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About three million hadronic decays of the Z collected by ALEPH in the years 1991 to 1994 are used to search

for anomalous CP violation beyond the Standard Model in the decay Z ! b�bg. The study is performed by

analyzing angular correlations between the two quarks and the gluon in three-jet events and by measuring the

di�erential two-jet rate. No signal of CP violation is found. For the combinations of anomalous CP violating

couplings, ĥb = ĥAbgV b � ĥV bgAb and h�b =

q
ĥ2
V b

+ ĥ2
Ab

, limits of j ĥb j< 0:59 and h�b < 3:02 are given at 95%

CL.
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1. Introduction

The Standard Model predicts only negligible

CP violating e�ects in decays of the Z into quarks

or leptons [1]. Therefore, a search for CP viola-

tion at the Z resonance is a test for physics be-

yond the Standard Model. Simple extensions [2]

of the Standard Model with CP-odd and CP-even

Higgs states are expected to contain CP violating

terms. As couplings of Higgs particles are func-

tions of the masses of the interacting particles,

decays with heavy quarks deserve special inter-

est. In this analysis [3] a search for CP violating

anomalous couplings is performed, as proposed

by the authors of [1,4].

2. Theoretical Framework

In [4] CP-odd couplings are introduced in a

model independent way using an e�ective La-

grangian. The Standard Model Lagrangian den-

sity is extended to include all CP-odd local opera-

tors that can be constructed with Standard Model

�elds, up to the mass dimension d = 6. E�ects

in Z ! b�b from CP violating dipole form fac-

tors would require the measurement of the spin

directions of the quarks. As for quarks no spin

analyzers exist, the search for CP violation is re-

stricted to the analysis of the CP-odd operator

at the vertex Z ! b�bg. In [1,4] it is shown that

all CP-odd e�ects are proportional to the dimen-

sionless coupling ĥb:

ĥb = ĥAbgV b � ĥV bgAb (1)

with

ĥAb=V b = hAb=V b

sin #W cos #Wm2
Z

egs
;

where gs is the strong coupling and gV b, gAb are

the Standard Model vector and axial vector cou-

plings of the b quark to the Z.

In a �rst study, CP-odd variables are analyzed,

probing the coupling ĥb. To measure ĥb the CP-

odd tensor T 0

ij
[4] is used:

T 0

ij = (k̂�q � k̂q)i

 
k̂�q � k̂q

j k̂�q � k̂q j

!
j

+ (i$ j) ; (2)

where k̂q, k̂�q denote the normalized momentum

vectors of the quark and anti-quark, respectively,

and i, j are the cartesian coordinates with i, j = 3

de�ned to be along the beam axis. The tensor T 0

ij

is symmetric in i and j, traceless, and invariant

when exchanging k̂q and k̂�q. Therefore only the

gluon jet has to be tagged. If CP is violated then

hT 0

ij
i 6= 0. The most sensitive observable is hT 0

33i

[3]), it is related to ĥb [4] by:

hT 0

33i = ĥbY
0 : (3)
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The sensitivity Y 0 is a constant derived by in-

tegration of the experimentally accessible phase

space.

In a subsequent analysis, additional contribu-

tions from anomalous couplings to the three-jet

rate in the process Z ! b�bg have been searched

for. Such additional contributions are propor-

tional to the combination h�
b

2, with

h�b =

q
ĥ2
V b

+ ĥ2
Ab

; (4)

and would manifest themselves in a higher value

of the strong coupling constant for b quarks,

�bs(M
2
Z
) (for a complementary but related study

see [5])

The analysis of h�
b
is based on the di�erential

two-jet rate D2, which is the normalized distri-

bution of the event shape variable Y3, D2(Y3) =

1=� d�(Y3)=dY3, with Y3 being the ycut at which

an event changes its classi�cation from three jets

to two jets.

Additional couplings at the vertex Z ! b�bg

could also contribute to the partial width �b�b,

thus possibly enhancing Rb beyond its Standard

Model value [4]. By attributing the observed de-

viation of R
exp

b
= 0:2209� 0:0021 from the Stan-

dard Model expectation Rb = 0:2155� 0:0005 [6]

entirely to these anomalous couplings, a value of

h�
b
= 1:93� 0:75 can be calculated.

3. Data Reduction

The ALEPH detector and its performance are

described in detail in [7]. The selection of

hadronic events is detailed in [3]. Jets are de�ned

using the JADE and Durham algorithms [8]. In

the ĥb analysis the JADE algorithm with a �xed

cut o� value of ycut = 0:03 is used. In the h�
b
anal-

ysis both jet schemes are employed to measure the

di�erential two-jet rate D2(Y3). The b events are

selected exploiting the sizeable impact parame-

ters due to b decays. The b tagging algorithm is

described in detail in reference [9]. The probabil-

ity for each charged particle to originate from the

primary vertex is calculated using the track im-

pact parameter. They are combined into proba-

bilities P associated to sets of tracks like jets (PJ )

or whole events (PE). In both analyses b events

are selected with a cut on the event probability

PE , resulting in b purities of more than 85%.

4. Analysis of Anomalous Couplings from

Z ! b�bg Topologies

In the study of CP-odd contributions three-jet

events are selected as described in [3]. The ener-

gies of the three reconstructed jets are ordered,

Ejet 1 > Ejet 2 > Ejet 3. In the b sample the gluon

jet candidate is selected using the probability PJ
of the individual jets: from the two lower energy

jets, the jet with the higher PJ is chosen as the

gluon jet candidate.

The purity of the sample is estimated using

simulated events generated with JETSET [10].

The matching procedure of partons to jets found

after reconstruction is detailed in [3].

A purity of 73:6%�0:4stat�0:9syst is achieved.

The e�ciency, de�ned as selected b�bg events with

successfully tagged gluon compared to the total

rate of Z ! b�bg events, is about 19%.

The measurement is performed on the data col-

lected until 1994. After applying the data selec-

tion, a sample of 85342 b�bg candidates remains for

the T 0

33 measurement. The following mean value

of hT 0

33i is obtained:

hT 0

33i = (�0:5� 3:7stat)� 10�3

The measurement is also performed on a sam-

ple enriched with light quarks to ensure that no

e�ect due to the selection mechanism is present

and to check the assumption that no CP violat-

ing e�ect exists in events with light quarks. Light


avours are selected with the cut PE > 0:5. The

gluon jet in this sample is de�ned to be the one

having the lowest energy in the event. The fol-

lowing mean value of hT 0

33i is obtained:

hT 0

33i = (�0:9� 3:1stat)� 10�3

Obviously no signi�cant discrepancy between the

two completely independent samples is found.

Hence it is concluded that no signi�cant fake

CP violating e�ect due to the selection is present.
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4.1. Systematic Errors of the Measure-

ment

To estimate the e�ect of the selection cuts, all

the cuts are varied in a wide range. Only the

cuts applied to select well-de�ned three-jet con-

�gurations (ycut, aplanarity, jet energies, multi-

plicities and angles) have a sizeable in
uence on

the selected sample. Therefore, the systematic

error is estimated using these cuts only [3]. The

CP invariance of the b tag is checked by divid-

ing the three-jet sample into disjoint subsamples

with di�erent PE values. Using these subsamples,

a sample of hT 0

33i values is measured to test the

bias of the PE cut. The hT 0

33i values are found to

be well compatible with statistical 
uctuations.

The uncertainty is estimated from a Gaussian �t

to the distribution. The CP symmetry of the de-

tector is estimated by measuring hT 0

33i on a sam-

ple of track pairs in hadronic events [3]. The re-

sulting asymmetry is compatible with zero within

one standard deviation. The quality of the re-

construction of the jet direction is estimated by

measuring the di�erence of the hT 0

33i at the par-

ton level and after the full detector simulation.

The error is derived from the width of the di�er-

ence distribution. A more detailed description of

the systematic uncertainties is given in [3]

4.2. Determination of ĥb

To extract the coupling ĥb from the measure-

ment of hT 0

33i the e�ective sensitivity Y 0 has to

be calculated. This has been done by means of

a Monte Carlo generator [11], which includes the

CP violating couplings. The calculated sensitiv-

ity Y 0 = �0:0167�0:0002stat is constant, showing

no dependence on ĥb [3].

The systematic errors on the sensitivity stem

from the errors on the tagging purity and from the

in
uence of the b quark mass. The largest error

is caused by the dependence of the sensitivity on

the b quark mass [12]. Taking into account the

total systematic uncertainty [3] the sensitivity is

given by

Y 0 = �0:0167� 0:0002stat� 0:0015syst :

4.3. Results of the ĥb Analysis

Taking the systematic errors into account the

measurement of the CP-odd observable in a sam-

ple of Z ! b�bg events yields:

hT 0

33i = (�0:5� 3:7stat � 3:3syst)� 10�3 :

The measurement is consistent with hT 0

33i = 0.

The size of the CP-odd coupling ĥb is extracted

using eq. 3:

ĥb = 0:03� 0:22stat � 0:20syst :

From this measurement a limit on the coupling of

j ĥb j< 0:59 (95% CL) is derived.

5. Measurement of Anomalous Couplings

from the Di�erential Two-Jet Rate

Of all the event shape variables studied in

[5], only for Y3 theoretical calculations including

anomalous couplings are available [12]. There-

fore, the second analysis concentrates on possible

additional contributions to the di�erential two-jet

rate D2(Y3) due to the anomalous coupling h�
b
.

The theoretical prediction for D2(Y3) is given by

Db

2(Y3) =
�s(�

2)

2�

 
A0(Y3) + h�b

2
C0(Y3)

!

+

�
�s(�

2)

2�

�2 �
A0(Y3)2�b0 ln

�
�2

M2
Z

�
+B0(Y3)

�

where b0 = (33 � 2nf )=12�, � is the renormal-

ization scale, and the coe�cientsA0 and B0 have

been computed to second order of perturbative

QCD [13]. Here h�
b
� h�

udsc
is assumed. Hence

the prediction for udscquarks is entirely �xed by

the Standard Model and does not depend on h�.

In contrast, D2 for b quarks receives contribu-

tions from new physics and the prediction is mod-

i�ed by an additional term proportional to h�
b

2.

Note that in the coe�cients A0 and B0 the total

cross section needed for normalization is changed

if anomalous couplings are present. The coe�-

cient C0 has been calculated to leading order [12].

A theoretical description Rth of the observable

can be derived:

Rth =
PbD

b;b tag
2 (Y3) + (1� Pb)D

udsc;b tag
2 (Y3)

RbD
b incl
2 (Y3) + (1�Rb)D

udsc incl
2 (Y3)

where Pb is the purity of the lifetime-enriched

b sample, Rb is the fraction of Z's decaying into
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b quarks and D
q tag

2 stands for the distribution of

a 
avour q in a sample of type tag. These dis-

tributions are constructed from the parton level

predictions and have to be corrected for the fol-

lowing e�ects: mass corrections for b quarks, ini-

tial and �nal state radiation, hadronization ef-

fects, the detector acceptance, the in
uence of the

detector resolution, and the tagging bias. After

applying these corrections to Rth, a value of h�
b

is extracted from a binned least-square �t to the

data (see �g. 1).

➛ ➛
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Figure 1. Fit of the theoretical description Rth

to the experimental observable Rexp. The �t re-

sult with the Durham algorithm (h�
b
= 1:19 �

0:25 ; �2 = 8:0 ; d:o:f: = 17 ) is shown. Included

are also the expectations for h�
b
= 0.

5.1. Determination of h�
b
and Systematic

Errors

The �t function Rth depends explicitly on h�
b
,

�s and �. The value of the strong coupling con-

stant is set in the �t function to �s(M
2
Z
) = 0:118

and is varied by �0:007. The renormalization

scale is set to 15GeV. This symmetrizes the error

from the scale uncertainty, which is varied from

� = mb to � = MZ . The �t range is chosen

to optimize the sensitivity and to guarantee a

good perturbative description. To take into ac-

count systematic uncertainties due to the limited

�t range the �t is repeated with a range modi�ed

by two bins. Jets are reconstructed using charged

tracks and neutral calorimeter objects. The un-

certainty of the reconstruction procedure is es-

timated by repeating the analysis with charged

tracks only. The b sample is enriched by means

of a lifetime tag, which leads to a distortion of the

di�erential two-jet rate of less than 10%. There-

fore, a correction is elaborated using full detector

simulation. The stability of these corrections is

checked by varying the lifetime cuts in the data

resulting in a change of the purity of the sample

of 10%. The same cuts are applied to the sim-

ulated data and the corrections for the tagging

bias recalculated. The b quark fragmentation is

described by the fragmentation function of Peter-

son et al. [14]. The main parameter of this func-

tion is �b, measured to be �b = (3:2� 1:7)� 10�3

[15]. Monte Carlo simulations with a correspond-

ing range of values are done to study the e�ect

on h�
b
. Another source of uncertainty is related

to mass corrections. These have been calculated

in [16] at tree level. These calculations are only

complete to O(�s) and are applied to the coe�-

cient A0. The uncertainty on the b quark mass is

set to 0.5 GeV=c2 and the corresponding correc-

tion recalculated. In order to account for missing

higher orders, the available O(�2
s
) four-jet com-

putation is used for correction as well and the

di�erence to the O(�s) result taken as system-

atic error. Finally, the parameters Rb and Pb are

varied in the �t function within their errors and

an error on the normalization is derived. The typ-

ical systematic uncertainty of the cluster algorith

is �h�
b
= 0:38 [3].

5.2. HadronizationModel Uncertainty and

Results of the h�
b
Analysis

The main theoretical uncertainty is caused by

the hadronization of partons to hadrons. The re-

sults achieved with four di�erent generators are

compared in table 1: the matrix element with

string fragmentation (ME), the parton shower

(Q0 = 1 GeV, being the cut-o� of the parton
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shower) as implemented in JETSET [10] with

string fragmentation (PS), the model of cluster

fragmentation in HERWIG [17] (HW) and the

dipole cascade model implemented in ARIADNE

[18] (AR). Taking into account the correlations

between the two algorithms, a combined result for

each hadronization model can be derived which

minimizes the total statistical error.

Model h�
b

ME 1:05� 0:26� 0:40

AR 0:79� 0:30� 0:40

PS 1:75� 0:16� 0:35

HW 1:79� 0:16� 0:36

Table 1

Results on h�
b
from the least-square �t for four

di�erent hadronization models. The �rst error is

the statistical one, the second the total systematic

uncertainty.

After averaging the combined results of the dif-

ferent hadronization models the following result

ist obtained:

h�
b
= 1:34� 0:22stat � 0:38syst � 0:50hadr :

where the �rst error is the statistical one, the

second error contains all systematic uncertain-

ties but the hadronization model and the last

one re
ects the systematic uncertainty due to the

hadronization model itself. The upper limit is de-

rived by adding linearly the systematic and sta-

tistical errors:

h�b < 3:02 (95% CL) :

6. Conclusions

A search for CP violation beyond the standard

model in the decay Z ! b�bg has been performed.

Two combinations of CP-odd couplings, namely

h�
b
and ĥb have been analyzed. No evidence for

CP-odd couplings is found in both analyses. The

derived limit on h�
b
is consistent with the value

calculated from the Rb measurement.

Using eq. 1 and eq. 4, the two measurements

presented in this paper can be used to constrain

the couplings hAb, hV b. In �g. 2 the 95% CL

limits of both measurements on hAb and hV b are

shown, being well consistent with each other.

−4

−2

0

2

4

−4 −2 0 2 4
hAb

h V
b

hb limit (95% CL)*

hb limit (95% CL)

<
overlap area

ALEPH

<

<

Figure 2. Combined results. The shaded areas

depict the constraints of the measurements on the

couplings ĥAb and ĥV b.
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