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Abstract

We present a combination of the measurements of the pp — tf production cross sec-
tion at /s = 7 TeV using data collected by the CMS detector at the Large Hadron
Collider. The channels included in the combination are single lepton (e/ pi+jets), dilep-
ton (ee, uy, en), tau (u7), and fully hadronic decays. The analyses use data corre-
sponding to an integrated luminosity between 0.8 and 1.1 fb~!. A binned maximum
likelihood fitter is used for the combination. We find a combined cross section of
oy = 165.8 £2.2(stat.) & 10.6(syst.) £ 7.8(lumi.) pb.
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1 Introduction

The continued successful operation of the LHC in 2011 has, only halfway through the year,
provided a wealth of over 1 fb~! of pp-collision data at /s = 7 TeV which has been used by
CMS to both perform direct searches for new physics signatures and test our understanding
of Standard Model processes. The quantity of data makes it possible to precisely measure
tt production and decay properties. CMS has recently undertaken measurements of the tf
production cross section in four distinct decay channels: single lepton [1], dilepton ee, py, ey
combination [2], dilepton ut [3], and fully hadronic decay [4]. The results are listed in Table 1.

Table 1: Results of recent CMS measurements of the t cross section in four different decay
modes.

Measurement oz [pbl]

single lepton  164.4 £ 2.8 (stat.) &= 11.9 (syst.) &= 7.4 (lumi.)
ee, uu, ey 169.9 &= 3.9 (stat.) £ 16.3 (syst.) £ 7.6 (lumi.)
UT 148.7 & 23.6 (stat.) £ 26.0 (syst.) £ 8.9 (lumi.)
fully hadronic 136 = 20 (stat.) £ 40 (syst.) £ 8 (lumi.)

In this document we briefly review the individual measurements and present a combination of
these results where a binned maximum likelihood fitter is employed. We also present a cross
check of the combination using the BLUE technique [5].

2 Description of Measurements
2.1 Single Lepton

The p+jets and e+jets combination for 1087 pb~! (muons) and 804 pb ™ (electrons) is presented
in Ref. [1]. The single lepton sample is composed of events with isolated muons or electrons,
at least 1 jet, and missing transverse energy, with the additional requirement that at least one
of the jets must be b-tagged. The analysis divides the dataset into subsamples based on lepton
flavor, total number of jets (Njts), and number of b-tagged jets (Nptqq). A binned maximum-
likelihood fit to the simple secondary vertex (SSV) mass distributions is performed simultane-
ously in the subsamples. The salient feature of the analysis is the simultaneous determination
of the top-quark pair production cross section and the dominant systematic uncertainties in a
combined fit, taking into account the correlations.

2.2 Dilepton ee, ey, yu Combination

The dilepton combination for 1.14 fb™! is presented in Ref. [2]. The dilepton sample is com-
posed of events with at least two energetic leptons (electrons or muons), at least one jet, and
missing transverse energy (for the ee and uu channels only). At least one of the jets must also be
tagged as a b-jet. Cross section measurements were performed for each of the dilepton channels
(ee, up, and ey) using a simple cut-and-count method.

2.3 Dilepton ut

The dilepton T measurement for 1.09 fb™! is presented in Ref. [3]. The event sample is com-
posed of events with one energetic muon, a hadronically decaying tau with an electric charge
of opposite sign, at least two jets, and missing transverse energy. At least one jet is required to
be b-tagged.
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2.4 Hadronic

The fully hadronic decay channel measurement for 1.09 fb~! is presented in Ref. [4]. The
hadronic sample is composed of events with at least six energetic jets, two of which must be
b-tagged.

3 Description of Combination Method

3.1 Binned Maximum Likelihood Combination

The primary combination presented in this note utilizes the binned maximum likelihood fitter
from the single lepton analysis, with terms describing the other three measurements added to
the existing likelihood. In this way, parameters that are common to all the analyses (the tf cross
section, for example) can be linked to a single parameter in the likelihood.

3.1.1 Description of Basic Likelihood

The single lepton likelihood is constructed for a simultaneous fit to the SSV mass in subsamples
defined by lepton flavor, Nj.s and Nptee. The number of events in a given template X derived
from Monte Carlo simulation (MC) and normalized to the integrated luminosity is given by

N¥€(i,), and Ngggmd is the data-driven QCD prediction. These are specific for each jet-tag
bin (7,j). The MC prediction for the tf component is scaled by a global scale factor ¢;;. Note

that the tf templates are normalized to the integrated luminosity of 1 fb™?, so that oy is then a
cross-section expressed in femtobarns.

To include systematic effects in the likelihood, multiplicative corrections that affect the three-
dimensional shape (SSV mass, Nj.ts and Ny,) are added. The SSV mass shape is already mod-
eled well, so the likelihood is only modified to change the relative normalizations of the jet-tag
bins. It is desirable that such multiplicative factors vary as continuous functions of systematic
effects, so the fitter can determine the amplitude of the systematic effects. Parametrizing the
systematic factors is done with functions P{; (i, j, Rx) that depend on the jet-bin j, tag-bin i and
the relative shift, Ry, of the factor. We require that P (7, j,0) = 1; that is, with no systematic shift
the multiplicative factor is 1.0 and the normalization of the template is therefore unchanged.

The nuisance (systematic) parameters in the fit are the Ry, and they are expressed in terms of
the relative shift with respect to the central value of the external measurement, in units of the
constraint size. Thus, 0.0 means no shift, +1.0 means +1c high, and —1.0 means —1c low. The
shift parameters are all constrained to unit Gaussians in the fit.

The major systematic uncertainties that are included in the maximum likelihood fitter are jet
energy scale (JES), b-tagging and light flavor tagging (mistag) efficiency, and the Q? of the
W-+jets MC. The expected number of events in each jet-tag bin can then be written as follows
(e.g. for the tf and Wbb templates):

q,. . .
NF(i, j) = o - N (i, j)-
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The equations for the expected number of events for the Wcx, W+light flavor jets, single top,
Z+jets, and QCD background components have forms similar to Eq. 2, but they can be simpler.
For example, the Z+jets, single top, and QCD background equations don’t depend on Ry, as
their predictions are unaffected by the Q? of the W+jets MC. The fitter minimizes the negative
log likelihood

tag,jet bins p comp. o d 1 constr. z _ Zl
2inL=-29 ) )Py | NG Y M 2 L ;B
1,] c

where the sum over k is over SSV mass histogram bins, j over Njs, i over Ny, ¢ over the
components of the sample (e.g. tf, Wbb, QCD), and | over the constraints. P,; is a Poisson
probability that the predicted yield given by the templates statistically overlaps with the data.
This probability is given by

InP,(x,y) =xlny—y—InT(x+1), 4)
where I'(x) is the Gamma function.

Another category of systematic uncertainties may be treated as affecting only the tf accep-
tance. These uncertainties enter the likelihood using the same technique as the one described
above. Each uncertainty becomes a relative shift parameter in the likelihood, and a change
in the shift corresponds to a change to template normalization through a multiplicative factor,
parametrized as a first degree polynomial. Because acceptance uncertainties affect all jet-tag
tf templates the same way, the fitter has no ability to choose a non-zero shift. Therefore the
inclusion of acceptance uncertainties in the fit does not change the returned ¢ cross section,
but it increases its returned uncertainty. The change in returned uncertainty is the same as if
the acceptance uncertainty had just been added in quadrature.

3.1.2 Likelihood formulation for counting experiments

As some of the measurements in this combination are counting experiments, one must first
reformulate their inputs as likelihood ingredients. For a counting experiment, the count of
events observed in data, N, is expressed as a sum of signal S and several backgrounds B;

N=5+YB (5)

and thus one obtains the number of {f events by subtracting }_; B; from N and propagating the
errors accordingly to obtain the error on S.

The same can be achieved by using a profile likelihood approach. One takes the right-hand
side of Eq. 5 as the predicted number of events, Nyreq, and then computes the Poisson likeli-
hood given the observed number of events N and its prediction Npeq. In this procedure, the
total number of tf events, S, can be expressed as a product of a prediction (from Monte Carlo
simulation) of the ff yield as if the tf cross section were 1 fb: S = s x N(tf|oy; = 1 fb). Thus the
linear coefficient multiplying the tf expectation is the scale factor needed to bring 1 fb to the
observed tf yield, and, after the Poisson likelihood is minimized, it is numerically equal to the
tf production cross section in femtobarns. Thus s = 0y;.

In order to reuse the fitting infrastructure geared towards template fits, the data and back-
ground counts are modeled by histograms with only one bin. Each individual counting experi-
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ment analysis already provides a combination of all the backgrounds into B = }; B;. If the total
background B is fixed, the fitter returns the tf cross section with only the statistical uncertainty.
But if the background is allowed to float within its uncertainty, the returned tf cross section will
also include the corresponding background systematic uncertainty. Following the infrastruc-
ture used in the single lepton measurement, the uncertainties are included in the fit model as
relative shifts R, with respect to zero of the multiplicative factor for the signal and background
terms. If the shift is zero, the multiplicative scale factor is 1, resulting in the nominal yield.
This is accomplished with a multiplicative term Py, (Ry) that is linear in Ry. The intercept of the
function is one, and the slope is the fractional uncertainty on the template.

3.1.3 Reformulation needed for various inputs
Dilepton ee, ey, pypp Combination:

The dilepton measurement itself is already a combination of three counting measurements, as
it combines three decays channels (ee, yp, and eu). For the purpose of this combination, the
dilepton measurement is separated into its constituents, and each channel enters the likelihood
as a single bin.

Dilepton ut:
As this is a counting experiment, it enters the likelihood as a single bin template.
Hadronic:

The hadronic analysis is based on an unbinned maximum likelihood fit to the reconstructed
top-quark mass, so it is not a counting experiment. However, one can parametrize its results
so they can be input into the combined likelihood as a single bin. In this case the 14.3% uncer-
tainty returned by the original fitter (a combination of statistical and background uncertainties)
is larger than /(S + B)/S = 13.5% expected with Poisson statistics. This is not unexpected as
the original fit to reconstructed top-quark mass automatically included background rate uncer-
tainties. This effect can be replicated in the single bin format by assessing a 3.4% uncertainty
on the number of events in the background template for the hadronic channel. This nuisance
parameter is the sole background rate uncertainty for this channel, though a background shape
uncertainty is assessed separately.

For this combination, including the exact likelihood (and the data points) from the hadronic
channel would be impractical. Including a binned form of the hadronic fit would be more
reasonable, but such a variation of the original analysis method is unlikely to return the orig-
inal statistical uncertainty or central value of the hadronic analysis. What is described above
ensures that the exact hadronic result enters the likelihood with an appropriate weight and
value.

4 Systematic Uncertainties

The combination includes all the systematic uncertainties from the individual channels. The
systematic uncertainties can be considered as falling into one of two categories: acceptance un-
certainties that affect the normalization of the tf template in a channel and background normal-
ization uncertainties. Each uncertainty enters the fit as a nuisance parameter R,. For uncertain-
ties that are 100% correlated across channels (for example, jet energy scale), a single nuisance
parameter is used in the fit and it is tied to the normalization of all the affected templates.
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4.1 Background Uncertainties

The various backgrounds and their uncertainties are summarized in Table 2 and discussed
briefly below. The backgrounds for the four analyses in the combination are considered sep-
arately with no correlation between analyses. For the single top uncertainty it is the case that
leaving the channels uncorrelated is the more conservative choice.

For the single lepton analysis, the background normalizations are all parameters in the fit. The
QCD background, Z+jets, and single top background are constrained to their expected yields
£100%, £30%, and +30%, respectively. The W+jets components” normalizations are allowed
to float freely in the fit.

The dilepton (ee, ey, ppt) combination has several background sources: diboson “vector-vector”
decays (VV where V. = W or Z), single top events, WHjets, QCD, and Z/v* — ee, up or 7T
Drell-Yan (DY) processes. Except for the DY ee and DY upu uncertainties, the backgrounds
are considered correlated across all three channels in the combination. While keeping a 100%
correlation for the QCD and W+jets backgrounds, to stay conservative, they have very little
influence on the final fit since their contamination is very small and estimated with large un-
certainties.

The dilepton p T analysis considers the following background sources: events where a jet is mis-
identified and “fakes” a T (most commonly from W+jets or tf — WTW~b — nuvgq'b), Drell-Yan
ee/uy (e or u mis-identified as a 7), Drell-Yan 77, single top, and dibosons. There is also a small
Standard-Model tf background that is not covered by the fake-7 background.

The dominant background source in the hadronic analysis is QCD multijet events. As the anal-
ysis is based on a fit to the reconstructed top-quark mass where the background normalization
floats, the QCD rate uncertainty is automatically included in the returned statistical uncertainty.
In the reformulation of the mass fit result to a single bin template for this combination, an ef-
fective QCD rate uncertainty is assessed so the statistical uncertainty is correctly reproduced.

4.2 tt Acceptance Uncertainties

The systematic uncertainties that affect the acceptance of the tf events in the analysis were eval-
uated independently in Ref.[1-4]. For this combination, the sources can be considered 0% or
100% correlated between any two channels. For a source of systematic uncertainty that be-
longs to a single channel (e.g. uncertainty from the hadronic trigger efficiency affects only the
hadronic channel), a single nuisance parameter is added to the fit, and it is tied to the normal-
ization of that channel’s tf template only. For systematic sources that affect multiple channels, a
nuisance parameter will simultaneously modify the normalization of the tf templates in those
channels.

The list of tf acceptance uncertainties is given in Table 3 with the size of the uncertainty in
each decay channel. A brief description of each systematic source follows. Note all dilepton
combination channels (ee, ey, and up) are considered 100% correlated with each other.

Some uncertainties are relevant for all four analyses.

e JES: The JES parameter is 100% correlated in all four analyses. The single lepton
channel has special treatment, as there are separate second-degree polynomials for
each i-jet template of W+jets, tf, single top, and Z+jets that describe how the normal-
ization of each template changes as a function of the relative shift in JES. The Wcx,
Wbx, and Wqq templates share the same W+jets polynomials.

e b-tagging: The uncertainties due to the b-tagging scale factors are considered un-
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correlated between analyses, as this choice leads to a more conservative combined
uncertainty. Therefore they enter the fitter as four independent nuisance parame-
ters. For the single leptons, there are separate polynomials in the fit for the i—jet
templates of tf, single top, Wbx, and Wcx that depend on the b-tagging scale factor.
The mistag scale factor (an additional parameter) affects the normalization of the
Wqq templates only.

e Pileup: The sources of this uncertainty are the modeling of pile-up in simulation
and the reweighting procedure used to make MC match data. All four tf analyses
are correlated 100%.

e tf Q% This source accounts for the variation in the number of expected tf events
due to MC modeling, found by varying the scale used to generate the MC. This effect
is combined with the initial and final state radiation (ISR/FSR) modeling systematic
uncertainty. This parameter is correlated 100% between channels.

e Luminosity: The uncertainty in the integrated luminosity determination is con-
sidered 100% correlated between all four analyses, although the size of the effect is
not the same in all channels. The pt and hadronic analyses were completed while
the luminosity was known to 6%. The single lepton and dilepton channels bene-
fited from late summer improvements to luminosity calculation methods and have
uncertainties of 4.5%.

Other sources are considered in some, but not all, analyses.

e Lepton efficiency: This source accounts for the uncertainty in the relative efficien-
cies in data and simulation for triggering, reconstructing, and identifying leptons.
The single lepton, dilepton, and ut analyses are considered uncorrelated and have
separate nuisance parameters.

e W leptonic branching ratio: This parameter describes the uncertainty on leptonic
branching ratio of the W in the dilepton and u7 analyses. Those channels are 100%
correlated.

e Top-quark mass: This change in acceptance due to the top-quark mass is correlated
100% in the dilepton, y T, and hadronic channels.

e Jetand Ermodel: This uncertainty is extracted from a comparison of MC generators
in the dilepton and p T analyses. It is 100% correlated in these two channels.

e Matrix-element to parton-shower matching: This uncertainty is found from vary-
ing the matrix-element to parton-shower (ME-PS) matching. The dilepton, ut, and
hadronic channels are correlated 100%.

There were also sources considered by only a single analysis.

e Wjets Q? (single lepton): The Q? of the W+jets MC was considered as a separate
source of uncertainty for the single lepton analyses only. Note this is not a tf accep-
tance uncertainty strictly, as this parameter affects the normalization of the W+jets
templates. The Wcx, Wbx, Wqq templates share the same W+jets polynomials.

e PDF (single lepton): The uncertainty due to the parton distribution functions is
assessed in only the single lepton channel.

e Lepton selection model (dilepton): This source comes from the uncertainty in the
parametrization of lepton efficiency for the dilepton analysis.

e Decay model (dilepton): This is the uncertainty due to the T lepton and hadron
decay modeling in the dilepton analysis.



T fake rate (u7): An 11% uncertainty on the fake T background rate is translated
into this 13% uncertainty on the tf acceptance for the T channel.

o T jet mis-ID (u7): The uncertainty on the tau jet mis-identification affects only the
uT analysis.

e Tau and hadron decay model (u7): This is the theoretical uncertainty on signal
acceptance for the T analysis.

e Cross sections of MC background (u7): This parameter is the sum in quadrature
of the uncertainties from all 7 background channels assuming the cross section
uncertainties are completely uncorrelated.

e MC tune (hadronic): This uncertainty in the underlying event simulation for the
hadronic channel is assessed by comparing Z2 and D6T tunes.

e Trigger (hadronic): The uncertainty in the hadronic trigger efficiency scale factor
affects only the hadronic channel.

e Background (hadronic): An uncertainty due to the shape of the background model
used in the top-quark mass fit in the hadronic channel is also considered.

5 Combination Results

Before performing the combination of results, it was verfied that the likelihood formulation
was capable of reproducing the individual analysis results, their central values as well as their
statistical and systematic uncertainties.

The breakdown of the combination’s final uncertainty is determined by performing the com-
bination in stages. First only the statistical uncertainties are included in the fit. Then the sys-
tematic uncertainty (except the luminosity uncertainty) terms are added to the fit. Finally the
statistical, systematic, and luminosity uncertainties are all included in the fit.

For the full combination of the four analyses we find

o =1673+ 22 (stat.) pb,
oy =165.3 £ 10.8 (stat.+syst.) pb, and
oy =165.8 £ 13.3 (stat.+syst.+lumi.) pb.

Subtracting the uncertainties in quadrature to extract the individual contributions, we find

oy = 165.8 £2.2(stat.) & 10.6(syst.) £ 7.8(lumi.) pb. (6)

In Fig. 1 the value of the combined cross section is shown together with the results of the single
measurements and the approximate NNLO predictions of [6, 7], [8] and [9].

The combined cross section in Eq. 6 is cross-checked with the Best Linear Unbiased Estimate
method (BLUE [5]). The BLUE method was already used by the CMS collaboration for the
combination of the top-quark mass and cross section measurements in the dilepton channels
[2, 10] and for the combination of top-quark pair production cross section measurements done
with the 2010 datasets [11]. The uncertainties and correlations used for the BLUE combination
are identical to those used in the likelihood combination. The BLUE combination gives a cross
section of
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oy = 166.9 £ 2.7(stat.) & 10.9(syst.) £ 7.4(lumi.) pb. (7)

Given the different nature of the two methods used, the combined cross sections values are
compatible. Use of a likelihood based method allows to improve the total (statistical and sys-
tematic) uncertainty by about 3%.

6 Conclusions

The measurements of the tf cross section at /s = 7 TeV in different channels are combined
in this note. The channels included in the combination are single lepton (e/u+jets), dilepton
(ee, up, en), tau (u), and fully hadronic decays. The binned maximum likelihood fitter is used
for the combination and accounts for the correlations of the systematic uncertainties between
different channels. The combined cross section of

oy = 165.8 & 2.2(stat.) = 10.6(syst.) = 7.8(lumi.) pb

is obtained. This result is in good agreement with the QCD predictions of 164", pb [6, 7],
163f}(1) pb [8], and 149411 pb [9] that are based on the full NLO matrix elements and the re-
summation of the leading and next-to-leading soft logarithms. The precision of the combined
measurement is 8.0%, which is comparable to the precision of the approximate NNLO theory.
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Single lepton single top 30
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W+jets N/A
Dilepton combination V'V 69 65 49
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DY ee/up 70
DY Tt 12
single top 5
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Table 3: Effect of 1 variation in the various tf acceptance systematic uncertainties for the chan-
nels in the combination. For the single lepton channels, the dependencies are either a flat
percentage or are parameterized by a polynomial, one for each (jet,tag) subsample. The entries
are given in percentage change to the tf acceptance. Note the W+jets Q* uncertainty in the
single lepton analysis only affects the normalization of the W+-jets templates, but we list it in
the table for completeness.

systematic source singlelepton ee up epy  utT hadronic
JES poly 1.9 17 19 44 143
b-tag (single) poly

b-tag (hadronic) 15.7
b-tag (ut) 5.5

b-tag (dilepton) 50 5.0 5.0

Pileup 26 50 50 50 31 0.6
tf Q? 28 24 24 18 20 10.3
luminosity 45 45 45 45 6.0 6.0
Lepton efficiency (single) 3.4

Lepton efficiency (u7) 2.1

Lepton efficiency (dilepton) 30 16 23

W leptonic branching ratio 1.7 1.7 17 17

Top quark mass 26 26 15 1.6 53
JetMet model 32 32 04 1.0

ME-PS matching 2.0 1.0 52
W+jets Q? (single) poly

PDF (single) 34

Lepton model (dilepton) 40 40 40

Decay model (dilepton) 20 20 20

fake rate (u1) 13.0

T jet mis-ID (ut) 7.3

tau and hadron decay model (1 1) 2.0

MC bkgd (u1) 1.6

MC tune (hadronic) 8.1
trigger (hadronic) 4.5

bkgd (hadronic) 12.2
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CMS Preliminary \'s=7 TeV

166+ 2+ 11+ 8

(val. + stat. + syst. £ lumi.)

CMS 2011 combination
TOP-11-024 (L=0.8-1.1/fb)

164+ 3+12+ 7

(val. £ stat. + syst. + lumi.)

CMS e/u+jets+btag
TOP-11-003 (L=0.8-1.1/fb)

170+ 4+16+ 8

(val. + stat. + syst. + lum)

CMS dilepton (ee,up,ep)
TOP-11-005 (L=1.1/fb)

CMS all-hadronic
TOP-11-007 (L=1.1/fb)

136 +20+40+ 8

(val. + stat. + syst. £ lumi.)

| 149+ 24+26+ 9

(val. £ stat. + syst. + lumi.)

CMS dilepton (1)
TOP-11-006 (L=1.1/fh)

3 Approx. NNLO QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
: ] Approx. NNLO QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030
Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097
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Figure 1: The cross section of the tf production obtained by a combination of measurements in
different channels at /s = 7 TeV. The data are compared to the approximate NNLO calcula-
tions [6-9]. The theoretical uncertainties include the variation of the scales as well as the parton
distribution functions.
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