelihood of time-dependent �t, and represents the quantity with whih the statistial

unertainty in time-dependent asymmetry measurements sales: � / 1=

p

Q. Q essentially

measures what fration of the events before tagging an atually be used as being perfetly

tagged

85

, hene the ommon name \e�etive tagging eÆieny".

In order to measure CP asymmetries, a high but also well determined and well understood

tagging power is required, as its unertainty propagates diretly to the asymmetry error.

14.2.1 Soures of B avor information

The avor information of B mesons is ontained in the orrelations between harge, partile

identity and kinemati properties of the deay produts. The main soures of information are

the harge of primary leptons (from b quark deays) and/or kaons, but other indiators are

the harge of slow pions (from D

��

deays) and seondary leptons (from  quark deays).
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Figure 14.2: Diagram of deay B

0

deay showing general soures of avor information. The

deay B

0

! D

��

`

+

� with the subsequent deays D

��

! D

0

�

�

soft

and D

0

! K

+

`

�

�� is an

example of a useful tagging deay, as B avor information an be obtained from the harge

of the diret lepton, the asade lepton, the kaon, and the soft pion (see text). Though an

example, the features here shown (in red) are ommon for many B deays.

Eah of these soures an be used as an algorithm by itself or the information an be ombined

into a more powerful tagging algorithm. However, as there is a ertain orrelation between

the various soures of information, the ombination is desirable.

84

As it is a entral quantity, it has many names, e.g. quality fator, absolute separation, and tagging eÆieny.

85

That is N events before tagging will orrespond to QN perfetly tagged events.
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14.2.2 Leptons

The semi-leptoni B

0

deays, B

0

! X`

+

�

`

; (` = e; �), onstitute 21:0�1:6% [PDG02℄ of the

total B

0

width, and represents the main soure of lepton tagging power. The

�

b quark deays

via a W

+

boson to a positive lepton `

+

signifying a B

0

deay see Fig. 14.2.

Other soures of leptons, whih may inrease the mistag fration, h!i, are seondary leptons

from D meson deays, and (more rarely) leptons from vetor meson deays (e.g. J= !

�

+

�

�

), and kaon/pion deays. However, these have muh softer momentum spetra (essen-

tially stopping at p

CM

`

= 1:4GeV), whih algorithms an use not only to purify the primary

lepton sample, but also to gain additional tagging power from seondary leptons. The momen-

tum of the lepton in the CM frame is ombined with the energy measured in its hemisphere

and the angle between the lepton and the missing momentum to form a lepton tag.

Hadrons mis-identi�ed as leptons (so-alled fake leptons) an potentially inrease h!i for lep-

tons, but with tight seletions the problem beomes lose to negligible, espeially for eletrons.

14.2.3 Kaons

The majority of b quark deays follow the (asade) deay hain b !  ! s (see Fig. 14.2),

whih leads to a orrelation between the kaon harge and the B avor (i.e. a K

+

signi�es a

B

0

). Neutral kaons do not arry any spei� B avor information. As opposed to these right

sign kaons, harged kaons of both right and wrong sign are produed in other proesses as

well. The multipliities are n(B

0

! K

+

X) = 0:570 � 0:025 � 0:024 and n(B

0

! K

�

X) =

0:187 � 0:017 � 0:010 [Tri01℄, whih means that in most ases the harge of a kaon will give

a orret tag. Contrary to the lepton ase, the momentum distributions of right and wrong

kaons are almost idential and arry no useful information.

In the presene of several harged kaons, the information of these is ombined. The kaon

mis-identi�ation rate also has an impat on the tagging performane, and therefore PID

based on likelihood ratios (i.e. ontinuous) is used.

14.2.4 Soft pions

Slow pions from B

0

! D

�+

(! D

0

�

+

slow

)X deays are another soure of tagging information,

this time with a positive harge signifying a B

0

meson (see Fig. 14.2). As the slow pion and

the D

0

are produed nearly at rest in the D

�+

CM, the slow pion diretion in the B frame

should be along the line of diretion of the D

0

daughters and the rest of the B deay produts.

This diretion is to a good approximation that of the thrust axis of the B meson, and thus the

angle between the slow pion momentum and the thrust axis an be used for disrimination.

This information is ombined with the CM momentum and the PID of the soft trak, to

derease the substantial bakground and infer the most tagging information possible.

14.2.5 Other soures

In addition to the above de�ned tags, the harge of the highest momentum trak an be used

to reognize pions from two-body deays, e.g. B

0

! D

(��)�

�

+

and reover high momentum

leptons missed by the more exlusive lepton tag. The traks used for this very inlusive tag

are required to have a transverse impat parameter of less than 1mm, as the traks should

be prompt.

14.2.6 Combining information

The information from these sub-algorithms (whih in the implementation are neural nets) are

ombined via a seond global neural net algorithm (the so-alled Moriond tagger) to form

a tag [Ber02℄. If the kaon tag does not agree with the lepton tag (i.e. they have opposite
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harges), the event is retained for further analysis. The kaon and slow pion tag have a strong

angular orrelation. If they agree (have opposite harges), the angle between the two are used

to re�ne the seletion.

The output of eah (possibly ombined) sub-algorithm is evaluated in terms of their wrong tag

fration, h!i, and those with similar values are grouped into one of four hierarhial mutually

exlusive ategories with the names Lepton (L), Kaon I (K

1

), Kaon II (K

2

), and Inlusive (I).

14.2.7 Why tagging ategories?

The wrong tag frations, h!i

j

, are expeted to vary notieably between the four tagging

ategories. This is the reason for introduing the ategories in the �rst plae, as an averaging

over all tags lowers the e�etive tagging eÆieny, Q =

P

j

Q

j

, whih an be seen as follows.

Consider two types of analysis: One whih uses only one tagging ategory, and one whih

uses two. Let N be the total number of CP events; N

1

in the �rst tagging ategory and N

2

in the seond. The sum of the eÆienies of the two tagging ategories "

1

and "

2

will then

be the overall eÆieny ". Let h!i

i

be the wrong tag probability of eah individual event, i,

and de�ne:

One tagging ategory: D �

1

N

N

X

i

(1� 2h!i

i

); (14.1)

Two tagging ategories: D

1

�

1

N

1

X

i2N

1

(1� 2h!i

i

); D

2

�

1

N

2

X

i2N

2

(1� 2h!i

i

):(14.2)

Obviously, ND = N

1

D

1

+N

2

D

2

. The e�etive tagging eÆieny Q for eah analysis is then:

Q

one

� "D

2

= "

�

N

1

D

1

+N

2

D

2

N

�

2

=

1

"

("

2

1

D

2

1

+ "

2

2

D

2

2

+ 2"

1

"

2

D

1

D

2

); (14.3)

Q

two

� "

1

D

2

1

+ "

2

D

2

2

: (14.4)

The laim is that Q

two

is greater than Q

one

, whih an be proven as follows:

Q

two

�Q

one

= �

1

D

2

1

+ �

2

D

2

2

�

1

�

(�

2

1
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2

1

+ �

2

2
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2

2

+ 2�

1

�
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D

1

D

2

)
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1

�

[�

1

(�� �

1

)D

2

1

+ �

2

(�� �

2

)D

2

2

� 2�

1

�

2

D

1

D

2

℄

=

�

1

�

2

�

(D

2

1

+D

2

2

� 2D

1

D

2

) =

�

1

�

2

�

(D

1

�D

2

)

2

� 0: � (14.5)

By indution this argument an be extended to inlude an arbitrary number of tagging ate-

gories, and thus, if subdivision into lasses with signi�antly di�erent wrong tag frations is

possible, it should be done. However, there are limits to this proedure. Given �nite statis-

tis, the statistial unertainty will at a ertain point make the various dilutions overlap, and

one an no longer gain information by subdividing.

In addition and very importantly, the grouping into ategories should also reet the underly-

ing physis proess, as subtle e�ets either from the proess itself or the detetor response to

it needs to be well understood. An example of the former is the e�et of possible (small) CP

asymmetries on the tagging side, whih are present in the hadron based tagging ategories

only

86

. An example of the latter is the strong (linear) orrelation between the error in �t

and the wrong tag fration in the kaon tagging ategories, whih is a geometrial e�et of the

vertexing resolution.

Note that the gain (Q

two

�Q

one

) is proportional to the square of the di�erene between the

wrong tag frations, thus small di�erenes between dilution fators are not important.

86

In the B

0

! D

�

�

�

mode (see Setion 5.1) the tagging side asymmetries needs to be aounted for.
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14.2.8 Performane of B avor tagging algorithm

The performane of the Moriond tagging algorithm was evaluated on data and MC. For

reasons explained earlier (see Setion 9.1.1), but in partiular due to the B

0

! D

��

X rate,

whih is 30% higher in the BABAR MC than the PDG value, the tagging performane on

MC is better than that of data, and are has to be taken, when omparing the two. The

performane on data was evaluated using a sample of fully reonstruted B

0

deays into

states of de�nite avor, applying the tagging algorithm to the ROE. From an unbinned time-

dependent maximum likelihood �t to the mixing rate (Eq. (4.25)) inluding resolution (see

Setion 14.3.3), the mistag rate h!i and its di�erene �h!i were extrated. The determination

of the mistag fration or rather D = 1�2h!i orresponds exatly to measuring the amplitude

in the time-dependent mixing rate, (N

unmixed

�N

mixed

)=(N

unmixed

+N

mixed

), modulo resolution.

Sample Category � (%) h!i (%) �h!i (%) Q (%)

MC Lepton 10:0 � 0:1 2:8� 0:1 �0:7� 0:3 9:0� 0:1

Kaon I 17:6 � 0:1 9:2� 0:2 �0:9� 0:4 11:7 � 0:1

Kaon II 19:9 � 0:1 21:2 � 0:3 �3:0� 0:5 6:6� 0:1

Inlusive 20:1 � 0:1 30:9 � 0:3 �2:3� 0:6 2:9� 0:1

Total 67:7 � 0:2 30:2 � 0:2

Data Lepton 9:3� 0:2 3:3� 0:8 �1:0� 1:3 8:1� 0:3

Kaon I 16:4 � 0:3 11:2 � 0:9 �0:8� 1:4 9:9� 0:5

Kaon II 19:8 � 0:3 22:1 � 1:0 �2:9� 1:5 6:2� 0:4

Inlusive 20:2 � 0:3 31:3 � 1:0 �4:6� 1:6 2:8� 0:3

Total 65:7 � 0:6 27:0 � 0:8

Table 14.1: Performane of the tagging algorithm on MC and data [Ber02℄. The latter is

obtained from �tting the time-dependent mixing rate of a sample of fully reonstruted B

into a avor spei� state. Apart from the general slight overestimation, the MC resembles

the data well. It is assumed that � = epsilon.

The numbers listed in Table 14.1 are worthy of a few remarks. While about 2/3 of

reonstruted B

0

andidates are assigned a avor tag, the overall e�etive tagging power,

Q, is 27%. The Lepton tagging ategory has the smallest wrong tag fration, as expeted,

but even so, the Kaon I ategory has the greatest tagging power, due to its higher eÆieny.

The tagging ategories Kaon II and Inlusive show a signi�ant di�erene between the mistag

frations for B

0

and B

0

, due to No signi�ant di�erenes are seen between Run I and Run

II, exept perhaps a slight derease in the lepton eÆieny for Run II due to the degrading

IFR and therefore muon identi�ation apabilities.

14.2.9 Possible further improvements

The tagging algorithm learly uses the main features of avor spei� information. Further

improvements thought of but not inluded (yet), are the following:

� K

0

S

andidates, as they signify undeteted strangeness.

� Leptons from asade deays, by fully using the momentum spetrum.

� Eletron veto for slow pions, to remove mahine bakgrounds.

� Optimization (and updating) of PID for tagging purposes.

� Semi-inlusive reonstrution to reognize D mesons and other features.

However, even when inluding these or possibly other features whih arry information, the

impat on the overall tagging power is limited, as the tagging performane is asymptotially

approahing the limit of what information an be extrated.
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14.3 Determination of deay time di�erene

The deay time between the two B deays is infered from the distane between the verties

(see Setion 7.1.1), thus the vertex resolution therefore propagates into the time resolution.

While the vertex of the fully reonstruted B meson B

re

is usually well determined, the

vertex of the tagging side B meson B

tag

is more problemati and therefore dominates the

time resolution. As the resolution in time is omparable to the lifetime of the B

0

, time-

dependent �ts require its proper desription in data. This is obtained from �tting the well

known lifetime distribution on a sample of fully reonstruted B

0

deays.

14.3.1 Vertex of reonstruted B meson

The deay vertex of B

re

is determined by �tting all (harged) deay produts in the �nal

state. Intermediate states with non-negligible lifetimes, suh as K

0

S

and D mesons, replae

their daughters in the �t (after improving their resolution with a kinemati �t). The typial z

vertex resolution is � 65�m, slightly better for CP �nal states (� 45�m), and slightly worse

for the �nal states in question (� 75�m), as these ontain both a D and a K

0

S

meson (see

Fig. 14.3a). However, this is not of great importane, as the time resolution is dominated by

the tagging side vertex
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Figure 14.3: (a) Residuals for z

re

and z

tag

in MC, showing the more preise determination of

z

re

than z

tag

and the bias on z

tag

. (b) The bias origins from inluding partiles from seondary

verties, mainly from D mesons. If exluded (shown with dash-dot linestyle), an unbiased

value of z

tag

an be obtained (see text).

14.3.2 Vertex of tagged B meson

The deay vertex of B

tag

is determined from the harged traks not used in the reonstrution

of B

re

. One again longlived intermediate states, suh as K

0

S

and �

0

, replae their daugh-

ters to avoid biases from seondary verties, and traks onsistent with photon onversion

( ! e

+

e

�

) are exluded from the �t.

From the reonstruted B meson, the momentum of B

tag

an be derived, and together with

the beam spot position, whih has dimensions [MC01℄ (�

x

� �

y

� �

z

) = 150�m � 5�m� 1m,

a kinemati and geometrially onstrained �t an be performed. Due to remaining seondary

verties (mostly from D mesons) and the forward boost, the tagging vertex is biased (in the

negative diretion due to the de�nition �z � z

re

� z

tag

. To minimize these biases, any trak

87

For this reason, the resolution funtion will approximately be the same for all fully reonstruted B deays.

Exeptions are K

0

S

�

0

, whih using the beam spot attain omparable preision, and �

0

�

0

, whih has no vertex.
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ontributing to the vertex �

2

by more than 6 are exluded from the �t, and the �t is repeated,

whih is illustrated in Fig. 14.3b. Fig. 14.3a shows the residuals (Æz � z

meas

� z

true

) for z

re

and z

tag

. In the latter distribution, the remaining bias from seondary verties an be seen.

The value of �z is determined diretly from the B

tag

vertex �t in order to inorporate orre-

lations. The resulting resolution on �z is 190�m, dominated by the unertainty in B

tag

.

14.3.3 Time resolution funtion

From the longitudinal distane between the reonstruted and the tagging vertex, �z, the

time di�erene, �t, an be infered (see Setion 7.1.1). Due to �nite resolution, the measured

and the true values of �t di�er. This detetor response, alled the resolution funtion,

is parametrized by three Gaussian distributions (ore, tail, and outlier omponents) as a

funtion of the residual, Æ

t

= �t

meas

��t

true

as:

R(Æ

t

; â) =

ore,tail

X

j

f

j

G(Æ

t

� b

j

�

�t

; S

j

�

�t

) + f

outl

G(Æ

t

; 8ps); (14.6)

where G(x; �

x

) is a Gaussian and R is normalized by f

ore

+f

tail

+f

outl

= 1. This parametriza-

tion is exible enough to enompass the features of the resolution using the urrent statistis.

The third Gaussian desribing the so-alled outliers is inluded to aount for the 0.3% mis-

reonstruted verties. Therefore its width is �xed to 8ps with no sale fator or bias.

The vertex �t provides the �t unertainty, �

�t

on an event-by-event basis, whih for simu-

lated events is plotted as a funtion of the RMS of the residual in Fig. 14.4a. Sale fators,

de�ned as the oeÆient relating the per-event error to the unertainty, �

j

= S

j

�

�t

, are

used to aount for underestimates (S

j

> 1) or overestimates (S

j

< 1) of �

�t

. Due to large

orrelations (with f

tail

), S

tail

, is �xed (to 3) in the �t.
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Figure 14.4: Correlation between �

�t

and (a) RMS and (b) mean of the residual for simulated

events. () Illustration of the reason why events with a better de�ned z position (bottom

diagram) also tend to be assoiated with a smaller bias, in aordane with (b). The blak

arrows above the deays desribe the bias and width in z, respetively (see text).
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The non-zero o�sets due to the seondary verties, are linearly orrelated with �

�t

, as an

be seen for simulated events in Fig. 14.4b. The origin of this orrelation is their ommon

dependene on longlived intermediate partiles (mostly D mesons) in the vertex �t. When

emitted transversely (thus with a large sum of the transverse momentum squared,

P

i

p

2

t

i

), a

preise and unbiased z-position of the vertex is determined. However, the more longitudinally

they are emitted the more they bias and inrease the unertainty of z

tag

, illustrated in Fig.

14.4. The o�sets, denoted Æ

0

j

, are therefore parametrized as Æ

0

j

= b

j

�

�t

, and as the biases

for the ore Gaussian varies with tagging ategory, k, these have separate biases, b

ore;k

. The

reason for this variation is the soure of tagging information. While leptons are from the

primary vertex, kaons are mostly from seondary verties, whih reates a di�erene, as an

be seen from Table 14.2. Note that the kaon and inlusive ategories have very similar biases.

The mistag fration also has a orrelation with the sum of the transverse momentum squared,

P

i

p

2

t

i

, as lower momentum spetra (e.g. from B

0

! DDK events) have higher mistag rates

[CC02℄. The orrelation is largest for tagging ategories involving kaons. Studies have shown,

that the impat of this orrelation on CP asymmetries is of the order 0.5% [Rah02℄, and for

this reason it has so far been inluded in the systematis.

With the exeption of the tail sale fator, S

tail

, all ore and tail parameters are determined

by �tting the deay time distribution (a double-sided exponential funtion) of a large sample

of fully reonstruted B mesons with an unbinned maximum likelihood �t. The determined

resolution parameters are listed in Table 14.2. As a onsisteny hek, the �tted lifetime is

ompared to the world average [PDG02℄.

Parameter Value Status Parameter Value Status

Signal (â) Bakground (

^

b)

f

ore

(%) 0:893 � 0:014 From �t f

bkg

(%) Given by f

bkg

outl

S

ore

1:096 � 0:046 From �t S

bkg

1:33� 0:14 From �t

b

ore;L

(ps) 0:040 � 0:043 From �t b

bkg

(ps) �0:2� 0:06 From �t

b

ore;K

1

(ps) �0:238 � 0:069 From �t

b

ore;K

2

(ps) �0:230 � 0:083 From �t

b

ore;I

(ps) �0:229 � 0:063 From �t

f

tail

(%) Given by f

ore

and f

outl

S

tail

(ps) 3.0 Fixed

b

tail

(ps) �1:039 � 0:016 From �t

f

outl

(%) 0:003 � 0:001 From �t f

bkg

outl

(%) 0:007 � 0:003 From �t

�

outl

(ps) 8.0 Fixed �

bkg

outl

(ps) 8.0 Fixed

b

outl

(ps) 0 Fixed b

bkg

outl

(ps) 0 Fixed

Table 14.2: The parameters of the resolution funtion for signal and bakground.

The resolution funtion used for all bakground omponents is desribed simply by two Gaus-

sian distribution, where the dominant Gaussian desribes the ore distribution and the other

desribes outliers and have a �xed width and mean of 8 and 0 ps, respetively. For the ore

distribution, a ommon sale fator and bias o�set is used for all tagging ategories, as the

data show no appreiable di�erene between these.

R

bkg

(Æ

t

;

^

b) = f

bkg

ore

G(Æ

t

� b

ore

�

�t

; S

ore

�

�t

) + f

bkg

outl

G(Æ

t

; 8ps); (14.7)

The bakground parameters for the resolution funtion,

^

b, are obtained from the sidebands

of a large data sample of fully reonstruted events, and it is assumed that the bakground

resolution funtion (not the bakground time distribution) is the same for this sample and

the one in question.
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14.4 Time-dependent �t

Having determined the tagging performane and the resolution funtion, these experimental

features have to be inluded in the time distributions of interest. The time-dependent �t here

presented follows that of the sin(2�) analysis [BABAR02b℄, sine this is well founded and has

been subjet to numerous tests and heks.

In priniple all the samples disussed above an be �tted. However, time-dependent

analysis of high bakground samples require quite detailed studies of these bakground's

properties in time. Furthermore, when not performing a Dalitz analysis, only smaller areas

of the Dalitz region should be �tted in order to be able to extrat any information from the

�t results. For these reasons only the B

0

! D

�

K

��

sample has been �tted.

14.4.1 Signal time distribution

Inluding the tagging performane, the time distributions Eqs. (4.38{4.41) beome:

f

0

(t) = (1� !)f(t) + !f(t) (14.8)

f

0

(t) = !f(t) + (1� !)f(t); (14.9)

where f(t) (f(t)) is the time distribution for events with a true B

0

(B

0

) on the tagging side,

and the f

0

(t) (f

0

(t)) are for events with a tagged B

0

(B

0

).

Applying these modi�ations to Eqs. (4.38 - 4.41), rearranging the terms, and using the

notation with C and S

�

introdued in Setion 4.6, yields:

F

B

re

=D

�

K

0

S

�

+

;B

tag

=B

0

;k

(t) = Ne

��jtj

[1 +

1

2

�D

k

�D

k

(C os(�mt)� S

�

sin(�mt))℄ (14.10)

F

B

re

=D

�

K

0

S

�

+

;B

tag

=B

0

;k

(t) = Ne

��jtj

[1�

1

2

�D

k

+D

k

(C os(�mt)� S

�

sin(�mt))℄ (14.11)

F

B

re

=D

+

K

0

S

�

�

;B

tag

=B

0

;k

(t) = Ne

��jtj

[1 +

1

2

�D

k

+D

k

(C os(�mt) + S

+

sin(�mt))℄ (14.12)

F

B

re

=D

+

K

0

S

�

�

;B

tag

=B

0

;k

(t) = Ne

��jtj

[1�

1

2

�D

k

�D

k

(C os(�mt) + S

+

sin(�mt))℄ (14.13)

The inlusion of the �nite vertex resolution is obtained by onvoluting the time distributions

with the resolution funtion, R.

The signal PDF is in short written as F

Q

D

;tag;k

, where Q

D

refers to the harge of the

reonstruted D

(�)

meson, tag refers to the tag being either B

0

or B

0

, and k is the tagging

ategory. One de�nes � = 1 for events with B

re

= D

+

K

0

S

�

�

and B

tag

= B

0

or B

re

=

D

�

K

0

S

�

�

and B

tag

= B

0

, and � = �1 for the other two ombinations. Using this notation,

the above formulae Eqs. (14.10- 14.13) an be ontrated into:

F

+;tag;k

(t) = Ne

��jtj

[1�

1

2

�D

k

+ �D

k

(C os(�mt)� S

+

sin(�mt))℄ ; (14.14)

F

�;tag;k

(t) = Ne

��jtj

[1�

1

2

�D

k

+ �D

k

(C os(�mt) + S

�

sin(�mt))℄ ; (14.15)

where the � refers to the tag (+ for B

0

). The variables S

+

and S

�

are substituted in the �t

by:

S �

1

2

(S

+

+ S

�

); �S �

1

2

(S

+

� S

�

) (14.16)

With the de�nition of Eq. (4.44), this means that the parameter �S ontains all CP violating

e�ets, while S is a measure of strong phases.

The distributions F

Q

D

;tag;k

are normalized aording to:

Z

1

�1

X

tag

(F

+;tag;k

(�t) + F

�;tag;k

(�t))d�t = 1: (14.17)
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14.4.2 Bakground time distribution

The bakground time distribution needs a desription for eah omponent, sine their origin

and therefore properties in time are di�erent. However, as the bakground onsists of many

di�erent soures, it has to be desribed by a general time distributions. In general there

are two issues to address, namely whether the omponent has a lifetime and whether it is

mixing. Sine the bakground is not overwhelming, the sensitivity to some of the terms

may not be great, but they should be inluded anyway, to make sure that there are enough

degrees of freedom to inorporate the features of the bakground time distribution. From the

distribution of the Fisher shape variable, the bakground omponents are divided aording

to whether it is a ontinuum � event or a BB event.

The ontinuum bakground (abbreviated ont) is in priniple prompt, in the sense that

the hadronization happens immediately, and thus all traks should originate from the same

vertex, resulting in a delta funtion distribution in time, B

ont;1

Q

D

;tag;k

=

1

2

Æ(�t

true

)
R

bkg

(Æ

t

;

^

b).

However, the longlived D mesons may mimik a lifetime omponent, and therefore the on-

tinuum bakground desription should ontain both a prompt and a non-zero lifetime om-

ponent, where the lifetime of the latter is an e�etive one, simply parametrizing the typial

bias, B

ont;2

Q

D

;tag;k

=

1

4

�

e�

ont

exp(��

e�

ont

j�t

true

j)
R

bkg

(Æ

t

;

^

b).

The prompt fration of ontinuum bakground is obtained from the o�-resonane data, and

the e�etive lifetime is set to 1ps. It is �xed in the �t as it is very orrelated with the prompt

fration.

The BB ombinatorial bakground (abbreviated omb) omes both from neutral as well

at harged pairs of B mesons. Both of these have a non-zero lifetime, but only the neutral

omponent mixes. Nevertheless, the lifetime is not neessarily present in the time distribution

of the BB bakground, as daughters from both B mesons may be used in the (bakground

andidate) reonstrution, whih means that the lifetime should be ompatible with zero.

For B

+

B

�

events, this interhange is unavoidable, as the harge would otherwise not math,

leaving the prompt non-mixing distribution B

omb;1

Q

D

;tag;k

=

1

2

Æ(�t

true

) 
 R

bkg

(Æ

t

;

^

b). For B

0

B

0

events the degree of interhange may vary, leaving either a prompt non-mixing ompo-

nent (desribed by B

omb;1

) or a non-prompt mixing omponent, desribed by B

omb;2

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)(1��D

k

+ �D

k

os(�m�t

true

))
R

bkg

(Æ

t

;

^

b), with the lifetime and mix-

ing frequeny of the B

0

meson, where the � refers to the B tag.

The non-degenerate peaking bakground derives from misreonstruted BB events, whih

are similar to the signal events, thus with a lifetime. The omponent is desribed by B

peak;1

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)
R

bkg

(Æ

t

;

^

b).

To inorporate possible CP violation in the peaking omponent, an additional omponent

is inluded. It is desribed by a distribution similar to signal, inluding an e�etive CP

asymmetry in terms of C

e�

and S

e�

, that is B

peak;2

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)(1 � �D

k

+

�D

k

[C

e�

os(�m�t

true

) + S

e�

sin(�m�t

true

)℄) 
 R(Æ

t

; â), where the � again refers to the B

tag. This omponent is most likely not sensitive to any CP asymmetries, but inorporates

possible systemati e�ets. Note that this omponent is onvoluted with the signal resolution

funtion, due to its lose resemblane.

All of these three bakgrounds are normalized as:

Z

1

�1

X

tag;b

(B

bkg;b

+;tag;k

(�t

true

) + B

bkg;b

�;tag;k

(�t

true

))d�t = 1; (14.18)

where b = 1; 2 is the index of the bakground. These bakground desriptions are summarized

in Table 14.3.
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Component Features PDF

Continuum P, NM B

ont;1

Q

D

;tag;k

=

1

2

Æ(�t

true

)

L, NM B

ont;2

Q

D

;tag;k

=

1

4

�

e�

ont

exp(��

e�

ont

j�t

true

j)

BB P, NM B

omb;1

Q

D

;tag;k

=

1

2

Æ(�t

true

)

L, M B

omb;2

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)(1 ��D

k

+ �D

k

os(�m�t

true

))

Peaking P, NM B

peak;1

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)

L, M, CPV B

peak;2

Q

D

;tag;k

=

1

4

�

B

exp(��

B

j�t

true

j)(1 ��D

k

+ �D

k

[C

e�

os(�m�t

true

) + S

e�

sin(�m�t

true

)℄)

Table 14.3: The PDFs desribing the various �t omponents of the bakground. The PDFs

are normalized and onvoluted with the bakground resolution funtion (exept B

peak;2

Q

D

;tag;k

)

before entering the likelihood �t. The feature abbreviations are Prompt (P), Lifetime (L),

Mixing (M), Non-Mixing (NM), and CP violating (CPV).

14.4.3 Likelihood funtion

Given the signal and bakground parametrizations above, a likelihood funtion an now be

build as a sum over events i:

lnL =

X

i

lnL

Q

D;i

;tag

i

;k

i

(�t

i

) (14.19)

where k denotes a tagging ategory, and L

Q

D

;tag;k

is the sum:

L

Q

D

;tag;k

= f

sig

k

F

Q

D

;tag;k

+ f

ont

k

B

ont

Q

D

;tag;k

+ f

omb

k

B

omb

Q

D

;tag;k

+ f

peak

k

B

peak

Q

D

;tag;k

: (14.20)

The omponent frations satisfy the relation f

sig

k

+ f

ont

k

+ f

omb

k

+ f

peak

k

= 1.

14.4.4 Likelihood �t

For the time-dependent �t the events are required to have:

� A tag � j�tj < 20 ps � �

�t

< 2:5 ps

The tag is neessary in order to extrat CP information. This an be seen from Eqs. (14.10-

14.13), where the C and S

�

terms vanish, when D

k

= 0 (orresponding to h!i = 0:5, that is

equal probability of being a B

0

or a B

0

). The requirement on j�tj is very loose onsidering

the lifetime of the B

0

. Along with the �

�t

requirement it rejets misreonstruted events.

This ensures that no events lie beyond what is aounted for by the outlier omponent of the

resolution funtion. Events with �

�t

> 2:5 ps provide essentially no sensitivity anyway.

The time-dependent �t is applied to the B

0

! D

�

K

��

resonant region, as this has a high

purity. A �t of the region of higher invariant mass in K

0

S

�, 1:0 < m(K

0

S

�) < 2:0GeV, was

also attempted, but the �t had essentially no sensitivity to C, S, and �S.

The dominant bakground in this region is not surprisingly from ontinuum, as this bak-

ground more easily resembles (quasi) two-body deay modes. The BB bakgrounds are not

very large (see Table 10.8), and their inuene on the �t results is therefore limited.

The result of the �t an be seen for eah tagging ategory in Fig. 14.5, and the parameters

and their orrelations with C, S, and �S an be found in Table 14.4.
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Figure 14.5: Data distribution and �t PDF of the four tagging ategories (a) Lepton, (b) Kaon

I, () Kaon II, and (d) Inlusive in the variables m

ES

, �E, F , and �t (see text).

14.4.5 Systemati errors

The study of systemati errors is still preliminary and has not been fully performed yet,

thus the following is only an outline of initial studies. However, the systemati errors of the

time-dependent �t are not expeted to be of the same magnitude as the statistial unertain-

ties. The reason for this is that most systemati errors (e.g. traking, branhing frations,

eÆieny orretions) tend to anel out, sine their impat on reonstrution eÆieny an

be fatorized out of the likelihood funtion. For the same reason, onservative estimates are

used.
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Parameter Value �

C

�

S

�

�S

f

sig;1

0:50 � 0:10 -0.01 0.02 0.02

f

sig;2

0:18 � 0:03 -0.05 -0.06 0.00

f

sig;3

0:13 � 0:03 -0.05 0.01 -0.02

f

sig;4

0:09 � 0:02 -0.01 0.01 -0.01

f

ont;1

0:34 � 0:10 -0.01 -0.01 0.00

f

ont;2

0:76 � 0:05 0.01 0.02 -0.01

f

ont;3

0:81 � 0:05 0.00 0.01 0.01

f

ont;4

0:86 � 0:05 0.00 0.00 -0.01

f

omb;1

0:10 � 0:08 0.04 -0.01 -0.02

f

omb;2

0:03 � 0:04 -0.01 0.00 0.01

f

omb;3

0:07 � 0:05 -0.01 0.00 0.00

f

omb;4

0:08 � 0:05 0.01 -0.01 0.01

f

prompt

ont

0:61 � 0:05 Fixed (from o�-resonane data)

�

ont

1.0 Fixed

f

prompt

omb

0:01 � 0:08 0.00 0.00 0.00

f

prompt

peak

0:90 � 0:18 0.00 0.00 0.00

C

e�

4:76 � 6:73 -0.00 0.00 0.00

S

e�

2:93 � 2:26 -0.00 0.00 0.00

C 0:93� 0:18 1.00 0.03 -0.07

S 0:18� 0:28 0.04 1.00 -0.31

�S 0:08� 0:28 -0.07 -0.31 1.00

Table 14.4: Component frations, bakground parameters, and signal oeÆients. In addition

to the value of the parameters, the orrelations with the three signal oeÆients C, S, and

�S are shown.

The systemati errors from the unertainty in the mixing frequeny and lifetime of the B

0

are obtained by varying these within the unertainties on their values [PDG02℄. The impat

on the three parameters C, S, and �S is noted, and this hange is taken as a systemati

error. Likewise, the systemati unertainty from the tagging performane is obtained by

varying the tagging parameters of Table 14.1 within their errors. The hanges noted are

added in quadrature for eah parameter, as their orrelations were not available.

The systemati error from the resolution funtion is twofold. One regards the shape used

to desribe its PDF, and the other the atual values (and unertainties) in the parameters

entering the PDF. The unertainty from varying the parameters is divided into that of the

signal resolution funtion and that of the bakground, and the errors are added in quadrature.

The outlier width was varied�2ps, the sale fator of the tail by�0:5, and the e�etive lifetime

of the ontinuum by �0:2ps. To quantify the error assoiated with the model for the signal

resolution funtion, an alternative model is used. The model, similar to the one used in the

�t, inorporates the biases from D deays not expliitly but by introduing a onvolution of

a Gaussian with a one-sided exponential, hene the name GExp:

R

GExp

(Æ

t

; â) = f

ore

G(Æ

t

; S

j

�

�t

)
 (f

G

i

Æ(Æ

t

) + (1� f

G

i

)

1

�

e

�Æ

t

=�

) + f

outl

G(Æ

t

; 8ps); (14.21)

where the exponential is one-sided, i.e. the funtion takes the value zero for Æ

t

< 0. The

e�etive lifetime � is ommon for all tagging ategories, but the fration of pure Gaussian f

G

i

is a funtion of tagging ategory, to aount for varying D meson biases (f. Table 14.2).

The possibility of DCSD of B

tag

leads to interferene terms, whih may inuene the time

distribution [LBCK03℄. Essentially, DCSD introdue a sine and a osine term. The sine term

simply redues the amplitude by (1� r

2

), where r is the ratio of the DCS amplitude and the
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Cabibbo allowed amplitude (� �

2

), and this e�et is already inluded in the mistag frations.

The impat on the osine term depends on the strong and weak phases of the bakgrounds.

These are unknown and vary from mode to mode, and the size of the e�et depends on the

ohereny of their adding, whih makes it impossible to diretly alulate. The systemati

unertainty from this e�et is onservatively taken to be 0.02.

Additional errors are the e�et of the beamspot position used when determining the vertex

positions, the traking alignment also a�eting the vertex preision, and eÆieny di�erenes

in reonstruting D

�

K

0

S

�

+

ompared to D

+

K

0

S

�

�

, whih an bias all of the three terms.

The �rst e�et has been studied elsewhere [BABAR02b℄ by varying the beam spot position

within its known position (determined from e

+

e

�

and �

+

�

�

events and the luminosity). The

unertainty from the traking alignment is dominated by the \loal" SVT alignment, where

\loal" refers to the relative position of the SVT wafers [BABAR01℄. Both of these e�ets

are expeted to ontribute to the systemati error by about 1.0%.

The eÆieny di�erene between positive and negative GTVL has a systemati error of 0.30%.

As the �nal states D

(�)+

K

0

S

�

�

and D

(�)�

K

0

S

�

+

have the same number of harged traks,

there should be no eÆieny di�erene between the two modes, unless the harge asymmetry

is signi�antly di�erent for kaons ompared to pions. The size of suh an e�et would most

likely not exeed the general harge asymmetry unertainty, and therefore no large orretions

and systematis are expeted from this soure.

Parameter C �S S

�m� 0:009 ps

�1

0.004 0.005 0.010

�

B

0 � 0:016 ps 0.001 0.000 0.000

Tagging 0.017 0.010 0.005

Resolution model (signal) 0.002 0.009 0.004

Resolution funtion (signal) 0.002 0.002 0.003

Resolution funtion (bakground) 0.005 0.014 0.009

DCSD 0.020 0.000 0.000

Beam spot 0.010 0.010 0.010

SVT Alignment 0.010 0.010 0.010

Total 0.031 0.024 0.021

Table 14.5: Preliminatry list of systemati errors for time-dependent �t. The largest system-

ati errors are written in bold.

The systemati unertainties are in general small as expeted. The largest soure of error

is from tagging, whih is not surprising, as the tagging oeÆients have a very entral role

in the signal PDF and as they have to be obtained from �tting data samples, whih are

statistially limited. Also the resolution funtion model and parameters play a role. The

large impat of the bakground resolution is mostly due to the unertainty in the bakground

(ore) sale fator.

While the B

0

mixing frequeny also has a sizable impat, the lifetime does not alter the

results in any signi�ant way. Finally, the impat on the systemati error on C from DCSD

is large, whih is most likely due to the onservative approah.

14.4.6 Setion summary and onlusions

Though the data sample is still too limited to yield deisive results, a �rst pass at a time-

dependent analysis was employed. The tagged B

tag

mesons are divided into ategories a-

ording to the soure and quality of the avor information, as this inreases the sensitivity.

The detetor response is parametrized in terms of resolution funtions, whih inluded the
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various biases and other e�ets due to longlived partiles in the deay produts of the B

0

mesons. The parameters of both the tagging algorithm and the resolution funtions are ob-

tained from a large sample of fully reonstruted B

0

mesons. The e�etive tagging eÆieny

is Q = 27:0 � 0:9% and most tagged events have well determined values of �t.

Given a theoretial signal time distribution and an empirial bakground time distribution

desription, the parameters C = 0:93 � 0:18, S = 0:18 � 0:28, and �S = �0:08 � 0:28 are

extrated from an unbinned maximum likelihood �t. The systemati errors are evaluated

by varying the parameters involved, and they are not very large ompared to the statistial

errors, as expeted. From Eq. (4.43) the value of C an be translated into an amplitude ratio,

�, between the b! u and the b!  amplitudes. The value obtained is � = 0:19�0:25�0:04.
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15 Conlusions

Using approximately 88 million BB pairs, the deay modes B

0

! D

�

K

0

�

�

and B

0

!

D

��

K

0

�

�

have been studied. Their branhing frations have been measured and their Dalitz

distributions extrated. In addition, the branhing frations of the K

��

resonant hannels

B

0

! D

�

K

��

and B

0

! D

��

K

��

have been measured. The results are:

Br(B

0

! D

�

K

0

�

�

) = (5:0 � 0:7

stat

� 0:6

syst

)� 10

�4

Br(B

0

! D

�

K

��

) = (4:8 � 0:6

stat

� 0:5

syst

)� 10

�4

Br(B

0

! D

��

K

0

�

�

) = (3:0 � 0:7

stat

� 0:3

syst

)� 10

�4

Br(B

0

! D

��

K

��

) = (3:2 � 0:6

stat

� 0:3

syst

)� 10

�4

A time-dependent analysis of the K

��

resonant region of the B

0

! D

�

K

0

�

�

hannel was

performed. The values of the interferene and CP sensitive variables are:

C = 0:93� 0:18

stat

� 0:03

syst

;

S = 0:18� 0:28

stat

� 0:02

syst

;

�S = �0:08� 0:28

stat

� 0:02

syst

A omparison of these results with previous measurements and an interpretation of the results

are presented in Setion 15.1. The possible improvements of the analysis and the prospets of

inreased integrated luminosity is disussed in Setion 15.2. Finally, the outlook on measuring

 and the future of B physis are onluded upon in Setion 15.3.

15.1 Comparison and interpretation of results

The three-body branhing frations have been measured for the �rst time and their size of the

order expeted. The K

��

resonant branhing frations have been measure before [PDG02℄.

Br(B

0

! D

�

K

��

) = (3:7 � 1:5

stat

� 1:0

syst

)� 10

�4

;

Br(B

0

! D

��

K

��

) = (3:8 � 1:3

stat

� 0:8

syst

)� 10

�4

:

The omparison is good, and the errors have been redued by more than a fator of two, even

though the seletion is not optimized for these hannels.

The results an also be ompared to the isospin-related resonant two-body hannels B

+

!

D

0

K

�+

[BABAR04a℄ and B

+

! D

�0

K

�+

[BABAR03℄. However, the omparison annot be

done diretly, as the harged hannels have an additional diagram, whih is olor suppressed.

A naive addition of these would suggest a total enhanement of the branhing fration of

j1 + 1=3j

2

= 16=9.

Taking this fator at fae value, the B

0

! D

�

K

0

�

�

measurement is in good agreement with

the measured value of the isospin-related deay, while the B

0

! D

��

K

0

�

�

result is slightly

low:

Br(B

+

! D

0

K

�+

) = (6:3 � 0:7

stat

� 0:5

syst

)� 10

�4

;

Br(B

+

! D

�0

K

�+

) = (8:3 � 1:1

stat

� 1:0

syst

)� 10

�4

:

A possible explanation would be destrutive interferene between the b !  and the b ! u

transitions, as both the strong phase and the weak phase are potentially large. However,

given the errors, the disrepany is not signi�ant.

The Dalitz plot distributions shows that the K

��

resonane is dominant, but in both the

B

0

! D

�

K

0

�

�

and the B

0

! D

��

K

0

�

�

mode approximately one third of the ontribution

is from other soures. However, the determination of additional strutures requires more
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statistis. From the heliity distribution of the K

��

resonane, possible other interfering

ontributions do not seem to have a spin 0 nor spin 2 struture, as their interferene would

then alter the distint os

2

(�) heliity distribution of the K

��

.

The time-dependent analysis of the resonant B

0

! D

�

K

��

region does not have the

required sensitivity to determine if there is any interferene between the b !  and b ! u

transition. This was to be expeted, but the time-dependent �t sets limits on the parameters,

and in addition it shows the feasibility and preision of suh a �t. The value of the oeÆient

C = 0:93 � 0:18 � 0:03 an be translated into a ratio of amplitudes, and one obtains � =

0:19�0:25�0:04, whih leaves the question of interferene open. The CP violating parameter

�S is onsistent with zero, as one would expet when no signi�ant interferene is observed.

For the region of higher invariant mass in K

0

S

�, 1:0 < m(K

0

S

�) < 2:0GeV, no onstraints on

C, S, and �S are obtained.

15.2 Improvements and prospets of the analysis

Given additional time and/or data, the analysis presented ould be improved in several ways

of whih a few are disussed below.

The dominating systemati errors are those from traking and the unertainty in the

branhing frations of the subsequent D meson deays. While the latter is hard to improve

(requires a dediated analysis and is dominated by systemati errors), the former an with

some e�ort be diminished. Also the PDF shapes involve signi�ant unertainty, but this is

of statistial origin, and ould be inluded as suh by simultaneously �tting the ontrol sam-

ples. However, the systemati errors are not dominant espeially not for the time-dependent

analysis, whih renders the disussion somewhat aademi.

The real limitations are the slightly low branhing ratios and the seemingly irreduable bak-

grounds from ombinatoris. The former an of ourse be redeemed with inreased statistis,

while the latter dereases the signal sensitivity to some degree. Even if employing neural

networks for inreasing the purity of the daughter seletion, the impat on the overall purity

is limited, as the larger part of the bakground onsists of orretly reonstruted D

(�)

, K

0

S

,

and � mesons, whih mimik a B

0

meson deay. Nevertheless, signal an be extrated both

inside and outside the K

��

resonant region.

Given no a priori knowledge of or handles on the Dalitz distribution, onduting a full time-

dependent Dalitz analysis does not seem feasible at this time

88

.

Regarding

s

Plots, this method has proven to be a great fore of the analysis, and the

approah has subsequently been adapted by other three-body analyses of B mesons, mainly

harmless (e.g. [Ola04℄). The

s

Plot weights also give the apability of separating problems

without sari�ing statistial power, e.g. allowing Dalitz plot �ts without a simultaneous �t

in m

ES

, �E, and F , whih is very demanding in terms of �tting omplexity and omputing

power.

15.3 Outlook on  and B physis

Sine the ommenement of this thesis,  has proven worthy of its reputation as notoriously

elusive.

The improved GW method of onsidering asymmetries and branhing ratios (see Eq. (5.3) of

Setion 5.1) has only given very weak onstraints on  [Sto04℄. The ADS method has reently

been attempted in the D

0

! K� mode [BABAR04b℄, whih essentially onsists of looking

for the deay B

+

! [K

�

�

+

℄

D

K

+

. No events were seen, whih yields an upper limit on the

amplitude ratio of r < 0:224 (r < 0:196 assuming 48

Æ

<  < 75

Æ

) at 90% CL. This means

that the prospets for measuring  in the B

�

! D

0

K

�

mode are diminished. Combining

88

Other analysis with the same level of bakground have at least 4-5 times the number of signal events.
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the result with the weak limits obtained from the improved GW method yields no preferred

value for  (the likelihood urve is at!).

The only promising method is that of the B

�

! [K

0

S

�

+

�

�

℄K

�

mode, where the Dalitz

plot of the D

0

meson lays the basis for the interferene between the b !  and the b ! u

transitions. The main advantage is that the Dalitz plot an be obtained from the D

�+

!

D

0

(! K

0

S

�

+

�

�

)�

+

deay, whih has very large statistis. Using this hannel, limits of

61

Æ

<  < 142

Æ

(90% CL) has been set [Belle03℄, and ontrary to the two-body methods,

there is only the �� ambiguity in the solution.

In addition, the time-dependent B

0

! D

(�)�

�

�

analysis have also set limits on sin(2� + )

[BABAR03d, BABAR03e℄, but the prospets for atual measurements  are not lear, not

the least beause of ambiguities.

The situation is generally that the sensitivity to  of any method is low, most notably beause

of the small amplitude ratio. Whether the amplitude ratio and the interferene is large in the

B

0

! D

(�)�

K

0

�

�

modes an still not be onluded upon. However, if seen, the modes have

prospets of high sensitivity without the eight-fold ambiguity.

In the future, most likely the large statistis and B

0

s

apabilities of �rst CDF and D0, and

afterwards LHCb and BTeV will in time give fairly preise measurements of , sine deays

measuring this angle are of the same order in � in a time-dependent analysis similar to that of

B

0

! D

�

�

�

. Nevertheless, until then  will most likely not be measured with any signi�ant

preision, and its value will have to be infered indiretly from �tting the CKM matrix.

It is interesting to note, that sine the B

0

! D

(�)�

K

0

�

�

mode is fully harged and has

many onstraints for rejeting bakground, of whih ontinuum is the dominant, it might be

suitable for hadroni mahines.
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Abbreviations

Abbreviations are very frequently used in the experimental high energy physis ommunity,

as the �eld is somewhat tehnial, and so this thesis ontains many as well. They are written

in full the �rst time they our with the abbreviation in parenthesis, after whih only the

abbreviation is used. However, abbreviations of aelerators and detetors/experiments are

rarely written in full. Below is a list of the abbreviations used.

BAD BaBar Analysis Doument.

CDF Collider Detetor at Fermilab. Detetor at Tevatron.

CERN The European Laboratory for Partile Physis.

CKM Cabibbo, Kobayashi and Maskawa. Inventors of the CKM quark mixing matrix.

CL Con�dene Limit.

CM Center-of-Mass.

CP Charge onjugation and Parity. Abstrat operators transforming partiles.

CPT Charge onjugation, Parity and Time reversal.

D0 Detetor at Tevatron, Fermilab.

DCH Drift CHamber. Subdetetor of BaBar.

DIRC Detetor of Internally Reeted

^

Cerenkov light. Subdetetor of BaBar.

EMC EletroMagneti Calorimeter. Subdetetor of BaBar.

FEE Front End Eletronis. Common eletronis arhiteture plaed on the subdetetors.

GIM Glashow, Iliopoulos and Maiani. Inventors of the GIM-mehanism.

HER High Energy Ring. The eletron storage ring at PEP-II.

HERA-B B physis at the HERA-aelerator. Experiment at DESY in Hamburg.

HV High Voltage.

IFR Instrumented Flux Return. Subdetetor of BaBar.

IP Interation Point.

IR Interation Region.

LAL Laboratoire de l'A�el�erateur Lin�eaire, Orsay, Frane.

LEP Large Eletron-Positron ollider, CERN, Switzerland.

LER Low Energy Ring. The positron storage ring at PEP-II.

LHC Large Hadron Collider. Aelerator in progress at CERN.

MC Monte Carlo. Tehnique for numerial integration and estimation.

MNS Maki, Nakagana, Sakata. Inventors of the MNS lepton mixing matrix.

NBI Niels Bohr Institute, Copenhagen.

PDF Probability Density Funtion.

PEP Positron Eletron Projet. Storage rings at SLAC.

PID Partile IDenti�ation.

PMT Photo Multiplier Tube. Instrument for deteting photons.

POCA Point Of Closest Approah. Point of shortest distane to point or trak (e.g. beam spot).

PS Phase Spae.

QCD Quantum Chromo Dynamis. Theory of the strong fore.

QED Quantum Eletro Dynamis. Theory of the eletromagneti fore.

QFT Quantum Field Theory.

RPC Resistive Plate Counter. Type of detetor used in the IFR.

SCF Self Cross Feed.

SLAC Stanford Linear Aelerator Center, Stanford, USA.

SM Standard Model.

SR Synhrotron Radiation.

SVT Silion Vertex Traker. Subdetetor of BaBar.

TDC Time to Digital Converter.

TDR Tehnial Design Report.
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