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MEASURING THE CKM MATRIX ELEMENT  V
AT D@ AND CDF

A.P. HEINSON
Department of Physics, University of California, Riverside, CA 92521

| present measurements by t8®F collaboration of the Standard Model thrgeneration

CKM matrix elementVy, and of a special case extension with additional assumptisimg

current Tevatrontt data. | then show how we can significantly improve the precision on

Vjp and at the same time extend the measurement so it is not constrained by Standard Model
assumptions, using single top production at the upgraded Tevatron.

1 Introduction

By convention, the charge 2/3 quarks g, ¢, andt) are unmixed, and mixing of the
charge—1/3 quarks isdescribed bythe 3x 3 unitary Cabibbo-Kobayashi-Maskawa
(CKM) matrix* V:
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If we assume unitaritandonly three generations of quarkien fromdirect and
indirect measurements of the other elements, the magnitutlg of very precisely
known: |Vjp| =0.9991+ 0.0001, without any direct measurementsising the top
guark system.However, once thessvo constraintsareremoved.then theallowed
90% confidence level (CL) limitopen up to leave essentially no boundsvign
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This paper describes a direateasurement of\4, in the three generation
Standard Model (SM) using top quark decay#irevents, and then presents a much
more powerfultechnique formaking a lessconstrained measurement by D@ and
CDF at the upgraded Tevatron using single top production.

Invited talk presented at the 2nd Internation@bnference onB Physics and CP Violation,
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2  Measuring Vy with Current Data

2.1 Usingtt Decays to Measur#,

At the Tevatron collider, gpp machine operating at/s =1.8 TeV, top quarks are
producedmainly in pairs, with~90% coming fromqq — tf andthe remaining
~10% from gluon fusion. The D@and CDF experimentscollected integrated
luminosities of 125 pid and 110 pi} respectivelyduring the last run, 1992-1996.
Thesetwo datasets contairbetweenthem about 74econstructedtt events(after
background subtraction) with one or morddentified leptonically decaying
W bosons. Decays of the ta@uarksand t antiquarks can be used to meas\je
because thtbW vertex contains this CKM matrix element:

eVip _
~ 2y2sn8, 1)

(shown in the unitarity gauge). Her@, is the weak mixing angleand y,, and y;
are Dirac matrices.

To measuréy,, one must first assume that the tqyeark decays to W boson
and a quark (and not a charged Higgs boson or a squark, for instance), thier¢hat
are three and only three quark generationsand also that unitarity holdsThese
assumptiongroduce ameasurement o¥,, in the SM.One measurethe ratio of
branching fractions of topecaying to & quark totop decaying toany down-type
quarkQ:

B(t -~ Wb) _ Mol _ |th|2_
B(t - WQ) Ml +Ms” +[Mo| 1

If, however,there are more thanthree generations of quarkdien the unitarity
constraint become$/y|? + Vs> +|Vip|? < 1 and wecan no longer measure Vg,
without additional assumptions.

The CDF collaboration hagcentlypresented anew resultusing theirentire
data set,and | discuss this measurement here. D@ has a similar analysisgiess
which will be completed in the near future.

R =

2.2 The CDF Measurement &f,

The CDF collaboration has used their full data sen&asureR andhenceVy,, and
has obtainedresults for the SMand for a special non-SM case. They useth
single-lepton +=4 jets events (*jets”) and dilepton eventsyherethe leptons are



from W decays fromt -~ WQ. The method is as follows. If one could obtaipuxe
tt sample, thelR would be:

B(t - Wh) _ No. of tagged events /&,

R 1
B(t - WQ) No. of untagged events + No. of tagged events /&,

where g, is the efficiency for tagging lajet. However, sincéhereare backgrounds
in all the event samples, a more sophisticated methodededThe data isdivided
into four orthogonal bins, defined below, and a likelihoo@adastructedvhich is a
function of the numbers afbservedand backgroundevents ineach ofthesefour
bins, and ofg,. The value oR is thenfound which maximizes the likelihood, and
hence one obtains a measuremen¥f For this analysis, b jet is identified using
two methods: (i) the SVX silicon vertex detector is used to fiddtached secondary
vertex in the jet from the long lifetime of tiehadron; and (ii) SLT, or “soft lepton
tagging”, where an electron omuon is sought close to or in the jet from a
semileptonic decay of ti&hadron or its charmed daughter. There arel3fi&s and

9 dilepton eventsdivided into four orthogonal bins as follows. Thejets sample
has 126 events with nbtags —mainly background, 14events with one omore
SLT tagsand noSVX tags, 18 events witlexactly one SVXtaggedjet, and 5
events with two SVX tags. The dilepton sample has 6 events with no tagen
with exactly one SVXtag, and noevents in the other two bins. SLT tags are
ignoredwhen there is asVX tag, becausdhe mistagrate is ~2% pejet for the
SLT technique, but only ~0.5% per jet for the SVX method.

It is important to understand thaagging efficiency well for this measurement.
Other experimental quantities such as trigger efficieneiesgptancesand particle
identification cuts cancel in the rati) but &, does not as it is convolved widach
guantity separatelyrrom theequationabove, onecan seethat the sensitivity to
measurer is dependent not on the absolute valuegf but on how small one can
make its error. The tagging efficiencies achieved by @RHK30.5+ 3.0)% per jet
using the SVX methodand (10 + 1)% perjet for the SLT technique. The final
precision onVy, is currently limited by the event statistics for measuuyey.

The following results are preliminary. For the SM:

R = 099+0.29 0 M| = 099+015 (stat O syst)
|vtggm| > 0.80 (90% CL) |vtgge”| > 0.76 (95% CL).

If we relax the three generation unitarity constraindn(and only onV,, not
on the other elements in the CKM matrix), then the lower limit becomes:

‘vtggen" > 0.055 (90% CL) ‘vtgge”" > 0.048 (95% CL).



To obtain the3gen' result, additionalassumptionshad to be made to replace
the lost unitarity constraint onVy,. The assumptionsised byCDF are that the
CKM matrix elementsV,y and V,; have the mean values from the Shhree
generation matrixV,y = 0.009 and Vs = 0.040.2

3 V, and a Fourth Quark Generation

As shown above, théf decaymethod for measuring}, gives no information on
the existence of a fourthuark generation unless we knowy and V,s. But it is a
possible fourth generation that \aee interesteih. A family of quarks beyond the
threeknown ones has ndbeenruled out by experimental measurementmd is
indeed quitepossible orevenfavored insome extensions of the SM suchgaand
unified and string theories. Wy, is measured anfbund to be# 1, thentheremust
be a fourth generatiomixing with the third, or some other more exotic physics
beyond the SM.

What do we know about a fourth generation fad? The LEP experiment
ALEPH has searched for a down-typequark produced in pairs frombosons, and
then decaying into any mode, and has set a limibpf> 46 GeV at the 95% CL in
1990° The CDF collaboration hasearchedor pair production ofb’ quarkswith
charged current (CC) decay into a charm quark (skipping the hegemeration) and
a lepton and neutrino. In 1992, theyed out a b’ below 85GeV with this decay
mode® It should be noted that CC decays are expected tuighdy suppressed for a
b’ with mass less than the tognd less than at' quark. Finally, the D@
collaboration has recently published the result of a seavchfor b'’s with flavor
changing neutral current (FCNC) decédy® by or bg. These modearestrongly
favored for moderate values of,. The 1997 result rules out Il with mass less
than 96 GeV that has FCNC decdys.

Since thett decaymethodwill not give us model-independeninformation
about a fourth quark generation, we need a new and more precise method for the next
Tevatron run. Fortunately such a method efXists.

4  Measuring V,, Using Single Top Production

Top quarks can b@roducedsingly via the electroweakinteraction. There are two
significant channels at the Tevatron: s-chani#Fproduction” with a cross section

J(pr) S tb+fb+ X) = 1.0 pb; and t- and u-channel “W-gluon fusion”, with a cross
sectiono (pp - tq+{g + X) = 3.0 pb. These two cross sections are for a top quark



of mass 170GeV/c?, at theupgradedTevatron energy of/s = 2.0 TeV, and are
next-to-leading order (NLO) resuft$? For the same conditions (top mass, collision
energy), the resummed NL® cross sectioh is ~8.0 pb.

Sincetb coupling is present in the singlep production vertex, as well as in
top decay, the measurement is straightforward. The central vaMg &f obtained
directly from the measuredcross section, which is proportional to tivertex
function squared, and so [\g,|?. The error onV, is just theerror onthe measured
single top cross sectioadded in quadraturewith the error on the theoretical
calculation of that cross section, all divided by two.

4.1 Errors on Single Top Cross Sections

First | present the predicted theoretical errors on s-chamieproduction

q'g - th. The discussion follows arguments Bynith and Willenbrock?® Since
this process originates from quarks in the proemmnot gluons to firsiorder, the
calculation usesvell-definedparton distributions in the regior=0.1, Q* =093,
whereq? . is the mass of the virtuslV boson. Therefore the parton distribution
functions add little to the overall erraand wetake their contribution as 2%ased

on thedifferencebetweenCTEQ3M and MRS(A"). Additionally, this contribution
will be pinned down directly bymeasuring the ratio of the cross sections of
s-channekingle top to theprocessq'q — IV, which alsoproceedsvia a virtual

W boson. Next, because the QCD corrections have already been calculated %t NLO,
the contribution from thdactorization scale uncertainty anly 4%. There are no
one-loopinterferences betweethe initial and final states to complicat¢hings,
because ofthe colorlesss-channelW boson betweenThese arguments and
calculations lead to:

W production 5atheo,y(pr) - th+ X) = 45%.

Now | move on to discuss t-chanrgihgle top productiong'g — tgb and
g'b - tq, and the theoretical errorShis mode ismore difficult to understand and
calculate, because it starts mainly from gluons in the pr@tanot from valence
guarks. The uncertainty on the gluon distribution is not well quantified and | assume
a 20% error from this source. ThecentNLO calculation of StelzerSullivan, and
Willenbrock® estimates a contribution of 5% from thalistribution factorization
scale, and | includéhis too. The resultingrror onthe cross section, with large
uncertainty from the gluon distribution error, is:

W-gluon fusion 30 eory (PP = tq + X) = 21%.



Finally | discuss predictions of experimen&ators onthe measuredingle top
cross section¥. Precise measurements of singtg productionwill be made at
future runs of the Tevatron collider by the D& and CDF experiments. The next run,
known as Run 2, will be from 1999-200ahdthe upgradeddetectorswill collect
~2 fo* of integrateduminosity each. Inorder toavoid making a statistics-limited
measurement of4,, both types of single top production will lbsedtogether. The
events will be identified using oretaggediet (mainly thecentralhighly energetic
b from the topquark decay)Run 3 will be from 2003-2007. It iproposedthat
both the DZand CDF detectors areipgraded to bable to takedata atvery high
luminosities,andthat theTevatron collider be graduallypgradedthroughoutthis
period to increasahe deliverable luminosity. The goal of Run 3 isfor each
experiment to collect ~30 fthof data.The mostprecise method for measuring,
in Run 3 is toidentify just WX single top productiol?, as the theonerror is
smaller than for t-channeingle top productionand it will be comparable to the
experimental error from sudarge datasets. We will beable toseparate s-channel
single top events from other single todesand from background by requiring
two b tagged jets.

Using results from theTeV-2000 repoff for signal and background
acceptances, and the errors on these and other quantities gshehl@asinosity, we
obtain estimates of the event yields withh =170 GeV/c? for Runs 2and 3, and
hence predicthe experimentagrror onthe cross sectiort.In Run 2, considering
all single topproduction modes, we expect fimd ~800 events (~1/&+jets and
U+ets, ~2/3background)and inRun 3, we anticipate ~1,500 events (~M&!
single topetjets and u+jets, ~2/3 background). These predictiodsad to the
following experimental errors:

Run 2 00 o (PP - t+T+X)
Run 3 5aexpt(pr> ~ th+tb+ x)

9% (stat) O 16% (syst) = 18%
6% (stat) 0 6% (syst) = 8.7%

0

0

4.2  Sensitivity tovy, for D@ and CDF

Using the estimates for therrors onthe single top cross sections from the
theoretical calculations and from predictions of event yields at future runs, it is now
possible to obtain the sensitivifpr measuringVy, at theupgradedTevatron. The
results are:

Run 2 AVa%™| = (21% (theory) [ 18% (expt) /2 = 14%

Run 3 5|\4g‘ge”| = (4.5% (theory) O 8.7% (expt)) / 2 = 5%.



In the high statistics limit, the precision d#, is limited by theerror on the
integrateduminosity, which is difficult to measurewell. For these results have
used avalue of 5% which has beeachieved inRun 1. A new measurement
technique will have to be developed for this to be improved.

| would like to emphasize that the measuremenypbbtained from the single
top cross section is natependent ommaking anyparticular assumptions about
whetherthe SM holds (thatherearethree quark generations or whethamitarity
applies), or what values4y and Vs have. Thismethod yields a meaningful
measurement of;, which will give us information about thexistence of a fourth
guark generation i¥4, is found to deviate significantly from near unity.

5 Comparison with Future Measurements at Other Facilities

Other acceleratorfacilities will also be able to make amodel-independent
measurement o%;,. How doesthe predictedsensitivity at theupgradedTevatron
compare? Is it competitive?

As shown by Stelzer and Willenbrotkthe W single topproductionmethod
will not work at theLarge HadrorCollider (LHC) becausehe backgrounds from
other single top modes and fraiin will be too high. The s-channel single tomss
section does not rise very fastds increases; the process has a quarkaantiduark
in the initial state, and there are no valence antiquarkp@bschine. For/s =
14 TeV, m, =170 GeV/c?, CTEQ3M andQ? = mg, ULO(pp - th+fb+ x) =
10 (tb) + 9 (fb) = only 19 pb'? It might be possible to usechannelsingle top
at the LHC, since the statistics will be much better(pp - tq+fgq+X) =
126 tq) + 79 (fg) = 205 pb'? However, the gluon distribution function witiave
to be measured with rather good precision to make a better than 5% measurement on
V. Detailed studies of this possibility have not been carried out.

At a future e'e” collider (NLC), several methods have beeonsidered for
measuringVy,. A /s =340 GeV machine scanning thié threshold can measure
Vi#oe" to 4% precision with 100 fbof data® If an NLC has+/s =1TeV, then
measuring the single top cross section using several ten’s'afifbalso lead to a
4% error'® Finally, using the single top processy — tbv at /s =1TeV with
40 flo* will provide a 5% precision oNg%e".*’

Therefore, future measurements at other experimental facilitiesiot be any
better for measuriny, than the D@ and CDF experiments at the upgraded Tevatron
at Fermilab, where it can be measured to a precision of 5%.
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