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Possible large mass effects in direct determination of the CKM elements in top decays

G. Eilam, F. Krauss, and M. Lublinsky
Technion-Israel Institute of Technology, 32000 Haifa, Israel

~Received 28 May 2002; published 4 October 2002!

We discuss the possibility that mass effects, beyond phase space, may have substantial influence on the
direct determination ofVtq in decays of top quarks. In principle, our considerations are valid both for singly

produced top and fort t̄ pair production. The mass effect is practically irrelevant for the extraction ofVtb from
Fermilab Tevatron data, but it may have implications for higher energy multijet top decay.
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I. INTRODUCTION

Much effort is being invested, and it will intensify in th
future, in searching for new physics beyond the stand
model ~SM!. For example, if the values of any angle of th
unitarity triangle@1# measured in two independent process
will turn out to be different from each other, then a ne
physics scenario is unavoidable.

Thus a thorough investigation of the elements of
Cabibbo-Kobayashi-Maskawa~CKM! @2,3# matrix is re-
quired. Up until now the three matrix elements involving t
t quark were indirectly inferred from the contributions oft in
various loop processes. In addition,Vtb50.999020.9993
can be deduced@4# indirectly from CKM unitarity assuming
the existence of only three generations. It will be inde
exciting if Vti , extracted indirectly, will attain values differ
ent from those that will be measured directly in top deca
In the present article we discuss the possibility that the m
effect, i.e., the large disparity in mass between theb and the
s quarks, may significantly alter the results foruVtbu2/uVtsu2
obtained without considering the mass effect. Extra c
should be therefore practiced in carrying out the extraction
CKM elements from top decays.

Lately, the Collider Detector at Fermilab~CDF! Collabo-
ration has reported the measurement of the ratio of branc
ratios,

R[B~ t→Wb!/B~ t→Wq!, ~1!

from pp̄ collisions at the Fermilab Tevatron withAs
51.8 TeV @5# and deduced for the first time a direct valu
for Vtb . It was assumed that decays of the top quark to n
W final states can be safely neglected. Then, taking into
count that the masses of the final state down type quarks
be ignored to a high accuracy~the relative effect of theb
mass on the phase space is of the order of a few per mill!, R
is related to the CKM elements of the top quark via

R5
uVtbu2

uVtbu21uVtsu21uVtdu2
. ~2!

Assuming three generations unitarity of the CKM matrix, t
denominator is equal to unity and thus we can identify

R5uVtbu2. ~3!
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From the measured valueR50.9420.24
10.31 they obtain @5#

uVtbu50.9720.12
10.16, or uVtbu.0.75@95 % C.L. Now, without

assuming three generations, one may rewrite Eq.~2! as

uVtbu5A R
12R ~ uVtsu21uVtdu2!. ~4!

Before discussing the main issue of the present paper
us make a rather trivial remark. One is tempted to use
measuredR and the central values forVts andVtd as given
in the Particle Data Group~PDG! tables@4# to deduceuVtbu.
However,Vts andVtd were obtained using data from the ra
decaysb→s(d)g and fromB-B̄ mixing. But in these pro-
cessesVti ( i 51,2) enter in combination withVtb . There-
fore, in order to translate the experimental results for
above mentioned loop processes into values ofVtd andVts as
in the PDG tables, three generations unitarity is assum
Consequently, such an approach to determineuVtbu from Eq.
~4! is not free from the assumption of three generations u
tarity of the CKM matrix.

In this paper we would like to dwell upon some oth
considerations related to Eq.~2!. The data employed to de
termineVtb @5# come fromt t̄ pair production at the Teva
tron. They are classified in two disjoint sets according to
decay channels of theW boson emerging in thet→Wq tran-
sition. The final states used in the analysis are the ‘‘lep
1 jets’’ and the ‘‘dilepton’’ samples with one or both of th
W’s decaying leptonically. In both cases the selection crite
employ cuts on the phase space. In the following we wo
like to argue that such cuts on the phase space might pro
some dependence of the rates on the mass of the down
quark in thet→Wq transition and hence spoil the simp
relation of Eq.~2!. In principle, this dependence stems fro
gluon radiation. In totally inclusive calculations at one loo
order the mass effects can reach the few percent level@6#.
Basically, the emission of additional gluons in the decay
the top quarks exhibits soft and collinear divergences t
cancel when adding real and virtual contributions. Howev
at every order of perturbation theory logarithmic terms
main that depend on the relevant scales of the process
cluding scales which stem from cuts on the phase spac
real gluon emissions. In double leading log approximat
these logarithms can be resummed yielding an exponen
This result is, of course, the well-known Sudakov form fa
©2002 The American Physical Society01-1
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tor @7#, occurring for instance in jet physics@8#. Fortunately,
the mass effect has no practical implications for the C
extraction ofVtb @5#.

Experimentally the phase space cuts are usually relate
the jet measure definitions adopted in a given experimen
simple and popular definition would be of the Sterma
Weinberg type@9#, imposing cuts on the maximal energyv
of the emitted gluons and the angular opening of the jetDR
~in the lab frame!. In the particular experiment@5#, DR is
sufficiently large (DR@mq /Eq) and the leading double log
effect is related to log(v/Eq)logDR. In this case the mas
effects are subleading nonexponentiable contributions of
type mqlog(mq /Eq). However, the mass effects can pote
tially become important when the jet opening angleDR de-
creases toward the dead cone valuemq /Eq such that effec-
tively the nonvanishing quark mass shields the collin
divergence. In the latter case large mass dependent logs
Experimentally such situations can be met in experime
with multijets where more severe phase space cuts are
quired. Indeed, mass effects up to 20% were observe
e1e2 annihilation tobb̄ in three jets, and significant effect
are predicted in other environments@10#. Moreover, the ef-
fect becomes more pronounced when the number of jets
creases.

II. SUDAKOV RESUMMATION OF SOFT GLUONS

A rigorous question of the mass effects in top deca
should in principle be addressed within a Monte Carlo
generator approach and will not be investigated here. In
present paper we only wish to illustrate a potential dange
a very high jet resolution. To this goal, let us consider
extreme~that is: unrealistic! case, imposing simple cuts o
the maximal energy of the emitted gluons only (DR50).

The squared matrix element for emission of a real glu
~momentumk, k250) in a t→Wq transition mediated by
q̄gnLt reads

uMRu25~2 igs!
2CFU q̄Fgm

i ~p” q1k”1mq!

~pq1k!22mq
2
gnL

1gnL
i ~p” t2k”1mt!

~pt2k!22mt
2
gmG t«mU2

, ~5!

which becomes

uMRu252gs
2CFuq̄gnLtu2S pq

m

pqk
2

pt
m

ptk
D 2

~6!

in the soft limit. Integrating over the gluon momentum
D5412e dimensions, the real corrections inO(as) are
given by

FR52gs
2CFm42DE dDk

~2p!D
~2p!d~k2!u~k0!S pq

m

pqk
2

pt
m

ptk
D 2
07300
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52gs
2CFm22eE

0

vdk0

2p

k0
212e

2k0

1

k0
2E dV212e

~2p!212e

3E
0

p

du sin112euS d

~12A12d•cosu!2

2
2

~12A12d•cosu!
11D ~7!

with d[mq
2/Eq

2 . Integrating over the full angular region an
bounding the gluon energy to be smaller than some maxi
valuev we find

FR52
asCF

2p H 1

e F22
1

A12d
log

11A12d

12A12d
G

1F1

2
log2~d!1 log~d!logS v2

m2D G J , ~8!

where we have given the exact result for the 1/e terms and
retained only the double leading logarithmic terms ford
→0 in the finite part. The corresponding virtual correctio
to the squared matrix element are of the for
2uM (1)M * (0)u, where the matrix element to one loop ord
reads

2M (1)52~2 igs!
2CF•m42DE dDk

~2p!D

2 i

k2

3F q̄gm
i ~p” q2k”1mq!

~pq2k!22mq
2
gnL

i ~p” t2k”1mt!

~pt2k!22mt
2
gmtG .

~9!

Taking into account appropriate counter terms to restore
Ward identities, one is therefore left with

2uM (1)M * (0)u5 igs
2CFuq̄gnLtu2m42DE dDk

~2p!D

1

k2

3S 2pq
m

k222pqk
2

2pt
m

k222ptk
D 2

, ~10!

in the soft limit uku→0. Keeping again the exact results fo
the 1/e parts and the double leading logarithms for the fin
part only, the virtual corrections are given by

FV5
asCF

2p H 1

e F22
1

A12d
log

11A12d

12A12d
G

1F1

2
log2~d!1 log~d!logS Eq

2

m2D G J , ~11!

demonstrating the cancellation of soft and collinear div
gences.
1-2
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Resumming the real and virtual corrections and negle
ing recoil effects on the energy of the quark we find

exp@FR1V
q #5expF2

asCF

2p
logS mq

2

Eq
2 D logS v2

Eq
2D G ~12!

for quark flavorq. This Sudakov form factor represents,
double-log accuracy, the probability thatno gluon with en-
ergy larger thanv has been emitted during thet→Wq tran-
sition. Taking into account thatuVtdu is much smaller than
uVtsu, Eq. ~2! translates into

uVtsu2

uVtbu2
}

12R
R

exp@FR1V
b #

exp@FR1V
s #

5
12R

R expF2
asCF

2p
logS mb

2

ms
2D logS v2

Eq
2D G . ~13!

Obviously, this ratio becomes greatly enhanced when go
to more and more exclusive measures, i.e., to lower
lower maximal energies permitted for the gluons radiated
the quarks. For instance, if we assume the following valu

mb

ms
545,

v

Eq
50.1, as50.1, ~14!

we end up with a large enhancement factor ofO(2) for the
ratio uVtsu2/uVtbu2.

The considered case of only soft gluon cut without imp
ing any cuts on collinear gluons is certainly not physical
merely serves us as a calculable ‘‘toy case’’ to illustrate
tential pitfalls in the direct determination ofuVtqu via top
lk
fe
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decays. For any real jet measure the mass effect will
smaller and should be the subject of a full Monte Carlo co
putation.

III. CONCLUSIONS

Although we do not dispute the CDF result forVtb @5#, for
which a b quark acts, practically, as a massless quark,
believe that our results show that extra care should be p
ticed in extracting the CKM elements involving the to
quark. For very high jet resolutions we can get a larger m
effect as the mass of the down type quark decreases. Thi
the way, may enhance the prospects for ‘‘tagging’’ jets ori
nating from light quarks. Mass effects, in particular tho
present in multijets, have already been observed and
cussed in various environments, not including the top qu
@10#. Thus, it is of essential importance for the direct me
surement ofuVtqu to look as inclusively as possible forq
quarks stemming from top decays. Finally, note that the
fect discussed here is independent of the production me
nism of thet quark, in particular whether the top is produce
singly or in at t̄ pair. Moreover, although the motivation o
this paper originated from the CDF measurement, our po
can be of worth to other CKM measurements especially
the next generation of hadron and lepton collider expe
ments.
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