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First determination of the quark mixing matrix element V,, 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
element|V,,| from electroweak loop corrections, in particular those affecting the proZest From a
combined analysis of results from the CERN LEP, SLC, Fermilab Tevatron, and neutrino scattering experi-
ments we determinp/,,| =0.77"035. [S0556-282(98)04621-9

PACS numbes): 12.15.Hh, 12.15.Ff, 12.15.Lk, 13.38.Dg

[. INTRODUCTION sensitive to weak loop diagrams involving the top quark. The
top quark appears i@ vacuum polarization loops, thereby

The Cabibbo-Kobayashi-Maskaw@KM) matrix [1] de-  affecting all the Z partial widths, and in the Glashow-
scribes the relationship between weak and mass eigenstatédispoulos-Maiani- (GIM-) suppressed vertex diagrams
of quarks, assuming that there are three generations. By coshown at the one-loop level in Fig. 1 which affect tde
vention, up-type quarks are unmixed so that all the mixing ispartial width, T, for the proces@— bb. From fits to thez
expressible in terms of the>33 unitary matrixV: electroweak parameters, the top quark mass has been deter-
mined to bem,=158"1] GeV [3], in agreement with the di-

d’ Viud Vus Vb d .

, rect measurement from the Fermilab Tevatrommp#175.6
S"|=| Vea Ves Ven || s/, (1 +55GeV[4].
b’ Vig Vis Ve/ \P Hitherto the theoretical treatments of weak loop correc-

tions toZ decay processes have assumed Waf=1; we

where unprimed states denote mass eigenstates and primggay this assumption. Following the treatment of Barbieri,
ones denote weak eigenstates. The unitarity of the CKM maggccaria. Ciafaloni. Curci. and Vicer@®BCCV) [5], Ty
trix is an assumption which must be subjected to experimen,—.nay be written as

tal verification by independent measurements of the ele-
ments. Non-unitarity of the matrix would be a clear signature

for physics beyond the standard model, such as a fourth gen- Gﬂmg 4mﬁ
eration or non-universality of the quark couplings. Of par- o= pPRoepRoco \/ 1— —
ticular interest in terms of possible new physics is the ele- 8mv2 mz
ment V,, which describes the coupling of the two heaviest 2 5
quarks. s M > Mo
It is often assumed thgV,|~1 although this element X (Gov+ Goa) l+2m_§ _ngAm_§ @

has never been determined without assumptions of unitarity.
Assuming that there are only three generations and unitarity
of the CKM matrix yields: 0.998¢|V,;,|<0.9993 at the whereG,, is the Fermi constantn; andm, are the masses
90% confidence levdl2]. Relaxing the assumption of three of the Z and theb-quark respectively, ang includes the
generations but maintaining that of unitarity yields: [/, effects of radiative corrections to tZepropagatorRqep and
<0.9993 at the 90% confidence ley&l, while relaxing also  Rqcp, Which are approximately unity, describe the QED and
that of unitarity leave$V,,| unbounded. QCD vertex correction$6,7]. The couplingsg,y and gpa

In this paper we describe a new method for the determiincorporate vertex corrections described by the parameter,
nation of|V,,| from electroweak loop corrections, in particu- as follows:

lar to the procesZ—bb. From a combined analysis of data
from the CERNe*e™ collider LEP, SLAC Linear Collider
(SLC), Fermilab Tevatron, and neutrino scattering experi-
ments we determine the value ¢¥,,|, within a three-
generation ansatz, and consider the implications for other
guantities, such as the the top mass, Higgs boson mass, and
the strong coupling constant.

Opa=1+7 ©)

Il. EFFECTS OF V, ON ELECTROWEAK RADIATIVE
CORRECTIONS

The precision of the electroweak data from the CERN FIG. 1. Vertex correction diagrams, at order one-loop, which
e"e” collider LEP and SLC experiments is sufficient to be contribute to the partial width foZ— bb.
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4 TABLE |. Measured values and the correlation matrix foy,
Opy=1— §52+ T (4) Ty, o), R, andA% from a combined fit to LEP and SLC data.
Correlation coefficient
5 1 ( Ao ) Measured
where s°=-| 1— - value m r a0 R AY
2 z z h / FB
2 vV2G,mzp

(5) m; (GeV) 91.1867:0.0020 1.00 0.05-0.01 —0.02 0.06

. I'; (GeV) 2.4948:0.0025 0.05 1.00-0.16 0.00 0.00
We have taken the results of the BBCCV calculations up toag (nb)  41.486 +0.053 —0.01 —0.16 1.00 0.14 0.00

two-loops and included the effects &, at the one-loo
jovel, auch thatp is unchanged whiler is modified by ; N T e
multiplicative factor of|V,|°. In the limit m>my, 7is
given by
X three-generation unitarity prediction. In this scenario, the
=—2|Vyp|?x| 1+ 5(27— )|, (6) analysis would need to be extended to explicitly include the

effects of the fourth generation.
wherex=GMmt2/8772\/2. In the limit m;<my, 7is given by

[ll. DETERMINATION OF |V,| FROM A FIT

TO ELECTROWEAK DATA

><|1+ L[311+ 2472+ 282 logr +90 |092 r The BBCCV corrections are incorporated in th@TTER
144 program[6,7] which is used by the LEP-SLC electroweak
— 4r(40+ 672+ 15 logr + 18 log r) working groups to derive parameters suchmsand my
from Z data[3]. We make modest modifications #8ITTER
3r? ) to allow for the effects oW/, described in the previous sec-
+ 1o 24209- 600072~ 45420 logr tion.

The Z parameters, from a combined fit to LEP-SLC data,
7 which we use as input af@] the Z mass,m;; the Z width,

' @) I';; the hadronic pole cross—section,ﬂ; R =T.dT,/
—_— _ _ _ _ whereT'},4 is the hadronic partiak width andI",, is the
wherer =mg/mg; . In the intermediate regiom§~my) 7is  |eptonic partial width, assuming lepton universality; and the
described by a polynomial parametrization of the full |eptonic pole forward-backward charge asymmetry assuming
BBCCV calculation, as a function ofy/my;, multiplied by  |epton universalityA% . The parameter values, their errors,
a factor of|[Vy,|®. At the two-loop level some diagrams are and their correlation coefficients are shown in Table .
of the order|Vy,|*. Our treatment of these to ordpry,|* is The parameters pertaining to and ¢ quarks which we
justified by their relatively small contribution and the current yse arg3] RO=T'y5/Thag; RO=Tc/Thag; AL andA2S, the
sensitivity of the experimental data, as will be seen below. {5rnward-backward charge asymmetries at theole for b

While we take three generations as a working ansatz, o4 ¢ quarks respectively: and\; (f=b,c) where A,
analysis is particularly sensitiv_e to the possible existence 0f£29fvng/(gz +g2,). The parameter values, their errors,
non-standard modelSM) physics such as a_fourth quark and their corrfglati(;ﬁ coefficients are shown in Table II.
generation. Since the corrections to the-bb vertex in- We also use the following parameters which are to a good
crease quadratically with masst-rime would have a sig-  approximation experimentally uncorrelateti;=—P,, the
nificant effect on the measuredl—bb rate, such that the average tau polarizatiof8]; A, from the tau polarization
inferred value of|V,,| would differ significantly from the forward-backward asymmetfi3]; A g, the left-right asym-

—18000 lod r)

TABLE Il. Measured values and the correlation matrix ®¢, RY, A%, A% A, , and A, from a
combined fit to LEP and SLC data.

Correlation coefficient

Measured
value RY R? AP Al A, A,
Rg 0.2170+0.0009 1.00 —-0.20 —-0.03 0.01 —-0.03 0.02
RS 0.1734+-0.0048 -0.20 1.00 0.03 —-0.07 0.04 —-0.04
A(F"é’ 0.0984+0.0024 —0.03 0.03 1.00 0.13 0.03 0.02
A‘F’g 0.0741-0.0048 0.01 —-0.07 0.13 1.00 0.00 0.07
Ay 0.900 £0.050 —-0.03 0.04 0.03 0.00 1.00 0.08
A 0.650 +0.058 0.02 —-0.04 0.02 0.07 0.08 1.00
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TABLE lll. Measured values of uncorrelated parameters used in
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TABLE V. Correlation coefficients from the fit fom,, my,

our fits. log,o(my /GeV), agmy), a(my) 1, and|Vyy|.

Measured value m, m, logi(my) a5 a? [Vl
A, 0.1410:0.0064 my 1.00 0.01 0.04 -0.01 0.01 0.01
A 0.1399-0.0073 m; 0.01 1.00 0.65 —0.03 0.16 —0.15
ALr 0.1547-0.0032 logi(my) 0.04 065  1.00 004 0.65-0.23
a~(my) 128.896+-0.090 ag —0.01 —-0.03 0.04 1.00 0.03 0.52
aymy) 0.118t0.003 a™t 0.01 0.16 0.65 0.03 1.006-0.08
my, (GeV) 80.400+0.075 Vil 0.01 -0.15 -0.23 0.52 -0.08 1.00
m, (GeV) 175.6+5.5
1-m3/m3 0.2254+0.0037

metry from SLAC Large DetectaiSLD) [3]; the QED cou-
pling constant,a(m;) [8]; the strong coupling constant
ay{(mz) [2] where the value obtained from tEewidth is not
included; theW masses from LEP [I3], Collider Detector at
Fermilab (CDF) [9], DO Collaboration10], and UA2[11],
averaged according to R¢f.2]; the top mass from the Teva-
tron[4]; and (1— m3,/m3) from vN scattering measurements
by CHARM [13], CDHS[14], and CCFR15]. The param-
eter values and their errors are shown in Table IlI.

For given values ofn,, m;, my, as, @, and|V,,| our
modified version ofzFITTER provides predictions for all of
the parameters shown in Tables I, Il, and Ill. These predic
tions and the corresponding measured quantities, togeth
with their associated errors and correlation coefficients, ar
used to construct a chi-square probabiligg(m,,m,,my,
ag,a,Vy). The minimum of the chi-square is then deter-
mined numerically. As a technical cross-check, we use th
same input parameters as those of Waidset|V,| =1, and
successfully reproduce the results fog, m;, my, a5, and
.

The results of the fit witHV,,| free are shown in Table
IV. We determingV,,|=0.77-33%. This value is consistent
with the unitarity prediction ofV,,|~0.9991 to within ap-
proximately one standard deviation. For comparison, Tabl
IV also includes the results withV,,| fixed to 0.9991. In
both fits, they? probability is consistent with expectations
given the number of degrees of freedom.

TABLE IV. Results of the fit form,, m;, log,o(my/GeV),
admy), a(m;) 1, and|V,,| (second column For comparison, the
third column shows the results of the fit with the constraint of
|[Vip|=1. P denotes the probability of obtaining a reduced chi-
square greater than that from the fit.

|Vyp| free |Vyp| fixed
m; (GeV) 91.1866+0.0020 91.186£ 0.0020
m; (GeV) 174.2:5.4 172.25.2
log;o(my /GeV) 2157939 2.04°53
agmy) 0.1171-0.0025 0.11880.0021
a Y (my) 128.913-0.092 128.905% 0.091
Vi 0.77°33% 0.9991 (fixed)
Xe=x?1d.o.f 15.1/(19-6) 16.7/(19-5)

30 27

P(x*>Xx5) (%)

IV. DISCUSSION

The fitted values ofn, and a(m;) ! are insensitive to
|Vip| as expected, as shown by the correlation coefficients
from the fit with |V,,| free in Table V. The anti-correlations
of |V, with m, andmy,, shown in Figs. £a) and Zb) and in
Table V, have only a weak effect on the determinationsof
and my since the Tevatron measurement of and the
vacuum polarization contribution to tlewidth constraimm;
andmy independent ofV,,|. Nonetheless, allowinfyV,,| to
float increases the fitted valuesmof by 1.5 GeV and ofny
by approximately 30 GeV. AllowingV,,| to float decreases
the fitted value ofag by approximately 0.7 standard devia-
tions, due to the fairly strong correlation of these two quan-
(t_:jpes, as shown in Fig. (@) and in Table V.

e 10 assess the future sensitivity of this technique for de-
termining |V,,| we reduce the error by a factor of two on
each of the input parameters in turn, without changing the
grrors on the other parameters. The only parameters which
causeA|V|/| V| to change by a relative amount of more
than 10%, from the original value df|V,|/|V |~ 26.5%,

are I'y, Rg, and a{my), which yield uncertainties of
A|Vipl/|Vip| =22.5%, 19.9%, and 22.4% respectively. Fac-
tors of somewhat less than two may be expected from the
final analyses of the LEP | and SLC data samples. We esti-
nate that the error ofVy,| from the finalZ samples of the

R
0.115 0.12
O

70180

m, (GeV) log,, (m,/GeV)
FIG. 2. Variation of| V| with (@) m;, (b) log;o(my /GeV), and

(c) as. The point with error bars denotes the result of the fit allow-

ing for all errors and correlations. The solid line shows the depen-

dence oflVy,| on the ordinate variable; the dashed lines correspond

to the 68% confidence level. The hatched linglwfshows the low

my region excluded by direct searches at LEP II.
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LEP and SLC experiments will be approximately 20%. the LEP, SLC, Tevatron and neutrino scattering experiments
Recently CDF presented preliminary results of an analysisve determingV,y|=0.77" 538 where the error includes the
of their tt event samples. However, they necessarily asexperimental errors and uncertainties on the top mass, the
sumed that there are only three generations and|thagl® Higgs boson mass, and the strong coupling constant. In a
+|Viel?+|Vi|2=1, as required by unitarity, to extract four-generation scenario, our result is no longer a measure-

|Vip|298"=0.99+0.15[16]. Ultimately, the measurement of ment of thet-b-W coupling but it is particularly sensitive to
the single top quark production rate at hadron colliderg-prime vertex corrections which increase quadratically with
should be sensitive tV,,| without requiring such assump- mass.

tions of unitarity. The estimated sensitivity at the end of the

Tevatron run Il ford|V|/|Vip| is 12%—-19%, depending on

the uncertainty of the gluon structure functidis]. ACKNOWLEDGMENTS
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