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In the framework of the standard model (SM), the top quarkkjzeeted to decay to a W-boson
and a b-quark 99.8% of the times due to the Cabibbo-KobayMakkawa (CKM) matrix ele-
ment \{, being close to unity. The current experimental limits frdme fTevatron on )4 from
top-quark pairs and single-top production are consistéthttve SM predictions. The higher en-
ergy of proton-proton collisions and larger top quark pretehn cross section at the Large Hadron
Collider (LHC) may provide an improved reach in the measumenof V;,. We present analy-
sis strategies dedicated to measure ratios of branchiias ratt the top quark using ttbar events
collected with the CMS detector, in which either one or bottb¥gons from the top-quark de-
cays lead to a lepton and a neutrino. These di-leptonic andlsptonic final states provide high
cross section with small background. The sensitivity ofrtiEasurement is evaluated after parti-
cle identification and detector reconstruction. Dataetritechniques to control the backgrounds
are discussed and the expected simulation results arenpedder a center-of-mass energy of 10
TeV. We also discuss how the method can be used to measuctydirem data the efficiency
of the algorithms used to discriminate jets coming from thdrbnization of b quarks from the
lighter quarks and gluons (b-tagging).
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1. Introduction

Top quarks decay mostly W h while the final state¥/ d andW sare suppressed by the small
values of the CKM matrix element4y andV;s. Besides single top studieg;, can be obtained
also through top pairs production, by measuiihg B({ng), with g = d,s,b, and assuming that
exactly 3 generations of quarks exist, as the Standard Model (SMictsemhdeed, by imposing
the unitarity of the 3x 3 CKM matrix, such ratio isR = [Vip|?/(|Via|? + [Ves|? + [Min|?) = [Vip|%.

Without any assumption on the number of generations of quarkR ragasurement is still
useful to put constraints ofj, and it can give a clue on the existence of a fourth generation; indeed
in such scenaridR is appreciably less than the SM value [1]. With the CMS experiment [2], two
feasibility studies of the measurementR®have been carried on, one using selected semileptonic
tt events [3], the other using selected dileptattievents [4]. Both the analyses use data-driven
methods in order to estimate the irreducible background contribution andleotise number of

b-tagged jets as the physical observable.

2. Event selection in the dileptonic channel

The event selection in this channel is tuned to identify leptonic final states witiptempt,
isolated leptons with high transverse momenta in the CMS detector.

Data samples are triggered by requiring a non-isolated single myong@eV/c) or a single
electron (F > 15 GeV). Lepton candidates are reconstructed wijtl»[20 GeV/c in the fiducial
region|n| < 2.4 of the detector. The track assigned to each lepton candidate is tetjuivave an
impact parameter compatible with prompt productifsla] < 400um.

Identification and isolation requirements are imposed on the lepton candiRatatve tracker
isolation (L« ) is defined as the fraction of momentum carried by the track assigned to tba lep
candidate with respect to the total momentum of tracks in a édhe /A@? +An2< 0.3 built
around the lepton track. A similar definition that uses the energy of the calerirokister as-
signed to the lepton is appliedql> 0.9 is required for each lepton candidate and+ 0.9 (> 0.8)
is required for the muon (electron) candidates.

Jets are reconstructed using the Seedless Infrared Safe cone aidsilitnd are required to
have at least one assigned track so that the b-tagging algorithms caplieel aphe energy of the
jets is corrected for thg dependence and absolute Esing Monte Carlo based corrections for
generator level jets. Taggable jets are selected witk> BO GeV/c andn| < 2.4. Jet candidates
are further required to be separated from the selected leptoAR(pst, lepton) > 0.3 and to have
an electromagnetic fraction EMF<0.98. The total missing transverse erseogyrected for the
energy deposited by muons and is required to be above 30 GeV.

In order to identify the flavor of the jets, specific algorithms are used. Fostady, the Track
Counting (TC) and Jet Probability (JP) algorithms are used to tag the b-jets [6

Table 1 shows the expected event yield for an integrated luminosity of 254 fiir signal
events. After the opposite-charge requirement, a signal to backgratiaef approximately 10/1
is expected. The largest background contribution comes from single3t8f6) and W/Z+jets
(3.0%). A detailed study was performed by relaxing some of the selectionwehish indicates
that background due to QCD sources is small.
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Selection Total tt dileptons
Triggered (426+1)-10° | 6251+ 25
> 2 leptons (>20 GeV/c) (204.7+ 0.5)- 10° | 2595+ 16
leand 1u 2531+ 32 1344+ 12
> 2 jets (>30 GeV) 1041+ 12 914+ 10
Er > 30 GeV 884+ 10 789+ 9
Opp. sign leptons 867+ 10 787+ 9

Table 1: Expected event yield for an integrated luminosity of L=2%0busing a MADGRAPH sample.
Only statistical uncertainties from the Monte Carlo samalee shown.

3. Probing the heavy flavor content

The heavy flavor content of the selected events can be probed fraortéigging multiplicity
distribution. In the selected events, jets artagged if the discriminator is larger than a given
threshold.

Despite small contributions from other background processes thereois aegligible prob-
ability that at least one jet from t@ decay is either missed because it was not reconstructed or
because it did not pass the jet selection criteria, and another jet is chs¢ead, such as, for
example, jets from initial (ISR) or final (FSR) state radiation. This will bemnefd to as “jet misas-
signment” and an estimate of the jet misassignment level has to be made frorlgatstimate
is done in terms of probability weightg , wherei = 0, 1, 2 is the number of jets from top decays
correctly reconstructed and selected.

3.1 Determining the heavy flavor content from data

The expected b-tagging multiplicity can be modelled as:

P« = RA(bb) + 2R(1— R)A(bg) + (1— R)*R(qq) 3.1)

whereR is the probability to observk b-tags written as a combination & (i.e. the ratio
of branching fractions of the top quark boquarks) and the contributions from events in which
thett system decays to 2, 1 orlBjets, indicated a&k(bb), R(bg) andP(qq) (b=heavy flavor,
g=light flavor), respectively. These contributions are a function obttegging efficiencye, , the
mis-tagging probabilitygy anda;.

Using this modelR (or &, ) can be fit by a likelihood function in different ways:

e Fit Ror &,: checks the consistency of the measurement;

e choose one exclusive jet multiplicity bin: checks model consistency, ansisatioe to indi-
vidually choose the bins which may be affected differently by systematiaiaiicies;

e use all selected events inclusively;

e estimatea, from data, and leaveg as a free parametea{ = 1 — a» — ap): fits simultane-
ously R (orgy) and the background contribution to the dilepton channel.
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3.2 Jet misassignment estimate

The selected events are a combination of three different categoriegs @ith no jet selected
from the top decays (background-dominated), events with only onereiatly assigned to the top
decay (combination of signal and background), events with two jetsatlyri@ssigned to the top
decays (signal-dominated).

The contributions of these three classes of events are defined by tHesgigrhe weights;
can be parametrized in terms of a binomial combinatioa,dhe probability of correctly assigning
individual jets. The value ofr can be estimated using the kinematic properties of the events
directly from data. A correlation can be sought in the lepton-jet pairs @iigig from the same top
quark decay [7] and it is possible to show that no pair Wity > M1 = | /n¢ —mg, = 156
GeV/& should be observed (spectrum endpoint). It can be shown that theiratiohs with
Mieptonjet > 190 GeV/¢& are dominated by misassignments.

Two methods are proposed to emulate the invariant mass distribution of the igrnisasets:
“swapping” the jet in the assigned lepton-jet pair, with a jet from a diffeesent, or “randomly
rotating” the momentum vector of the selected leptons.

Figure 1 (left) shows the invariant mass distribution reconstructed for @tibihejet assign-
ments found in each event (signal and background samples combinbd)digtribution of the
swapped and randomly rotated pairs, normalized to fit the high-end pte afistribution, is su-
perimposed. The two background models provide a good estimate of thierfra€ misassigned
pairs withMieptonjet > 190 GeV/¢& (Figure 1, right). The excess bt ; < 150 GeV/@ is due to
t — Wbbackground events. The normalization factor applied to the distribution cfviapped
(randomly rotated) pairs is related to the misassignment fractierg 1
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Figure 1: Invariant mass of the lepton-jet pairs for the all leptonagsignments found in each event (recon-
struction level). (Left) all “data”; (right) background ewibutions only. MADGRAPH samples are used.
The two additional curves (rescaled to fit the tail of the spew) correspond to the random rotation and
swap models.

3.3 Measurement ofR

The measurement & is now discussed. Herg is taken as an input. In this measurement,
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the value ofa is measured. Figure 2 shows the results obtained by firigr R and ag, the
background level) using jets tagged with the Jet Probability algorithm.
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Figure 2: (Left) Fit results for R using the Jet Probabilibytagging algorithm (in the M@ = 1). The fits
for the exclusive and inclusive jet multiplicity bins areosim. The inclusive jet multiplicity bin fit uses the
value ofa derived from data, while MC truth values are used for the rotlies. Bars (boxes) represent the
statistical (systematic) uncertainty. (Right) Fit to R angd(background level)asis fixed using a binomial
combinationa. Only statistical uncertainties are shown.

The total uncertainty (stat+syst) in the measuremerR isf 9% for L = 250 pb! . The sys-
tematic uncertainties are dominated by the uncertainty oh-thgging efficiency. The uncertainty
due to different ISR/FSR content in the final sample is expected to be smi#b)<A closure test
is needed in order to evaluate if the method is sensitive to valuRglidferent from 1. In order to
make this testit samples witlR= 0, 0.5, 1 are used. All backgrounds are included as before. The
b-tag multiplicity distributions obtained this way are sampled according to the expruataber
of events and fit to determin®. The statistical uncertainty of each fit result is then determined
from the width of the distribution 0Ryenerated— Rmeasured A good agreement is found between the
generated and fitted valuesif

4. Event selection in the semi-leptonic channel

The event selection for this channel is designed to select a final stateowitbif more jets, a
single lepton (electron or muon) and missing transverse energy.

The events have to pass at least one of the two following trigger pathsgla siion trigger,
that requires at least a muon reconstructed in the muon system and in #er tréth pr > 15
GeV/c, or a single-electron trigger that requires a loosely isolated elesftbrpr > 18 GeV/c.
The lepton candidate must be reconstructed with pT > 30 GeV/c. An isolati@abiais defined
as the sum over the tracks with > 1.5 GeV/c and\z < 0.1 cm in a cone with R=0.2 and an inner
cone veto at R=0.02 around the candidate track, plus the sums of théesradrgll the calorimeter
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towers within a cone of R=0.3 around the lepton candidate. The isolationliseddo be less than
0.1.

The jet reconstruction algorithm uses the calorimetric energy depositseafudrps an itera-
tive cone procedure with radidsR=0.5. Relative and absolute jet energy corrections are applied
to account for the dependence of the jet response as a functipamd pr. The jet candidates are
selected by requiringr>40 GeV andn|<2.4. They have to be separated from the lepton candi-
date, imposing\R(jet,lep)>0.5, and their fraction of electromagnetic energy to the total ghasy
to be less than 1.

A useful kinematic variable to reduce the background contamination is Gntitaepresents
the fraction of the hard scattering going in the transverse plane and itiedefs:

> Er
V(ZE)Z— (3 p2)?

where p, refers to thez component of the jet momentum. All the sums run over the re-
constructed jets. It has a good discrimination power especially betweeigtiad and the QCD
multi-jet events.

The final step of the event reconstruction is the computation of the invanasses using the
selected reconstructed objects. Among the selected jets, the four witht |Bfgase considered
as coming from the decays of the two top quarks and of the hadronic Wdbar to choose the
right combination, a two step association is used. Beforehand the mask#éseanidths of the
hadronic W boson and the tops are obtained from simulation. The distribufitmestbree invariant
masses of the reconstructed objects well matched to the generated pardaiss@to obtain the
parameters\yyad, MHad » Miep, O(MyHad), O(MHad) @nda (M ep). First the hadronic W boson
is reconstructed by computing the invariant mass of every pairs of jets atherigur. The pair
with the nearest invariant mass to the W one, nariglis chosen. The following cut is applied:

Centrality=

IMij — MyHad < 0(MyHad)

The second step is the association of the two remaining edsd p) to the partons coming
from the direct decay of top quarks. To this engl’based on the two top quarks masses is defined:

2 (mjk_m:Had>2 (mvp_mcLep>2
X =|—) +t| ———7
0(MHad) o(Myep)

wherei andj are the 2 jets chosen as coming from the W boson decay. Therefore @onith
combinatorial ambiguity lies in the choice of which one of the two remaining jets &eged to
which of the two top quarks. The association that minimizesythes assumed to be the correct
one. We consider the events with a langeas events which are wrongly reconstructed, so the
cut x2,, < 4 is applied. Table 2 reports the selection efficiencies for the signal arttifanost
important background processes. The multi-jet QCD expected eventemuegorted in Table 2 is
the result of the factorization of two sets of cuts.

The goal of the analysis is to determine the distribution of the number of bdggtpgeamong
the best four jets in thié semi-leptonic final state and to fit the distribution with the function of Eq.
3.1, to extract the parametRr Theb-tagging algorithm adopted in this analysis takes into account
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s(HLT)% | s(lep)% | £(jets)% | e(centr)% | e(AMw)% | £(x2)% | Nevents(1 fb™1)
tt semil 54 27.5 7.23 5.62 3.79 1.48 2650
tt others 22 7.9 6.3101 | 49101 | 24101 | 47107 109
W + jets 34 16 9510° | 6.810° | 3.710° | 6.510 260
Z +jets 50 19 1.9102 | 14102 | 7.410° | 1.410°3 52
tw 35 18 1.2 84101 | 6.4101 | 1.810¢ 52
QCD 2.7 7.810°% | 5.210% | 43106 | 2410°% | 1.110°6 56

Table 2: Expected selected event number afterifbf integrated luminosity and selection efficiency after
every selection cut for the signat éemileptonic) and the main background processes.

the signed significance of the impact parameter of every well reconddriratsk in the jet in order
to compute a confidence level. The discriminator is defined as the negatasithog of such a
confidence level. All the results reported in the following refer to the waykiaint in which a jet
is considered-tagged if it has this discriminator greater than 0.3. For the chosen workimg p
we obtaing, = (824 1)% andey = (12 £ 1)% considering all thé-jets in the selected sample.

5. Background contribution subtraction strategy

The method developed to evaluate and subtract the background contribaée not use the
simulation to obtain the distributions to be subtracted. Semi-leptomieents, for which the two
partons coming from the direct decay of tops are not well matched to argjehg the best
four ones, should be considered as background. yfhdefined previously, and referred to as
X2srmal IN the following, has a peak at low values ypf for correctly reconstructed signal events.
Background and incorrectly reconstructedvents lead to low values gf. . only due to random
combinatorics. Therefore if the direction of one of the selected jets is aftificlzanged, the mass
x? distribution should remain the same for background events, while we etkedistribution for
signal events will appreciably change. We can defia@@domjust like thexﬁormal, but computed
by assigning a random direction to one of the two jets considered as comaagjylirom the tops.
Uniform distributions forg andn have been generated, allowing fiin the range (7,71) andn
in the range (-2.4, 2.4), as for the selected true jets. Then the proosdsmepeated leading up to
the new combination that gives the minimyg?, called X240 Fig. 3 shows the distribution of
the x2,, variable separately for signal and background events. The left distni referring to the
signal, shows that the difference betwegjy, o (solid) andx?, 4., (dashed) distribution in the
selected regiony®< 4) is clearly visible. On the contrary the right distribution, which refers & th
background sample, shows agreement within the statistical uncertaintgdsetihe Normal (solid)
and Random (dashed) distributions. The goal of this approach is teedweadistributions of the
number of b-tagged jets, to be subtracted bin by bin. fidag distribution of the events selected
after the cut on thqﬁormal will be referred as,ormal While the events selected after the cut on the
szandomwill be referred to asrangom If ONe considers the whole data sample, containing signal and
background events, and computes bin-by-bin the difference of them&ldRandom distributions,
the resultingnptag distribution will be proportional to the distribution of the signal only. This
distribution, after normalization, is to be fitted with equation 3.1.
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Figure 3: Left: xr%in distribution of the signal sample (as defined in the text)ghRi xr%in distribution

of the complete background sample. Both distributions sti@wy?,,...; (solid) and thex2,4om (dashed)
distributions.

5.1 Results

Different values oRR (Rger) Were generated in the range [0.9, 1] by properly weighting three
samples where the decaytbiwas forcedtt — WbWh tt — WbwWqtt — WgWq Moreover the
Normal and Random distribution are correlated, as there is a fractiorenfsthat meets both the

requirement,, . < 4 andx32,,4om < 4; in the error propagation such correlation has been taken
into account.

The measured values & agree within the statistical uncertainty wifRyen in the range
Rger=[0.9, 1]. The statistical uncertainty remains steady in all the range andg{s$sat) = 0.11.

6. Conclusions

Two studies of feasibility of the R measurement was presented, one byseewed semi-
leptonictt events and the other by using selected di-leptohievents in thesu channel. The
expected uncertainties, for the semi-leptonic channel with L =1 fbare gr(stat) = 0.12 and

or(sys) = 0.11. For the dileptonic channel, with L = 250 phthe expected uncertainty ig(stat
+ sys) = 0.09.

Both the studies use data driven methods to subtract the backgrounithatorr.
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