
PHYSICAL REVIEW D, VOLUME 58, 093006
First determination of the quark mixing matrix element Vtb from electroweak corrections
to Z decays
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We present a new method for the determination of the Cabibbo-Kobayashi-Maskawa quark mixing matrix

elementuVtbu from electroweak loop corrections, in particular those affecting the processZ→bb̄. From a
combined analysis of results from the CERN LEP, SLC, Fermilab Tevatron, and neutrino scattering experi-
ments we determineuVtbu50.7720.24
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PACS number~s!: 12.15.Hh, 12.15.Ff, 12.15.Lk, 13.38.Dg
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I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa~CKM! matrix @1# de-
scribes the relationship between weak and mass eigens
of quarks, assuming that there are three generations. By
vention, up-type quarks are unmixed so that all the mixing
expressible in terms of the 333 unitary matrixV:

S d8
s8
b8
D 5S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

D S d
s
b
D , ~1!

where unprimed states denote mass eigenstates and p
ones denote weak eigenstates. The unitarity of the CKM
trix is an assumption which must be subjected to experim
tal verification by independent measurements of the
ments. Non-unitarity of the matrix would be a clear signatu
for physics beyond the standard model, such as a fourth
eration or non-universality of the quark couplings. Of pa
ticular interest in terms of possible new physics is the e
ment Vtb which describes the coupling of the two heavie
quarks.

It is often assumed thatuVtbu'1 although this elemen
has never been determined without assumptions of unita
Assuming that there are only three generations and unita
of the CKM matrix yields: 0.9989,uVtbu,0.9993 at the
90% confidence level@2#. Relaxing the assumption of thre
generations but maintaining that of unitarity yields 0,uVtbu
,0.9993 at the 90% confidence level@2#, while relaxing also
that of unitarity leavesuVtbu unbounded.

In this paper we describe a new method for the deter
nation ofuVtbu from electroweak loop corrections, in particu
lar to the processZ→bb̄. From a combined analysis of da
from the CERNe1e2 collider LEP, SLAC Linear Collider
~SLC!, Fermilab Tevatron, and neutrino scattering expe
ments we determine the value ofuVtbu, within a three-
generation ansatz, and consider the implications for o
quantities, such as the the top mass, Higgs boson mass
the strong coupling constant.

II. EFFECTS OF Vtb ON ELECTROWEAK RADIATIVE
CORRECTIONS

The precision of the electroweak data from the CER
e1e2 collider LEP and SLC experiments is sufficient to
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sensitive to weak loop diagrams involving the top quark. T
top quark appears inZ vacuum polarization loops, thereb
affecting all the Z partial widths, and in the Glashow
Iliopoulos-Maiani- ~GIM-! suppressed vertex diagram
shown at the one-loop level in Fig. 1 which affect theZ

partial width,Gbb̄ , for the processZ→bb̄. From fits to theZ
electroweak parameters, the top quark mass has been d
mined to bemt5158211

114 GeV @3#, in agreement with the di-
rect measurement from the Fermilab Tevatron ofmt5175.6
65.5 GeV@4#.

Hitherto the theoretical treatments of weak loop corre
tions to Z decay processes have assumed thatuVtbu51; we
relax this assumption. Following the treatment of Barbie
Beccaria, Ciafaloni, Curci, and Vicere´ ~BBCCV! @5#, Gbb̄
may be written as

Gbb̄5
GmmZ

3

8p&
rRQEDRQCDA12

4mb
2

mZ
2

3F ~gbV
2 1gbA

2 !S 112
mb

2

mZ
2D 26gbA

2
mb

2

mZ
2G , ~2!

whereGm is the Fermi constant,mZ andmb are the masses
of the Z and theb-quark respectively, andr includes the
effects of radiative corrections to theZ propagator.RQED and
RQCD, which are approximately unity, describe the QED a
QCD vertex corrections@6,7#. The couplings,gbV and gbA
incorporate vertex corrections described by the parametet,
as follows:

gbA511t ~3!

FIG. 1. Vertex correction diagrams, at order one-loop, wh

contribute to the partial width forZ→bb̄.
© 1998 The American Physical Society06-1
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gbV512
4

3
s21t ~4!

where s25
1

2 S 12A12
4pa

&GmmZ
2r

D .

~5!

We have taken the results of the BBCCV calculations up
two-loops and included the effects ofVtb at the one-loop
level, such thatr is unchanged whilet is modified by a
multiplicative factor of uVtbu2. In the limit mt@mH , t is
given by

t522uVtbu2xF11
x

3
~272p2!G , ~6!

wherex5Gmmt
2/8p2&. In the limit mt!mH , t is given by

t522uVtbu2x

3H 11
x

144F311124p21282 log r 190 log2 r

24r ~4016p2115 log r 118 log2 r !

1
3r 2

100
~2420926000p2245420 logr

218000 log2 r !G J , ~7!

wherer 5mt
2/mH

2 . In the intermediate region (mt'mH) t is
described by a polynomial parametrization of the f
BBCCV calculation, as a function ofmt /mH , multiplied by
a factor ofuVtbu2. At the two-loop level some diagrams a
of the orderuVtbu4. Our treatment of these to orderuVtbu2 is
justified by their relatively small contribution and the curre
sensitivity of the experimental data, as will be seen belo

While we take three generations as a working ansatz,
analysis is particularly sensitive to the possible existence
non-standard model~SM! physics such as a fourth quar
generation. Since the corrections to theZ→bb̄ vertex in-
crease quadratically with mass, at-prime would have a sig-
nificant effect on the measuredZ→bb̄ rate, such that the
inferred value ofuVtbu would differ significantly from the
09300
o

l

t
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three-generation unitarity prediction. In this scenario,
analysis would need to be extended to explicitly include
effects of the fourth generation.

III. DETERMINATION OF zVtbz FROM A FIT
TO ELECTROWEAK DATA

The BBCCV corrections are incorporated in theZFITTER

program@6,7# which is used by the LEP-SLC electrowea
working groups to derive parameters such asmt and mH
from Z data@3#. We make modest modifications toZFITTER

to allow for the effects ofVtb described in the previous sec
tion.

The Z parameters, from a combined fit to LEP-SLC da
which we use as input are@3# the Z mass,mZ ; the Z width,
GZ ; the hadronic pole cross-section,sh

0 ; Rl [Ghad/G l l

whereGhad is the hadronic partialZ width andG l l is the
leptonic partial width, assuming lepton universality; and t
leptonic pole forward-backward charge asymmetry assum
lepton universality,AFB

0,l . The parameter values, their error
and their correlation coefficients are shown in Table I.

The parameters pertaining tob and c quarks which we
use are@3# Rb

0[Gbb̄ /Ghad; Rc
0[Gcc̄ /Ghad; AFB

0,b andAFB
0,c , the

forward-backward charge asymmetries at theZ pole for b
and c quarks respectively; andAf ( f 5b,c) where Af

[2gf Vgf A /(gf V
2 1gf A

2 ). The parameter values, their error
and their correlation coefficients are shown in Table II.

We also use the following parameters which are to a go
approximation experimentally uncorrelated:At[2Pt , the
average tau polarization@3#; Ae from the tau polarization
forward-backward asymmetry@3#; ALR , the left-right asym-

TABLE I. Measured values and the correlation matrix formZ ,
GZ , sh

0 , Rl , andAFB
0,l from a combined fit to LEP and SLC data

Measured
value

Correlation coefficient

mZ GZ sh
0 Rl AFB

0,l

mZ ~GeV! 91.186760.0020 1.00 0.0520.01 20.02 0.06
GZ ~GeV! 2.494860.0025 0.05 1.0020.16 0.00 0.00
sh

0 ~nb! 41.486 60.053 20.01 20.16 1.00 0.14 0.00
Rl 20.775 60.027 20.02 0.00 0.14 1.00 0.01
AFB

0,l 0.017160.0010 0.06 0.00 0.00 0.01 1.0
TABLE II. Measured values and the correlation matrix forRb
0 , Rc

0 , AFB
0,b , AFB

0,c , Ab , and Ac from a
combined fit to LEP and SLC data.

Measured
value

Correlation coefficient

Rb
0 Rc

0 AFB
0,b AFB

0,c Ab Ac

Rb
0 0.217060.0009 1.00 20.20 20.03 0.01 20.03 0.02

Rc
0 0.173460.0048 20.20 1.00 0.03 20.07 0.04 20.04

AFB
0,b 0.098460.0024 20.03 0.03 1.00 0.13 0.03 0.02

AFB
0,c 0.074160.0048 0.01 20.07 0.13 1.00 0.00 0.07

Ab 0.900 60.050 20.03 0.04 0.03 0.00 1.00 0.08
Ac 0.650 60.058 0.02 20.04 0.02 0.07 0.08 1.00
6-2
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metry from SLAC Large Detector~SLD! @3#; the QED cou-
pling constant,a(mZ) @8#; the strong coupling constan
as(mZ) @2# where the value obtained from theZ width is not
included; theW masses from LEP II@3#, Collider Detector at
Fermilab~CDF! @9#, D0 Collaboration@10#, and UA2 @11#,
averaged according to Ref.@12#; the top mass from the Teva
tron @4#; and (12mW

2 /mZ
2) from n N scattering measuremen

by CHARM @13#, CDHS @14#, and CCFR@15#. The param-
eter values and their errors are shown in Table III.

For given values ofmZ , mt , mH , as, a, and uVtbu our
modified version ofZFITTER provides predictions for all of
the parameters shown in Tables I, II, and III. These pred
tions and the corresponding measured quantities, toge
with their associated errors and correlation coefficients,
used to construct a chi-square probabilityx2(mZ ,mt ,mH ,
as,a,Vtb). The minimum of the chi-square is then dete
mined numerically. As a technical cross-check, we use
same input parameters as those of Ward@3#, setuVtbu51, and
successfully reproduce the results formZ , mt , mH , as, and
a.

The results of the fit withuVtbu free are shown in Table
IV. We determineuVtbu50.7720.24

10.18. This value is consisten
with the unitarity prediction ofuVtbu'0.9991 to within ap-
proximately one standard deviation. For comparison, Ta
IV also includes the results withuVtbu fixed to 0.9991. In
both fits, thex2 probability is consistent with expectation
given the number of degrees of freedom.

TABLE III. Measured values of uncorrelated parameters use
our fits.

Measured value

At 0.141060.0064
Ae 0.139960.0073
ALR 0.154760.0032
a21(mZ) 128.89660.090
as(mZ) 0.11860.003
mW ~GeV! 80.40060.075
mt ~GeV! 175.665.5
12mW

2 /mZ
2 0.225460.0037

TABLE IV. Results of the fit formZ , mt , log10(mH /GeV),
as(mZ), a(mZ)21, anduVtbu ~second column!. For comparison, the
third column shows the results of the fit with the constraint
uVtbu[1. P denotes the probability of obtaining a reduced c
square greater than that from the fit.

uVtbu free uVtbu fixed

mZ ~GeV! 91.186660.0020 91.186660.0020
mt ~GeV! 174.265.4 172.765.2
log10(mH /GeV) 2.1520.39

10.30 2.0420.37
10.30

as(mZ) 0.117160.0025 0.118860.0021
a21(mZ) 128.91360.092 128.90560.091
uVtbu 0.7720.24

10.18 0.9991 ~fixed!

x̃0
2[x2/d.o.f 15.1/(1926) 16.7/(1925)

P(x̃2.x̃0
2) ~%! 30 27
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IV. DISCUSSION

The fitted values ofmZ and a(mZ)21 are insensitive to
uVtbu as expected, as shown by the correlation coefficie
from the fit with uVtbu free in Table V. The anti-correlation
of uVtbu with mt andmH , shown in Figs. 2~a! and 2~b! and in
Table V, have only a weak effect on the determinations ofmt
and mH since the Tevatron measurement ofmt and the
vacuum polarization contribution to theZ width constrainmt
andmH independent ofuVtbu. Nonetheless, allowinguVtbu to
float increases the fitted values ofmt by 1.5 GeV and ofmH
by approximately 30 GeV. AllowinguVtbu to float decreases
the fitted value ofas by approximately 0.7 standard devia
tions, due to the fairly strong correlation of these two qua
tities, as shown in Fig. 2~c! and in Table V.

To assess the future sensitivity of this technique for
termining uVtbu we reduce the error by a factor of two o
each of the input parameters in turn, without changing
errors on the other parameters. The only parameters w
causeDuVtbu/uVtbu to change by a relative amount of mo
than 10%, from the original value ofDuVtbu/uVtbu'26.5%,
are GZ , Rb

0 , and as(mZ), which yield uncertainties of
DuVtbu/uVtbu'22.5%, 19.9%, and 22.4% respectively. Fa
tors of somewhat less than two may be expected from
final analyses of the LEP I and SLC data samples. We e
mate that the error onuVtbu from the finalZ samples of the

n

f

TABLE V. Correlation coefficients from the fit formZ , mt ,
log10(mH /GeV), as(mZ), a(mZ)21, anduVtbu.

mZ mt log10(mH) as a21 uVtbu

mZ 1.00 0.01 0.04 20.01 0.01 0.01
mt 0.01 1.00 0.65 20.03 0.16 20.15
log10(mH) 0.04 0.65 1.00 0.04 0.6520.23
as 20.01 20.03 0.04 1.00 0.03 0.52
a21 0.01 0.16 0.65 0.03 1.0020.08
uVtbu 0.01 20.15 20.23 0.52 20.08 1.00

FIG. 2. Variation ofuVtbu with ~a! mt , ~b! log10(mH /GeV), and
~c! as. The point with error bars denotes the result of the fit allo
ing for all errors and correlations. The solid line shows the dep
dence ofuVtbu on the ordinate variable; the dashed lines corresp
to the 68% confidence level. The hatched line of~b! shows the low
mH region excluded by direct searches at LEP II.
6-3
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LEP and SLC experiments will be approximately 20%.
Recently CDF presented preliminary results of an analy

of their t t̄ event samples. However, they necessarily
sumed that there are only three generations and thatuVtdu2

1uVtsu21uVtbu251, as required by unitarity, to extrac
uVtbu3gen50.9960.15 @16#. Ultimately, the measurement o
the single top quark production rate at hadron collid
should be sensitive touVtbu without requiring such assump
tions of unitarity. The estimated sensitivity at the end of t
Tevatron run II forduVtbu/uVtbu is 12%–19%, depending o
the uncertainty of the gluon structure functions@17#.

V. SUMMARY

We describe a new technique for the determination of
CKM matrix elementuVtbu using loop corrections to elec
troweak processes. From a combined analysis of data f
on

ri-

.

,
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the LEP, SLC, Tevatron and neutrino scattering experime
we determineuVtbu50.7720.24

10.18 where the error includes th
experimental errors and uncertainties on the top mass,
Higgs boson mass, and the strong coupling constant.
four-generation scenario, our result is no longer a meas
ment of thet-b-W coupling but it is particularly sensitive to
t-prime vertex corrections which increase quadratically w
mass.
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