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General Overview
• The top pair production, W/Z decays and V+jets production 

provides precession tests to QCD predictions: e.g; proton PDFs

• Top quark and EWK physics plays a significant role in understanding 
the EWSB

‣ Role evident from MW-Mt constraints on MH

‣ Can we improve the current precision on the masses?

- Top quark is the only quark with natural mass, (λt ~ 1)?

- Associated production: ttH, ttbb

• Single top production

‣ Is Vtb=1 ? Anomalous couplings in Wtb vertex?

• A window to new physics

‣ New physics might couple preferentially to top: t→H±b

‣ New particles may decay to top: Z´→t tbar, t´→tW

‣ Couplings at the TGC vertex in diboson production can probe 
physics beyond the currently accessible mass range at the LHC

‣ A lot more beyond:  Technicolor, Z´, W´, RS graviton ...

• Great tool to calibrate detector and test physics object 
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• Top quark may play a significant role in 
understanding EWSB

- Large mass means large coupling to SM Higgs
- Top Yukawa coupling to Higgs predicted ~1 

- Role evident from MW-Mt constraints on MH

- Top quark could play a role in EWSB beyond that of 
the Higgs mechanism of the SM
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•New physics at very high energy 
scale (say O(10 TeV)) can produce 
anomalous couplings 

•The Feynman diagrams same as in 
the SM, but different couplings 

•Signature: measured cross section 
> the SM prediction, but mostly at 
high invariant mass (or high pT tails)

Couplings at the TGC vertex can probe physics beyond 
the currently accessible mass range at the LHC 
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Figure 1: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 and Q2 = 104 GeV2.

with broader grid coverage in x and Q2 than in previous sets.
In this paper we present the new MSTW 2008 PDFs at LO, NLO and NNLO. These sets are

a major update to the currently available MRST 2001 LO [15], MRST 2004 NLO [18] and MRST
2006 NNLO [21] PDFs. The “end products” of the present paper are grids and interpolation
code for the PDFs, which can be found at Ref. [27]. An example is given in Fig. 1, which
shows the NLO PDFs at scales of Q2 = 10 GeV2 and Q2 = 104 GeV2, including the associated
one-sigma (68%) confidence level (C.L.) uncertainty bands.

The contents of this paper are as follows. The new experimental information is summarised in
Section 2. An overview of the theoretical framework is presented in Section 3 and the treatment
of heavy flavours is explained in Section 4. In Section 5 we present the results of the global fits and
in Section 6 we explain the improvements made in the error propagation of the experimental data
to the PDF uncertainties, and their consequences. Then we present a more detailed discussion of
the description of di!erent data sets included in the global fit: inclusive DIS structure functions
(Section 7), dimuon cross sections from neutrino–nucleon scattering (Section 8), heavy flavour
DIS structure functions (Section 9), low-energy Drell–Yan production (Section 10), W and Z
production at the Tevatron (Section 11), and inclusive jet production at the Tevatron and
at HERA (Section 12). In Section 13 we discuss the low-x gluon and the description of the
longitudinal structure function, in Section 14 we compare our PDFs with other recent sets,
and in Section 15 we present predictions for W and Z total cross sections at the Tevatron and
LHC. Finally, we conclude in Section 16. Throughout the text we will highlight the numerous
refinements and improvements made to the previous MRST analyses.
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Outline
• Top quark physics results in this talk

‣ cross-section measurement

‣ αS from cross-section

‣ single top cross-section and Vtb

‣ top quark mass

‣ ttbar associated production with bbar pair

• Results not covered

‣ search for Z´ resonant ttbar production

‣ top spin correlations
‣ top polarization in dilepton channel
‣W polarization in ttbar pair decays

‣ constrains of top quark charge from ttbar 
pair
‣ measurement of ttV

‣ search for FCNC
‣ charge asymmetry in top pairs
‣ .....

• Electroweak physics results in this talk

‣W/Z inclusive x-section 
‣W lepton charge asymmetry
‣ V+jets production
‣ Azimuthal correlation and event shape in Z+jets
‣ Diboson production
‣ aTGC limits
‣ jet mass in dijet and V+jets using various jet algo

• Results not covered

‣ DY differential cross sections
‣ DY differential forward-backward asymmetry
‣ DY weak mixing angle
‣ Z rapidity and transverse momentum
‣W+2 jets, dijet mass spectrum
‣W,Z+jets differential cross sections
‣ .....

•CMS Top public results:

‣ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP 

•CMS Standard Model public results:

‣ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP 
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CMS Detector
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• Top and Electroweak physics require all sub-detectors

• Significant improvement due to Particle Flow Algorithm that uses information from all sub-
detectors

‣ muons, electrons, photons, charged and neutral hadrons

‣ the list is used to reconstruct higher level objects like jets, MET

Friday, October 19, 2012



Top quark Physics 
Results
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Top Quark Pairs @ CMS
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• Event Selection

‣ one isolated lepton, ≥ 4 jets (≥1-bagged) 

• lepton+b-jet invariant mass

l+jets (e/μ+jets)

5

5 Cross Section Measurement
The tt production cross section is extracted from the number of tt events observed in the data,
using the equation:

σtt =
Ntt

L · εtt · BR
. (1)

Ntt is the number of tt events, L is the integrated luminosity, εtt is the efficiency for signal events
to pass the selection requirements for the specific channel, and BR is the branching ratio of the
channel considered. The number of signal events is determined with a template fit as discussed
in Section 4.

Figure 2 shows the result for the fit to the data distributions. A simultaneous fit to the Mlb data
distribution in the electron and muon channels is performed to obtain the combined result.
Separate fit parameters are used to scale the normalized QCD templates in the two channels.

Figure 2: Template fit result on the lepton-jet mass in the muon + jets (left) and in the electron
+ jets channel (right). The data corresponds to an integrated luminosity of 2.8 fb−1 in the muon
channel and 2.7 fb−1 in the electron channel. B-tagging is applied. Signal and background
contributions are rescaled according to the fit results.

We determine a signal selection efficiency times branching fraction εtt · BR of 3.2% in the muon
channel and 2.9% in the electron channel, as shown in Table 1. Trigger efficiency scale factors
of 98.6% for the electron channel and 98.1% for the muon channel, flat in pT, have been deter-
mined from data-Monte Carlo comparison and are applied to the simulation to improve the
description of the data in the trigger efficiency and lepton identification criteria.

The measured cross section with the lepton-jet mass template fit is:

σtt(µ + jets) = 229.9 ± 11.1 (stat.)+27.6
−29.0 (syst.)± 10.1 (lum.)pb,

σtt(e + jets) = 227.3 ± 12.2 (stat.)+35.5
−30.0 (syst.)± 10.0 (lum.)pb,

σtt(combined) = 228.4 ± 9.0 (stat.)+29.0
−26.0 (syst.)± 10.0 (lum.)pb,

where the systematic uncertainties are discussed in the next Section 5.1.

• Reconstruct kinematic from a Χ2

‣ Assign leptonic top decay

‣ Binned fit Mlb distribution 

Top pair cross-section measurement  @ 8TeV
dilepton(ee/eμ/μμ)

• Event Selection

‣ ≥ 2 jets(≥1-btagged) 

• Cleanest Signature, with main background from

‣ Drell-Yan (Z-window is vetoed in ee/μμ and 
used to rescale DY contribution)

• Counting experiment

• Best Linear Unbiased Estimate (BLUE) 
method is used to combine all the channels

CMS-PAS-TOP-12-006 arXiv:1208.2671→JHEP

Friday, October 19, 2012

https://cdsweb.cern.ch/record/1461939?ln=en
https://cdsweb.cern.ch/record/1461939?ln=en
http://arxiv.org/abs/1208.2671
http://arxiv.org/abs/1208.2671


Combine measurement
• Full combination is performed using a binned maximum likelihood fit

‣ Add uncertainties as scale factors affecting rates ( nuisance parameters)

‣ Link common uncertainties to all channels with the same nuisance (100% correlation)

• Excellent agreement between different channels and theory
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CMS-PAS-TOP-11-024

CMS-PAS-TOP-12-007

• Cross section ratio (assuming uncorrelated exp. unc.): R8/7 = 1.41 ± 0.10
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LHC combine measurement of top-pair 
cross-section (7 TeV)

• Use Best Linear Unbiased Estimate (BLUE) method: 

‣ Weighted sum of the input measurements that minimize the total uncertainty

• ATLAS: di-lepton, l+jets, all jets

• CMS:    di-lepton, l+jets, all jets, μ+τ

9
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Figure 1: Input σtt measurements by the ATLAS and CMS collaborations and the result of the
LHC combination. The band corresponds to the approximate NNLO in QCD calculation with
Hathor 1.2 [6] of σtt = 167+17

−18 pb .

Uncertainties

6 6 LHC combination

6 LHC combination

Table 1 summarizes the ATLAS and CMS measurements with the breakdown of the uncer-

tainties and their correlations used as inputs to the LHC combination and the result of the

combination. It is interesting to note that despite the fact that ATLAS and CMS have different

approach to the evaluation of various components of the signal modelling uncertainty, which

is reflected in the different partitioning amongst the different subcategories, the total signal

modelling uncertainty is approximately the same between the two collaborations.

The combination yields σ
tt
= 173.3 ± 2.3(stat.) ± 7.6 (syst.) ± 6.3 (lumi.) pb. The resulting

weights for ATLAS (CMS) are 67% (33%) in the combined result. The two measurements are

consistent with each other with a χ2 p-value of 47%; the total correlation between the measure-

ments is 30%. The variations of the correlations discussed in Section 5 change these values by

not more than 1%. The combined tt production cross-section has an uncertainty of 5.8%, thus

improving the precision of the σ
tt

measurement with respect to the more precise ATLAS result

by 7% relative. The uncertainty is currently dominated by the uncertainty on the luminosity

determination, which contributes 6.3 pb to the total systematic uncertainty of 9.8 pb, followed

by the detector and signal modelling.

ATLAS CMS Correlation LHC combination

Cross-section 177.0 165.8 173.3

Uncertainty

Statistical 3.2 2.2 0 2.3

Jet Enegy Scale 2.7 3.5 0 2.1

Detector model 5.3 8.8 0 4.6

Signal model

Monte Carlo 4.2 1.1 1 3.1

Parton shower 1.3 2.2 1 1.6

Radiation 0.8 4.1 1 1.9

PDF 1.9 4.1 1 2.6

Background from data 1.5 3.4 0 1.6

Background from MC 1.6 1.6 1 1.6

Method 2.4 n/e 0 1.6

W leptonic branching ratio 1.0 1.0 1 1.0

Luminosity

Bunch current 5.3 5.1 1 5.3

Luminosity measurement 4.3 5.9 0 3.4

Total systematic 10.8 14.2 9.8

Total 11.3 14.4 10.1

Table 1: Table of uncertainties in the tt cross-section used in the BLUE combination. Cross-

sections and uncertainties are in pb. Symbol “n/e” stands for “not evaluated”.

Figure 1 shows a summary of the CMS and ATLAS measurements used as inputs to the LHC

combination along with the internal ATLAS and CMS combinations and the LHC combined σ
tt

compared to the theoretical calculation.

As a cross-check the combination was performed using the so-called Asymmetric Iterative

BLUE (AIB) approach [31]. Unlike the BLUE implementation used to obtain the result pre-

sented above, AIB can take asymmetric uncertainties as input. It uses the starting combined

value to calculate the uncertainties and will iterate until the starting value and the output are

the same. This is important when combining measurements where the magnitude of the uncer-

tainty depends on the measurement itself which is the case for the cross-section combination.

The result obtained with AIB is σ
tt
= 173.3 ± 10.1 pb, identical to the one obtained with the

LHC combination

CMS-PAS-TOP-12-003
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Extracting αs(mZ) from σtt
• mtop and αS can't be determined simultaneously from σtt → constrain one when measuring the other

• maximize the joint likelihood

10

Experimental measurement (gaussian) PDF uncertainty convolved with rectangular “prior” on Q2 scale

σtt(αS) is determined from Top++ and HATHOR 
with different PDFs

Good agreement with world average

CMS-PAS-TOP-12-022

HATHOR:  Nucl.Phys.Proc.Suppl.205-206:10-15, 2010

TOP++: http://arxiv.org/abs/1112.5675

5

Table 2: Results obtained for αS(mZ) by comparing the measured to the predicted tt cross sec-
tion, shown for two different approximate NNLO calculations and four different PDF sets. In
addition to the uncertainty due to δmt, the total uncertainties listed here account for the un-
certainty on the measured cross section as well as for the uncertainties related to choice and
variation of the renormalization and factorization scales and for the uncertainties of the respec-
tive PDF set used in the calculation of the expected cross section.

Most likely Uncertainty
value Total From δmt

Top++ 1.3
with NNPDF2.1

0.1178 +0.0045
−0.0039

+0.0015
−0.0015

HATHOR 1.3 0.1145 +0.0034
−0.0031

+0.0013
−0.0013

Top++ 1.3
with MSTW2008

0.1172 +0.0037
−0.0037

+0.0013
−0.0014

HATHOR 1.3 0.1139 +0.0033
−0.0034

+0.0013
−0.0013

Top++ 1.3
with HERAPDF1.5

0.1168 +0.0028
−0.0028

+0.0010
−0.0011

HATHOR 1.3 0.1140 +0.0024
−0.0024

+0.0010
−0.0010

Top++ 1.3
with ABM11

0.1211 +0.0027
−0.0027

+0.0010
−0.0010

HATHOR 1.3 0.1185 +0.0028
−0.0028

+0.0010
−0.0010

to be the smaller gluon PDF of ABM11. The αS(mZ) results obtained with HATHOR 1.3 are
smaller compared to those based on Top++ 1.3 by about 3%, which is caused by the new high-
energy approximation in HATHOR.

The αS(mZ) value determined by the authors in the ABM11 PDF and αS(mZ) fit to deep-
inelastic-scattering and fixed-target Drell-Yan data is significantly lower than the world average
and than most results obtained by other groups. This difference is mainly due to the inclusion
of higher-twist terms in the parton model for low-Q2 data [21]. In any case, such higher-twist
corrections are assumed to be irrelevant for processes with large momentum transfers, i.e. also
for tt production.

Given that the NNPDF approach implies less assumptions on PDF parametrizations than in the
case of the other PDF sets, we take the αS(mZ) value obtained using Top++ with NNPDF2.1 for
the central value of our final result. An additional uncertainty of 0.0010, corresponding to the
maximum deviation between the results obtained with Top++ and NNPDF2.1, MSTW2008 and
HERAPDF1.5, respectively, is adopted to account mainly for the impact of different implemen-
tations of the αS(Q) evolution in the PDF sets. In summary, we find αS(mZ) = 0.1178+0.0046

−0.0040.
This result represents the very first αS value determined from tt production. The accuracy is
similar to that of the most precise αS measurement that has been performed at a hadron collider
so far. In addition to this, we report αS(mZ) values of 0.1145+0.0035

−0.0032 and 0.1174+0.0039
−0.0036 based on

HATHOR 1.3 with and without its new high-energy approximation enabled, respectively.

The present analysis provides a new example for the unique tests of QCD that the available tt
data allow us to perform. An even more stringent test of the involved parameters would consist
in a simultaneous determination of αS(mZ), mt and the gluon PDF. Such analysis would have
to be based on differential tt cross sections. Furthermore, calculations at exact NNLO for all tt
production channels will hopefully resolve the tension arising from the different σtt̄ predictions
that are currently available.
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Top mass measurement @ 7 TeV

• Event Selection: 

‣ One isolated lepton and ≥ 4 jets (≥2-bagged)

• Kinematic fitting to obtain the correct 
permutation, Pgof(χ

2)>0.2

• Perform calibration of the light quark JES from 
hadronic side (W→qq´) 

•

11

• Same reference selection as cross-section analysis

• 1 degree of freedom to reconstruct the mtop

‣ 8 possible solutions per event 

‣ Use matrix weighting technique to weight 
solutions

l+jets (e/μ+jets) dilepton(ee/eμ/μμ)

Results - world's best
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be defined as:

L (mt, JES|sample) ∝ L (sample|mt, JES) = ∏
events

L (event|mt, JES)wevent

= ∏
events

�
n

∑
i=1

c Pgof (i) P
�

mfit
t,i , mreco

W,i |mt, JES
��wevent

,

where mt and JES are the parameters to be determined, n denotes the number of permutations
in each event, and c is a normalization constant. We note that the contribution from background
is not included in this expression, as the impact of background is found to be negligible after
implementing the final selections described in Section 4. The ad hoc event weight wevent =
∑n

i=1 c Pgof (i) is introduced to reduce the impact of events without correct permutations. The
sum of all event weights is normalized by c to the total number of events.

Due to the mass constraint on the W boson in the fit, mfit
t and mreco

W are almost uncorrelated and
the probability P

�
mfit

t,i , mreco
W,i |mt, JES

�
for the permutation i factorizes into:

P
�

mfit
t,i , mreco

W,i |mt, JES
�

= ∑
j

f jPj

�
mfit

t,i |mt, JES
�
× Pj

�
mreco

W,i |mt, JES
�

,

where fj, with j representing cp, wp or un, is the relative fraction of the three kinds of per-
mutations. The relative fractions f j and probability density distributions Pj are determined
separately for the muon and electron channels from simulated tt events generated for the nine
different top-quark mass (mt,gen) values and three different JES values (0.96, 1.00, and 1.04).
Each of the mfit

t distributions is fitted either with a Breit-Wigner function, convoluted with a
Gaussian resolution for correct permutations, or with a Crystal Ball function, for wrong and
unmatched permutations, for different mt,gen and JES values. The corresponding mreco

W distri-
butions are distorted by the Pgof requirement and weighting because permutations with re-
constructed W-boson masses close to 80.4 GeV are preferred in the kinematic fit. The mreco

W
distributions are therefore fitted with asymmetric Gaussian functions. Figure 2 compares the
mfit

t and mreco
W distributions for the three different kinds of permutations and three choices of

input top-quark mass and JES to the probability density distributions used for the muon chan-
nel. A similar behavior for mfit

t and mreco
W is seen for the electron channel. The parameters of all

fitted functions are parameterized linearly in terms of the generated top-quark mass, JES, and
the product of the two.

We obtain separate likelihoods for the muon and electron channels and examine the product of
these likelihoods to combine the channels. The most likely top-quark mass and JES are obtained
by minimizing −2 lnL (mt, JES|sample).

6 Calibration of the ideogram method
possible biases and for the correct estimation of the statistical uncertainty. For each combina-
tion of the nine mt,gen values and the three JES scales, we conduct 10 000 pseudo-experiments,
separately for the muon and electron channels, using simulated tt events. We extract mt,extr and
JESextr from each pseudo-experiment which corresponds to the same integrated luminosity as
the one analyzed in data. This results in 27 calibration points in the (mt, JES) plane.

The biases are defined as:

mass bias =
�

mt,extr − mt,gen

�
,

JES bias =
�

JESextr − JES
�

.
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separately for the muon and electron channels, using simulated tt events. We extract mt,extr and
JESextr from each pseudo-experiment which corresponds to the same integrated luminosity as
the one analyzed in data. This results in 27 calibration points in the (mt, JES) plane.

The biases are defined as:

mass bias =
�

mt,extr − mt,gen

�
,

JES bias =
�

JESextr − JES
�

.
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masses to be the same [30]. Further, the masses of the 6 final-state particles are taken as the
world-average measured values [21]. This leaves one free parameter that must be constrained
by using some hypotheses.

Several methods have been developed for measuring the top-quark mass in the dilepton decay
channel. We use an improved version of the Matrix Weighting Technique (MWT) [31] that
was used in the first measurements in this channel [31, 32]. The algorithm is referred to as
the analytical MWT (AMWT) method. A key improvement with respect to the original MWT
is the selection of the jets used to reconstruct the top quark candidates. Instead of taking the
two leading jets (i.e. the jets with the highest pT) , the fraction of correctly assigned jets can be
increased significantly by using the information provided by b-tagging. Therefore, the leading
b-tagged jets are used in the reconstruction, even if they are not the leading jets. If there is
a single b-tagged jet in the event, it is supplemented by the leading untagged jet. The same
b-tagging algorithm is used as in the event selection. A further improvement is the use of an
analytical method [33] to determine the momenta of the two neutrinos instead of a numerical
method.

In the AMWT, the mass of the top quark is used to fully constrain the tt system. For a given
top-quark mass hypothesis, the constraints and the measured observables restrict the trans-
verse momenta of the neutrinos to lie on ellipses in the px-py plane. If we assume that the mea-
sured missing transverse energy is solely due to the neutrinos, the two ellipses constraining
the transverse momenta of the neutrinos can be obtained, and the intersections of the ellipses
provide the solutions that fulfill the constraints. With two possible lepton-jet combinations,
there are up to eight solutions for the neutrino momenta for a given top-quark mass hypoth-
esis. Nevertheless, in this method, an irreducible singularity that precludes the determination
of the longitudinal momentum of the neutrinos remains in a limited kinematical region. The
fraction of events affected by this singularity is below 0.1%, and a numerical method is used to
determine the solutions in these rare cases [34].

The kinematic equations are solved many times per event using a series of top-quark mass
hypotheses between 100 and 400 GeV in 1 GeV steps. Typically, solutions are found for the neu-
trino momenta that are consistent with all constraints for large intervals of mass hypotheses.
In order to determine a preferred mass hypothesis, a weight w is assigned to each solution [35]:

w =
�
∑ f (x1) f (x2)

�
p(E∗

�+ |mt)p(E∗
�− |mt) , (1)

where xi are the Bjorken x values of the initial-state partons, f (x) are the parton distribution
functions, and the summation is over the possible leading-order initial-state partons (uu, uu,
dd, dd, and gg). Each term of the form p(E∗|mt) is the probability density of observing a
massless charged lepton of energy E∗ in the rest frame of the top quark, for a given mt [35]:

p(E∗|mt) =
4mtE∗(m2

t − m2
b − 2mtE∗)

(m2
t − m2

b)
2 + M2

W(m2
t − m2

b)− 2M4
W

. (2)

Detector resolution effects are accounted for by reconstructing the event 1000 times, each time
varying the pT, η, and φ of each jet according to the measured detector resolution, and cor-
recting the Emiss

T accordingly. For each mass hypothesis, the weights w from all solutions are
summed. For each event, the top-quark mass hypothesis with the maximum weight is taken
as the reconstructed top-quark mass mAMWT. Events that have no solutions or that have a
maximum weight below a threshold are discarded.

This removes 14.6% of the events, and 9934 events remain in the data, 1550 ee events, 6222 eµ
events, and 2110 µµ events.
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• Use Best Linear Unbiased 
Estimate (BLUE) method

• Channels assessed in different 
periods are statistically 
uncorrelated

• Systematics categories

‣ Full correlation from common 
categories estimated with 
similar methods

• Final uncertainty = 0.57%

‣Mostly driven by l+jets result

‣ 2D fit partially uncorrelates the 
JES uncertainty across channels

CMS-PAS-TOP-12-003
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Cross-section measurement in single top

• Event Categorization

‣ 1 central, isolated lepton + ETmiss with main 
contribution from 1b-jet +1forward recoil jet

‣ “2jets 1tag” category: events in a mass window 
of 130 < mlνb < 220 GeV

• Signal extraction

‣ Perform maximum likelihood to |ηj| of the 
non b-tagged jets in the “2jets 1tag” category 

13

t-channel tW-channel
• Final state: 2 leptons + 1 b-jet + ETmiss

‣ Signal region: 1jet,1tag

‣ Control regions: 2jets,1tag; 2jet,2tags

• Balance (pT of the system)

• Multivariate discriminator

‣ HT, balance, leading jet pT, minΔφ(l,ETmiss)
7
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Figure 3: Distribution of |ηj� |, obtained by normalising each process yield to the value from the
fit.

quark cross section is about a factor two larger than the anti top quark cross section. In addition,
top quarks are almost 100% polarised with respect to a certain spin axis due to the V-A nature of
the couplings. The former feature can be experimentally accessed via the charge of the muon,
the latter via the cos θ∗ distribution, where θ∗ is defined as the angle between the charged lepton
and the non-b-tagged jet, in the reconstructed top quark rest frame. Both distributions are
presented in Fig. 5 in the SR, requiring |ηj� | > 2.0. The observed charge asymmetry is consistent
with the expectation from SM calculations [1]. The observed cos θ∗ distribution agrees well
with the expected characteristic triangular distribution [23].

5 Systematic Uncertainties
In this analysis each systematic uncertainty is evaluated by performing pseudo-experiments
which take into account the effect of the corresponding systematic source on the distribution
of |ηj� | and on the event yield of the physics processes. A fit to |ηj� | is then performed on each
pseudo-experiment and the mean shift of the fit results with respect to the value obtained in
the nominal scenario is taken as the corresponding uncertainty.

The following sources of systematic uncertainties are considered:

• W+jets and tt̄ models: the uncertainty related to the W+jets and tt̄ extraction method
from data is evaluated by generating pseudo-experiments in the SB and in the 3-
jets 2-tags sample, thus performing the template extraction procedure for the back-
grounds and repeating the fit to |ηj� |.The uncertainty is taken as the root mean square
of the distribution of fit results obtained in this way. This uncertainty depends on
the amount of available data it the SB and in the 3-jets 2-tags sample.

4
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Figure 3: Distributions of HT and the pT of the system composed of the leptons, E
miss
T and jet,

in data and simulation after jet selection in the signal region (1j1t).

background is visible in all the distributions.
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Figure 4: Distribution of the BDT discriminant in the signal region (1j1t) in data and simulation.

The output of the BDT is a single discriminant value for every event ranging from −1 (background-
like) to +1 (signal-like). The distribution of the BDT discriminant is shown for the 1j1t signal
region in Fig. 4. Even if the tW signal does not peak strongly at +1, its distribution has some
distinction with respect to those from tt and other backgrounds. Maximum signal sensitivity is
achieved through a simultaneous fit to the three BDT discriminant shapes (1j1t, 2j1t, and 2j2t);
the two tt enriched regions are included to control the rate of this background in the signal
region.

The impact of each individual source of uncertainty on the analysis has been estimated in every
region and final state. The dominant systematic uncertainty that affects the rate of the tW signal
is associated with the b-tagging efficiency, with values between 3% and 6% for the different final

arXiv:1209.3489→PRL
CMS-PAS-TOP-12-001

arXiv:4533v1→JHEP

Cross checked with cut and count for HT>60 GeV
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Extracting Vtb from single top

• What other properties can be studied?

‣ polarization, mass, differential distributions ...

14

18 11 Results

11.2 Combination

The results of the three analyses are combined using the BLUE method.The statistical cor-

relation between each pair of measurements is estimated by generating dedicated pseudo-

experiments. The correlation is 60% between NN and |ηj� |, 69% between BDT and |ηj� |, and

74% between NN and BDT. Correlations for the jet energy scale and resolution, b tagging, and

E/T modelling between |ηj� | and the two multivariate analyses are expected to be small. This is

because the determination of the corresponding nuisance parameters, from the marginalisation

adopted in the BDT and NN analyses, is dominated by in-situ constraints from data samples

independent of those used to determine uncertainties in the |ηj� | analysis. The assumed corre-

lation for those uncertainties is taken to be 20%. The correlation has, nevertheless, been varied

from 0% to 50%, with a corresponding variation of the central value by −0.03 pb, and no appre-

ciable variation has been observed for the combined uncertainty. For trigger uncertainties, the

correlation between |ηj� | and the two multivariate analyses is more difficult to ascertain. Vary-

ing the correlations in the combination from 0% to 100% results in a variation of the central

value of 0.03 pb, with no appreciable variation of the combined uncertainty. All other uncer-

tainties are determined mostly from the same data samples used by the two analyses, hence

100% correlation is assumed.

The BLUE method is applied iteratively, as previously carried out in Ref. [4]. In each iteration,

the absolute uncertainty is calculated by scaling the relative uncertainties given in Table 2 with

the combined value from the previous iteration. This is repeated until the combined value

remains constant. There are no appreciable changes with respect to the non-iterative BLUE

method. The 0.03 pb variation in the central value, due to changes in correlation coefficients,

is added in quadrature to the total uncertainty. However, this results in a negligible additional

contribution.

The χ2
obtained by the BLUE combination of the three analyses is 0.19, corresponding to a

p-value of 0.90. The results of the individual analyses are consistent with each other.

The combined result of the measured single-top-quark t-channel production cross section at√
s = 7 TeV is

σt-ch. = 67.2 ± 6.1 pb = 67.2 ± 3.7 (stat.) ± 3.0 (syst.) ± 3.5 (theor.) ± 1.5 (lum.) pb.

11.3 |Vtb| Extraction

The absolute value of the CKM element |Vtb| is determined in a similar fashion to Ref. [4], as-

suming that |Vtd| and |Vts| are much smaller than |Vtb|, as |Vtb| =
�

σt-ch./σth

t-ch.
, where σth

t-ch.

is the SM prediction calculated assuming |Vtb| = 1 [7]. If we take into account the possible

presence of an anomalous Wtb coupling, this relation modifies taking into account an anoma-

lous form factor fLV [44–46], which is not necessarily equal to 1 in beyond-the-SM models. We

determine

| fLV Vtb| =
�

σt-ch.

σth

t-ch.

= 1.020 ± 0.046 (exp.) ± 0.017 (theor.) ,

where the first contribution to the uncertainty includes all uncertainties of the cross section

measurement, and the second the uncertainty on the SM theoretical prediction. From this re-

sult, the confidence interval for |Vtb|, assuming the constraint |Vtb| ≤ 1 and fLV = 1, is deter-

mined using the unified approach of Feldman and Cousins [47] to be

0.92 < |Vtb| ≤ 1, at the 95% confidence level.

Vtb is (≈) the signal strength 

Anomalous form factor=1 in SM Is it really 1?

or

5

states. The b-tagging efficiency uncertainty is also important for the tt background yield, with
values between 1.5% and 4.0%. The main systematic uncertainty for the tt background is due to
the factorization/renormalization scale used in the simulation, up to 11%, with values around
2% for tW signal. Also for tt, the uncertainties due to jet energy scale (7%) and the threshold
used to match the matrix element generator to the parton shower model in simulation (3%)
are important. The statistical uncertainty is the largest contribution to the uncertainty of the
measured cross section, with a 20% effect.

A binned likelihood fit is performed on the distributions of the BDT discriminant. Template
shapes for the signal and backgrounds are taken from simulation. Distributions are included
separately in the fit for each of the three dilepton channels (ee, eµ, and µµ) in the signal region
(1j1t) and control regions (2j1t and 2j2t). Signal and background rates are allowed to vary in the
fit and a signal rate with 68% confidence level (CL) interval is determined using the profile like-
lihood method. The theory sources of systematic uncertainty that affect the template shape are
then considered. For each uncertainty, ±1 σ systematic shifts are applied to the simulated sam-
ples to obtain revised templates. Differences in signal rate found using the revised templates
are taken as systematic uncertainties and are added in quadrature to the 1 σ interval from the
fit using the baseline templates. The significance is calculated using a profile likelihood ratio as
test statistic. The expected significance is evaluated using the median and ±1 σ interval of sig-
nificance values obtained from pseudo-experiments generated using the theoretical prediction
of the standard model tW cross section.

An excess of events over the expected background is observed with a significance of 4.0 σ,
compatible with the expected significance of the tW signal, 3.6+0.8

−0.9 σ. The measured cross sec-
tion, including both statistical and systematic uncertainties, is 16+5

−4 pb, in agreement with the
standard model prediction.

The measurement can be used to determine the absolute value of the Cabibbo-Kobayashi-
Maskawa matrix element |Vtb|, following the same technique as in [4], assuming that |Vtd| and
|Vts| are much smaller than |Vtb|:

|Vtb| =
�

σtW

σth
tW

= 1.01+0.16
−0.13(exp.)+0.03

−0.04(th.) (1)

where σth
tW is the standard model prediction computed assuming |Vtb| = 1. Using the standard

model assumption of 0 ≤ |Vtb|2 ≤ 1, a value of |Vtb| = 1.00 is inferred, with a 90% confidence
level interval of [0.79,1.00]. This is based on profile likelihood intervals, the same method used
for the cross section measurement and intervals.

A second analysis (“count-based” analysis), used as a cross-check, is performed using event
counts. After the jet selection step, instead of building the BDT discriminant, events are re-
quired in addition to have HT > 60 GeV in the eµ channel, where no invariant mass and E

miss
T

requirements are applied.

The count-based analysis uses a statistical model of Poisson event counts in the three dilepton
final states in the signal region (1j1t) and control regions (2j1t and 2j2t). The number of events
selected in data in the signal region is 1606, and compares with 1671 ± 22 (stat.) ± 134 (syst.)
predicted by the simulation. For the 2j1t control region, 2766 events are selected in data and
2989± 30 (stat.)± 200 (syst.) events are predicted; while for the 2j2t region, 1448 data events are
selected with 1485 ± 21 (stat.) ± 211 (syst.) predicted.

The event yield for each process in every region is affected by different sources of systematic
uncertainties, equivalent to the ones calculated for the BDT analysis. These are included in
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• The ttbb process is the main background for 
ttH

‣  precisely understanding help us to test the 
Higgs boson at 125 GeV

•Analysis strategy

‣ The ratio of tt+2 jets to tt+2 b-jets is 
measured

- allows for cancellation of many 
uncertainties

- cleaner environment to study heavy 
flavor content of top pair sample 

•Main challenges:

‣ Experiment: b-tagging efficiency and rate for 
b´s from gluon splitting? mistag rate for light 
flavor

‣ Theory: importance of npQCD? Signal is 
define at generated particle level with 
generated jets of pT>20 GeV matched to b-
hadrons

•Mistag rate for light flavors known to ~10% 
dominate final uncertainty

Associated Production with two b´s: ttbb @ 7 TeV 
CMS-PAS-TOP-12-024

Uncertainties
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Production cross section in CMS
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Production cross sections in CMS
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W/Z Production Cross Sections
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• Inclusive production cross section and leptonic decays, W→lν and Z→ll reached 
experimental accuracy of few % in l= e/μ channels with early 2010 data 

‣ 2010 @ 7 TeV

- 0.2 pb-1(ICHEP 10)
- 2.9 pb-1(first CMS publication)
- 36 pb-1 (detailed studies)

‣ 2012 @ 8 TeV

- 18.7 pb-1

• Essentials to understand and calibrate 
our detector response (trigger, object 
ID, resolution, efficiencies)

Electron

CMS-PAS-SMP-12-011

W→eν Z→ee
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W/Z Production Cross Sections
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W→lν Z→ll

W+→l+ν W-→l-ν

CM
S-PAS-SM

P-12-011
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W+/W- and W/Z Cross Sections Ratio
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•Maximize sensitivity using ratios and correlations

•Precession tests from proton PDFs and SM

W+/W- Z/W

•The largest systematic uncertainty in these measurements is from PDFs (2%)

•The feed back from these precise measurements to PDF calculation can help 
to constrain them better 

The uncertainty for 
theory prediction 

corresponds to PDF 
uncertainty only

CMS-PAS-SMP-12-011
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W lepton charge asymmetry
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• A first natural extension of W inclusive x-section is to study the W+/W- ratio, RW as a function 
of kinematic variable: pseudorapidity, |η|

• Charge Asymmetry

• The differential cross section is found in each |η| bin by fitting ETmiss   for electrons and 
detector isolation variable ξ for muons

• Provides stringent constraints for PDFs, since boson rapidity y is directly linked to parton 
momentum fractions

Electron

arXiv:1206.2598(PRL)

CMS-PAS-EWK-11-005

1

In pp collisions, W bosons are produced primarily via the processes ud̄ → W
+

and dū → W
−

.

The first quark is a valence quark from one of the protons, and the second one is a sea anti-

quark from the other proton. Due to the presence of two valence u quarks in the proton, there

is an overall excess of W
+

over W
−

bosons. The inclusive ratio of cross sections for W
+

and

W
−

boson production at the Large Hadron Collider (LHC) was measured to be 1.43 ± 0.05 by

the Compact Muon Solenoid (CMS) experiment [1] and is in agreement with predictions of the

Standard Model (SM) based on various parton distribution functions (PDFs) [2, 3]. Measure-

ment of this production asymmetry between W
+

and W
−

bosons as a function of boson ra-

pidity can provide new insights on the u/d ratio and the sea antiquark densities in the ranges

of the Björken parameter x [4] probed in pp collisions at
√

s = 7 TeV. However, due to the

presence of neutrinos in leptonic W decays, the boson rapidity is not directly accessible. The

experimentally accessible quantity is the lepton charge asymmetry, defined to be

A(η) =
dσ/dη(W+ → �+ν)− dσ/dη(W− → �−ν̄)
dσ/dη(W+ → �+ν) + dσ/dη(W− → �−ν̄)

,

where � is the daughter charged lepton, η is the charged lepton pseudorapidity in the CMS lab

frame (η = − ln [tan ( θ
2
)] where θ is the polar angle), and dσ/dη is the differential cross section

for charged leptons from W boson decays. The lepton charge asymmetry can be used to test

SM predictions with high precision.

The lepton charge asymmetry and the W charge asymmetry have been studied in pp̄ colli-

sions by both the CDF and D0 experiments at the Fermilab Tevatron Collider [5, 6]. Current

predictions for the lepton charge asymmetry at the LHC based on different PDF models do

not agree well with each other. A high precision measurement of this asymmetry at the LHC

can contribute to the improvement of the knowledge of PDFs. Both ATLAS and CMS experi-

ments have reported measurements of the lepton charge asymmetry at the LHC recently using

the data collected during 2010 LHC runs [7, 8]. In this paper, we present a measurement of

the muon charge asymmetry using a dataset corresponding to an integrated luminosity of 234

pb
−1

collected by the CMS detector, including the full 2010 dataset and part of the 2011 dataset.

The same analysis technique developed for the previous CMS measurement is used here. Com-

paring to the previous result, a significantly larger data sample is used and many systematic

uncertainties, which were previously limited by the amount of data, are reduced.

A detailed description of the CMS experiment can be found elsewhere [9]. The central feature

of the CMS apparatus is a superconducting solenoid, of 6 m internal diameter, 13 m in length,

providing an axial field of 3.8 T. Within the field volume are the silicon pixel and strip tracker,

the crystal electromagnetic calorimeter (ECAL) and the brass/scintillator hadron calorimeter

(HCAL). Muons are measured in gas-ionization detectors embedded in the steel return yoke of

the solenoid. The most relevant sub-detectors for this measurement are the ECAL, the muon

system, and the tracking system. The electromagnetic calorimeter consists of nearly 76 000 lead

tungstate crystals which provide coverage in pseudorapidity |η| < 1.479 in the barrel region

and 1.479 < |η| < 3.0 in two endcap regions. A preshower detector consisting of two planes of

silicon sensors interleaved with a total of 3 X0 of lead is located in front of the ECAL endcaps.

The ECAL has an ultimate energy resolution of better than 0.5% for unconverted photons with

transverse energies above 100 GeV. The electron energy resolution is 3% or better for the range

of electron energies relevant for this analysis. Muons are measured in the pseudorapidity range

|η| < 2.4, with detection planes made of three technologies: drift tubes, cathode strip chambers,

and resistive plate chambers. Matching the muons to the tracks measured in the silicon tracker

results in a transverse momentum resolution of about 2% in the relevant muon pT range.

A(η): 0.1 → 0.2  with relative precision:  ~ 7%
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V+jets production

22

• CMS has published a rich menu of cross sections and ratios of V+jets 

• An important test of pQCD 

‣ Flavor specific final states allow probing different PDFs

‣ Test of tree-level matrix element generators V+n jets with n≃0,..,4 (Madgraph, 
Sherpa,..)

• Important SM candles for detector commissioning

W,Z + jet production
ATLAS and CMS published rich menu of cross sections and ratios of
jets produced in association with W and Z bosons
Test of tree-level matrix element generators V + n jets with n ! 0 . . . 4:
AlpGen, MadGraph, Sherpa
NLO QCD calculation by BlackHat+Sherpa
In general good agreement of data
with MCs or QCD
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V+HF production

23

•CMS has studied a vast variety of  V+HF production, Z+b, Z+bb, W+c, ..

6

The event-level b-jet purity P is extracted by means of a fit to the distribution of secondary-

vertex mass of the leading-pT b jet in the data. The mass of the secondary vertex is defined

as the invariant mass of all tracks originating from the secondary vertex, assuming the pion

mass for each track. Separate sets of distributions for b, c, and light jets are derived from the

MC simulation: (i) using the Z/γ∗ + jets sample and (ii) using inclusive jet samples reweighted

to match the pT and η spectra of the leading-pT candidate jet in the dilepton+b-jet datasets.

While the distributions from the inclusive jet samples were used as a baseline, the systematic

uncertainty on the purity is calculated from the differences between the two sets and from the

statistical uncertainty from the fit. The fraction of events in which the b hadron originates from

gluon splitting is found to have a negligible impact on the shapes, but is nevertheless included

in the shape uncertainty. The secondary-vertex mass is shown in Fig. 4 for the dielectron (left)

and dimuon (right) channels.
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Figure 4: Secondary-vertex mass of the leading-pT b jet, with MC distributions constructed

from inclusive jet samples, for the dielectron (left) and dimuon (right) channels, after the b-

purity maximum-likelihood fit.

As tt production also yields genuine b jets, tt events must be subtracted after the purity cor-

rection. The fraction ftt of tt background events remaining after the selection is evaluated from

the data using the dilepton invariant mass distribution. The tt contribution in the region of the

Z-boson mass peak, [60 GeV, 120 GeV], is extrapolated from the upper sideband region, which

is dominated by tt events. The ratio of the numbers of tt events in the two regions is taken

from the MC simulation and corrected for discrepancies between data and simulation using

the dileptonic tt decay channel in the background-free eµbb final state. Consequently, the sys-

tematic uncertainty on the tt contribution is dominated by the uncertainty on the data/MC

scale factor obtained with the dileptonic tt decay measurement.

Other backgrounds, e.g. diboson and single-top processes, yield negligible contributions which

are mostly removed after taking into account the purity. The MPI effects are included in the

measurement and are expected to contribute to the cross section at a level of about 2% [35].

The average efficiency ε� of the dilepton selection is evaluated using the MC Z+b signal sample

corrected event-by-event to reproduce the lepton efficiencies measured in data, as explained

previously. Systematic uncertainties on ε� arise from the tag-and-probe analysis.

Measurement of the Z/γ* + b-jet 
cross section  

7

Similarly, the average efficiency εb of the b-jet selection is evaluated using the MC Z+b signal
sample, corrected event-by-event to reproduce the b-tagging efficiency and mistagging rates
measured in the data, as explained previously. Systematic uncertainties arise mainly from the
uncertainty on the weights applied: (i) the data/MC scale factor uncertainty of 10% for b and c
jets, and 10–20% for light jets; (ii) the mistagging rate uncertainty of 20–30%. These uncertain-
ties are documented in Refs. [31, 32].

The correction factor Chadron is introduced to account for detector resolution and other recon-
struction effects. It is computed from the MC MADGRAPH +PYTHIA signal sample by compar-
ing the event yields at detector level to the event yields at generator level. The same kinematic
selections as for the reconstructed leptons and jets are applied to the generator-level objects
(including the selection in M�� and ∆R(jet, leptons)). To ensure that the correct objects are se-
lected at the detector level, only jets matched to generator-level b jets and leptons matched
to the generator-level Z/γ∗-decay leptons are considered. Hadron jets are defined using the
anti-kT clustering algorithm with a distance parameter of 0.5 applied to all stable particles but
neutrinos after the hadronisation. A hadron jet is labelled as a b jet if there is a b hadron within
∆R = 0.5 of the jet axis. Systematic uncertainties on Chadron are derived by using SHERPA and
aMC@NLO +HERWIG, and from the uncertainty on the jet energy resolution (14% for jets in the
barrel, 22% in the endcaps) [27]. In the electron case, Chadron contains a small acceptance term
coming from the ECAL transition region being removed at the reconstructed level. In the muon
case, it contains a correction from FSR.

Once the cross section is corrected back to the particle level, a final acceptance factor A� is
applied to correct for the efficiency of the lepton acceptance selection: Z/γ∗ → ee with pe

T >
25 GeV and |ηe| < 2.5, or Z/γ∗ → µµ with pµ

T > 20 GeV and |ηµ| < 2.1, the electron and
muon properties being defined before FSR. The systematic uncertainty on A� is evaluated with
SHERPA, aMC@NLO +HERWIG, and MCFM [2–4].

The (pT,η)-dependent jet-energy-scale uncertainty amounts to 3–5% of the pT of the jet. Its effect
on the cross section is estimated to be 2.5% using the MC signal sample, reweighted to match
the data. To estimate the uncertainty due to the pile-up, the mean of the expected distribution
used to reweight the MC simulation is shifted up and down by 0.6 interactions.

The estimates of the parameters defined above and the resulting cross sections are summarised
in Table 1 for the ee+b and µµ+b selections. The contributions expected from the Z+b MC
signal sample are 1308± 15 (stat.) and 2078± 19 (stat.) events for the ee+b and µµ+b selections,
respectively, to be compared with the background-corrected data yields of 1288 ± 29 (stat.) ±
84 (syst.) and 2121 ± 37 (stat.) ± 124 (syst.) events. The theoretical uncertainties on the cross
section results presented in Table 1 come from the systematic uncertainties on Chadron and A�

that were estimated using different MC models. Fractional uncertainties on the cross section
results are summarised in Table 2.

After correction for the b-tagging efficiencies and the lepton acceptance requirements, results
for the ee and µµ selections are found to be in good agreement, 5.61 ± 0.13 (stat.) ± 0.73 (syst.)
+0.24
−0.53(theory)pb and 5.97± 0.10 (stat.)± 0.73 (syst.)+0.25

−0.57(theory)pb, respectively. The ee and µµ
results are combined, taking into account correlated uncertainties as given in Table 2, and the
final result is found to be 5.84 ± 0.08 (stat.) ± 0.72 (syst.)+0.25

−0.55(theory)pb.

The results are compared to the NLO calculations obtained with the MCFM tool [2–4]. The
inclusive cross section at parton level is found to be σMCFM

parton = 4.73± 0.54 pb, using the same ac-
ceptance requirements for the leptons and parton jets. The uncertainty on the MCFM estimate
comes from the CTEQ6M PDF set [36] and variations of the renormalisation and factorisation
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• Identify displaced secondary vertices with no use of jets
• Obtain normalized production cross section as function 

of the angular separation 
• Compare with QCD predictions at tree-level and NLO 
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6 5 Systematic uncertainties
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Figure 3: Left: Azimutal angle ∆φ between the B-candidates. The CMS data are represented

by solid points and the MC simulation by stacked histograms. The red shade represents the

statistical uncertainty on the MC prediction. The muon and electron channels are combined.

Middle: minimal distance ∆R between the B candidates and the Z boson. Right : Azimutal angle

∆φ between the sum of B-candidates momenta and the Z boson.

smaller than the bin size chosen here (0.625).

In each bin i in ∆R, the number of signal events Ndata, f it
i is extracted from an extended unbinned

maximum likelihood fit to the lepton pair invariant mass distribution using a Breit-Wigner dis-

tribution, convoluted with a Gaussian resolution function for the signal and a second-order

Chebychev polynomial distribution for the background. The signal shape parameters are ob-

tained from data while the background parameters are taken from simulation. Ndata, f it
i is cor-

rected for the IVF purity Pi, the IVF efficiency �2SV
i and the dilepton efficiency and acceptance

��i · A�
. The resulting distribution is normalized by 1/σvisible, with

σvisible =
8

∑
i=1

Ndata, f it
i · Pi

�2SV
i · ��i · A�

. (1)

The efficiency corrections for the B candidate and lepton selections as well as the purity correc-

tions are obtained from MC simulation. The simulated lepton efficiencies are corrected using

the estimates obtained from data with a tag-and-probe technique.

5 Systematic uncertainties
The following uncertainties on the shape of the differential distribution are studied:

• Lepton kinematics. The pT spectrum of the leptons can potentially influence the ∆R
distribution between the B hadrons. The impact of the lepton pT resolution is es-

timated by varying the pT cut by 1%. The relative difference δi between the two

histograms h1,2 is defined, in each bin i of ∆R, as δi = (hi
1
− hi

2
)/(hi

1
+ hi

2
). The

systematic uncertainty is estimated as the maximal deviation between the weighted

average of the δ distribution and its content, yielding an uncertainty of ±0.5%. This

technique is adopted to quantify other systematic uncertainties described in this sec-

tion.

• B hadron kinematics. The IVF efficiency, obtained from MADGRAPH, depends on the

transverse momentum of the softer B hadron candidate. A difference of B-hadron

10 7 Conclusions and outlook
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Figure 7: Left: Normalized production cross section as function of the angular variable ∆R. The
measured distributions are represented by the solid dots. The statistical errors are represented
by the square brackets, while bars terminated by the straight segment represent the sum of sys-
tematic and statistical uncertainties added in quadrature. The MADGRAPH prediction in the
five-flavour schema is shown as histogram. Both distributions are normalized to one. Right: as
for left but with the aMC@NLO distribution. The yellow band in the bottom part of each plot
represents the systematic uncertainty while the line segments represent the statistical uncer-
tainties. The uncertainties associated to the data in the last bin are not shown.

include the contribution of B hadron pairs and Z originating from separate partonic interactions
within the same collision (multiple parton interaction).

7 Conclusions and outlook
A measurement of the angular correlation between B-hadron pairs produced in association to
a Z boson in pp collisions at a centre-of-mass energy of 7 TeV was presented, accessing for
the first time the region of collinear B pair production. The measurement was based on data
corresponding to an integrated luminosity of 4.6 fb−1 recorded by the CMS experiment during
2011. The result is given in terms of normalized differential production cross section as function
of the B hadron angular separation variable ∆R. The measurement is compared to predictions
based on tree-level and NLO QCD calculations. The measured normalized distributions are in
reasonable agreement with the predictions although data suggest a flatter slope in the region
of small angular separation. At this stage it remains complicated to estimate the origin of
this shape difference since there is no data-driven estimate of the IVF absolute efficiency, and
therefore no possibility to correctly normalize the relative simulation and data yields.

Measurements of the absolute differential cross section and larger samples expected in 2012
will help establishing which theoretical modeling provides the most reliable description of the
data. In addition, larger datasets will allow to study the angular separation in different regions
of the Z pT spectrum.
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Measurement of associated charm production in W final

states at
√

s = 7 TeV

The CMS Collaboration

Abstract

The cross section ratios σ(W+ c̄+X)/σ(W−c+X) and σ(W + c+X)/σ(W + jets+X)
at

√
s = 7 TeV are measured with the CMS detector at the LHC, with a data sample

corresponding to a total integrated luminosity of 36 pb
−1

. These ratios provide im-

portant information on the strange and anti-strange quark parton density functions

of the proton at the electroweak scale. Using muonic decays of the W boson and life-

time tagging techniques to extract the charm fraction in the selected W + jet sample,

the following ratios are obtained: σ(W+ c̄ + X)/σ(W−c + X) = 0.92 ± 0.19 (stat.)±
0.04 (syst.) and σ(W + c + X)/σ(W + jet + X) = 0.143 ± 0.015 (stat.)± 0.024 (syst.).
The ratios are measured in the kinematic region pjet

T > 20 GeV, |η jet| < 2.1 for W

decays into muons with pµ
T > 25 GeV, |ηµ| < 2.1. Results are in agreement with

theoretical predictions at next-to-leading order based on available parton distribution

functions.
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portant information on the strange and anti-strange quark parton density functions

of the proton at the electroweak scale. Using muonic decays of the W boson and life-

time tagging techniques to extract the charm fraction in the selected W + jet sample,

the following ratios are obtained: σ(W+ c̄ + X)/σ(W−c + X) = 0.92 ± 0.19 (stat.)±
0.04 (syst.) and σ(W + c + X)/σ(W + jet + X) = 0.143 ± 0.015 (stat.)± 0.024 (syst.).
The ratios are measured in the kinematic region pjet

T > 20 GeV, |η jet| < 2.1 for W

decays into muons with pµ
T > 25 GeV, |ηµ| < 2.1. Results are in agreement with

theoretical predictions at next-to-leading order based on available parton distribution

functions.
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found to be minimal. One of the basic criteria to build a secondary vertex is the requirement
of a large decay length significance in the transverse plane (above 3.0). Therefore the distri-
bution of this significance was artificially decreased in MC in order to obtain the best possible
statistical agreement with the shape of the distribution observed in data. The impact on the
vertex efficiency (∼ 10%) is consistent with the assigned systematics. Finally, and in order to
test the effect of potential discrepancies in the number of tracks at the event primary vertex, the
jet charged track multiplicity distribution was studied. Differences between data and MC were
found to be too small to produce a visible systematic effect. The quoted uncertainty (14.1%)
is also consistent with the one found in dedicated b-tagging studies [21]. This uncertainty is
expected to decrease in the future, with the help of larger signal samples and the availability of
independent methods to measure the vertex efficiency.

The analysis was cross-checked using the “track-counting high-efficiency” (TCHE) lifetime tag-
ging discriminator, DTCHE, as main analysis variable, instead of the DSSVHE variable and no
disagreements were found.

Finally, we have repeated the analysis using a (LO) W+jets MADGRAPH Monte Carlo as ref-
erence. Despite the LO approach, also at the level of parton density functions, this sample
reproduces more accurately the jet multiplicity and kinematic properties of W + ≥ 2 jets in
the final state. The obtained ratios: R

±
c (p

jet

T
> 20, |η jet| < 2.1) = 1.01 ± 0.21 and Rc(p

jet

T
>

20, |η jet| < 2.1) = 0.130± 0.014 (stat.) are consistent with those of our reference analysis within
the estimated statistical and systematic uncertainties.

These ratios are to be compared with analytical calculations from the MCFM program. Predic-
tions for different PDF sets in the kinematic region p

jet

T > 20 GeV, |η jet| < 2.1, p
�
T > 25 GeV,

|η�| < 2.1 are shown in Table 5, where � is the lepton from the W decay. Parameters of the cal-
culation have been adjusted to match the experimental measurement and the CMS generator
level conditions. Differences among the predictions obtained with the various PDF sets largely
exceed the expected uncertainties (at 68% CL). It has to be noted as well the very different size
of the associated uncertainties. Both facts are mostly due to the different assumptions of the
several PDF groups about the strange and anti-strange quarks content of the proton and to the
different experimental inputs used.

Ratio MCFM (CT10) MCFM (MSTW08) MCFM (NNPDF21)
R
±
c 0.915+0.006

−0.006 0.881+0.022
−0.032 0.902 ± 0.008

Rc 0.125+0.013
−0.007 0.118+0.002

−0.002 0.103 ± 0.005

Table 5: R
±
c and Rc predictions from MCFM at NLO. Kinematic cuts are: p

jet

T > 20 GeV, |η jet| <
2.1, p

�
T > 25 GeV, |η�| < 2.1, dR(�, jet) > 0.3. Partons are joined using an anti-kT algorithm

with R = 0.5 parameter. The quoted values correspond to different PDF choices and only PDF
variations (at 68% CL) are considered for the total uncertainties.

7 Results
We have measured the ratios R

±
c ≡ σ(W+

c̄)/σ(W−
c) and Rc ≡ σ(W + c)/σ(W + jets) for lead-

ing jets with pT > 20 GeV and |η| < 2.1 using a data sample of 36 pb−1 integrated luminosity,
collected with the CMS detector in 2010. We obtain:

R
±
c = 0.92 ± 0.19 (stat.)± 0.04 (syst.)

Rc = 0.143 ± 0.015 (stat.)± 0.024 (syst.)

1

1 Introduction
The process pp → W + c + X is sensitive to the strange quark content of the proton at the

electroweak scale. At the LHC, this process is largely dominated by s̄g → W+ c̄ and sg → W−c
processes at the hard scattering level (Figure 1) with minimal contributions from qq̄ and qg ini-

tial states (where q denotes u and/or d quarks). Processes like d̄g → W+ c̄ and dg → W−c are

Cabibbo-suppressed, giving contributions at the 5% and 15% level, respectively, the contribu-

tion being larger in the W−
case due to the participation of the d valence quark. Finally, pro-

cesses with b quarks in the final state like dū → W−bb̄ or bq → Wbq� are even more suppressed

(1 − 2% contribution). As a consequence more than 10% of the W + jets events at the LHC,

with pjet
T

> 20 GeV, contain c jets; assuming s and s̄ having approximately equivalent parton

distribution functions, then the ratio R±
c ≡ σ(W+ c̄)/σ(W−c) is predicted to be approximately

1.00. Besides the intrinsic interest of probing the strange and anti-strange quark contents of

the proton, a precise measurement of the cross section ratio Rc ≡ σ(W + c)/σ(W + jets) is an

important step towards a reduction of parton density function uncertainties entering future

measurements at the LHC, for instance, the W mass.

Figure 1: Main diagrams at the hard scattering level for associated W + c production at the

LHC.

This document presents a first analysis of the pp → W + c + X process with the CMS detector,

using a data sample corresponding to a total integrated luminosity of 36 pb
−1

collected in 2010,

at
√

s = 7 TeV. We measure the ratios R±
c and Rc for jets with pjet

T
> 20 GeV, |η jet| < 2.1 . These

ratios are free of many theoretical and experimental uncertainties. For this measurement, the

standard W selection criteria used in the inclusive electroweak analyses [1], is followed. It is

complemented with b-tagging techniques in order to extract the W + c component. Measure-

ments of the pp̄ → W + c + X cross section and of the equivalent Rc cross section ratio have

been performed with relative precisions of about 30% by the CDF and D0 collaborations [2, 3],

using integrated luminosities of 1.8 and 1 fb
−1

, respectively and identifying charm jets via

semileptonic charm decays.

The structure of this document is as follows: the CMS detector is briefly described in Section 2.

The samples used to carry out the measurement are presented in Section 3. The definition

of the W + c, W + b and W + udsg components that will be used to normalize the measured

quantities is also explained there. Event selection is detailed in Section 4. The analysis method

followed and measured ratios are presented in Section 5. The sources of systematic uncertain-

ties that may have an impact on the measurement are discussed in Section 6. Finally, results

are summarized in Section 7.
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Azimuthal Correlations and Event Shape 
Distributions in Z+jets

24

• Events: Z+≥ 1,2 3 jets with jet pT >50 GeV and Z pT > 0 GeV (all region) and >150 GeV (boosted regime)  

‣ The boosted regime provides an important phase space for BSM searches with large ETmiss 

• Variables are differential cross sections as a function of

‣ ∆Φ(Z,Ji)

‣ ∆Φ(J1,Jk), i,k = 1,2,3

‣ log of transverse thrust: ln(τT )→ln(1-2/π)≃ -1

CMS Collaboration / Physics Letters B 699 (2011) 48–67 49

The central transverse thrust is defined as [4]

!!,C " 1#max
n̂T

!
i |$p!,i · n̂T|!

i p!,i
, (1)

where p!,i is the transverse momentum of selected jet i. The axis
n̂T which maximizes the sum, and thus minimizes !!,C , is called
the transverse thrust axis n̂T,C . The central transverse thrust is a
measure of the radiation along the transverse thrust axis. The cen-
tral thrust minor is a measure of the radiation out of the plane
defined by n̂T,C and the beam axis. It is defined as

Tm,C "
!

i |$p!,i % n̂T,C |!
i p!,i

. (2)

Two-jet events that are well balanced have low values of these two
variables, while isotropic multijet events have high values.

The transverse momenta of jets are used as input to the event-
shape calculation. Jets are reconstructed using individual particles
that have been identified, and whose energies have been mea-
sured, using a particle flow technique [7], which combines infor-
mation from all subdetectors: charged tracks in the tracker and
energy deposits in the electromagnetic and hadronic calorimeters,
as well as signals in the preshower detector and the muon system.
The energy calibration is performed separately for each particle
type. As a result, the input to the jet clustering is almost fully cali-
brated and the resulting jets require only a small energy correction
(below 10% in the central region). Jet clustering is performed using
the anti-kT clustering algorithm [8,9] with a distance parameter
R = 0.5.

Five MC generators are used to produce simulated samples for
comparison with the data; the specifics of each generator are de-
tailed below. In addition to the generator-level samples, we use
“full-simulation” samples, where the events produced at the gen-
erator level are processed with a simulation of the CMS detector
response based on Geant4 [10]. As event-shape distributions are
sensitive to QCD radiation, they are primarily affected by the de-
scription of the parton showering and the hadronization process,
and, to a lesser extent, by the description of multiparton interac-
tions, which is included in all generators used.

The first generator considered is pythia 6.4.22 (pythia6) [11]
with tune D6T [12]. In this version of pythia, parton show-
ers are ordered by mass. The second generator is pythia 8.145
(pythia8) [13] with tune 2C [14]. In this version of pythia, par-
ton showers are ordered by pT. The underlying event model is
based on the multiple-parton interaction model of pythia6, inter-
leaved with initial- and final-state radiation. The third generator is
herwig++ 2.4.2 [15] used with the tune of older version 2.3. The
parton showering in herwig++ is based on the coherent-branching
algorithm, with angular ordering of the showers. The underlying
event is simulated using an eikonal multiple parton–parton scat-
tering model. The fourth is MadGraph 4.4.24 [16] in conjunction
with pythia6, with tune D6T. Events containing from two to four
jets matched to partons with pT above 20 GeV/c are produced
with MadGraph using a matrix element (ME) calculation and sub-
sequently passed to pythia to generate parton showers (PS). The
MLM matching procedure [17] is used to avoid double counting
between the ME and PS calculations. For the matching, the mini-
mum jet pT threshold is set to 30 GeV/c. Finally, the alpgen 2.13
[18] generator is used in a similar way to MadGraph. alpgen sam-
ples are produced separately for each jet multiplicity from two to
six jets, matched to partons with pT above 20 GeV/c, and are
weighted according to their theoretical cross section. Events pro-
duced with alpgen using the ME calculation are passed to pythia,
and the MLM matching procedure is used to avoid double count-
ing. For the matching of ME partons to jets, the lower jet pT

threshold is set to 20 GeV/c and the maximum distance between
partons and jets is kept to its default value of "R = 0.7.

The data were collected between April and August 2010. Non-
collision background is removed by applying quality cuts that en-
sure the presence of a well-reconstructed primary vertex [19]. The
selected data sample is then divided into three bins defined by
pT,1, the pT of the leading jet (the jet reconstructed o!ine with
the highest pT). The low-pT bin contains events with 90 < pT,1 <
125 GeV/c, the medium-pT bin with 125 < pT,1 < 200 GeV/c, and
the high-pT bin with pT,1 > 200 GeV/c. Data in all bins are se-
lected using single-jet triggers that require an online reconstructed
jet with pT greater than 30 GeV/c for the low-pT bin, and greater
than 50 GeV/c for the medium-pT and high-pT bins. The trigger
with a 30 GeV/c threshold was prescaled as the instantaneous
luminosity of the LHC increased; the effective luminosity in the
low-pT bin is only 0.32 pb#1. The trigger e"ciency, measured from
a sample acquired with lower-threshold triggers, is greater than
99% for all pT bins.

Quality cuts are imposed on the jets in order to remove spu-
rious jets caused by calorimeter noise or other remaining non-
collision background. Jets must consist of at least two particles,
including at least one charged hadron, and not more than 99%
of the jet energy may be carried by neutral hadrons alone, by
photons alone, or by electrons alone. All jets within the detector
acceptance (|#| < 5), with pT > 30 GeV/c, and passing the quality
criteria are subsequently considered. However, if one of the two
leading jets does not pass the quality cuts, the event is rejected.
This requirement rejects less than 1% of the events. After the ini-
tial jet selection, the two leading jets are required to be within
|#| < 1.3, or the event is rejected. All selected jets within |#| < 1.3
are used in the event-shape calculation.

In the low, medium, and high-pT data samples, this selection
retains respectively 62000, 180000, and 23000 events, of which
77%, 65%, and 52% are events with exactly two selected jets.

The event-shape distributions are distorted by the energy and
angular resolutions of the detector. The measured distributions are
unfolded to allow comparison with the event-shape distributions
calculated in the generator-level samples. We use a regularized
unfolding method based on singular-value decomposition (SVD)
of the response matrix [20]. The inputs to the unfolding algo-
rithm are the distributions measured in data and the response ma-
trix, determined from the event-shape distributions of the pythia6
generator-level and full simulation samples. The algorithm returns
the unfolded data distribution, together with its correlation and er-
ror matrices. All of the unfolding corrections are below 5%.

The dominant systematic uncertainty in the event-shape distri-
butions comes from the jet energy scale. While the event-shape
definitions are expected to be invariant under a shift in jet energy
scale, the uncertainty on the energy scale modifies the number
of jets passing the pT threshold, thus affecting the event shapes.
In order to estimate the resulting uncertainty on the event-shape
distributions, a shift of the jet energy scale is applied to all jets
entering the calculation, based on an uncertainty estimate which
varies between 3% and 5%, depending on # and pT [21]. The max-
imum bin-by-bin difference between the original distributions and
the two shifted distributions, after unfolding, is of the order of 4%
and is assigned as a systematic uncertainty. The effects of the
angular resolution and the uncertainty on the jet energy are es-
timated in a similar way and are found to be insignificant.

Energy resolution studies have revealed up to a 10% difference
between the data and the MC simulation [21] from which the re-
sponse matrix is estimated. In order to estimate the effect of this
difference on the event-shape distributions, a new response ma-
trix is determined from a MC sample in which the jet energies are
smeared by an additional 10%. The differences between the original

axis that maximize the sum pT
measures radiation along nT

• Pythia gauges the additional corrections from LO ME formulation interfaced with parton showers

• Pythia alone provides adequate description of event topology with increase phase space for parton 
emission (boosted regime)
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Njets ≥ 1. For higher jet multiplicities Njets ≥ 2 and 3 the ∆Φ(Z, J1) becomes flatter though the240

strong correlation at π is still maintained.241

Within uncertainties, excellent agreement is observed between the data and MADGRAPH, SHERPA242

and POWHEG event generators for Njets ≥ 3. Stand-alone PYTHIA also describes the distribu-243

tions in ∆Φ(Z, J3) and ∆Φ(J2, J3) rather well. In PYTHIA, these high-multiplicity configurations244

are generated exclusively from the PS model. The important role of the PS approximation in245

modifying the kinematics predicted from fixed-order calculations is emphasized in POWHEG,246

see for example its predictive power in a multijet environment Njets ≥ 3 on Figures 2, 3 and 4.247

While POWHEG represents an NLO prediction only for the leading jet, and additional radiation248

is generated from the PS, excellent agreement is observed for data with Njets ≥ 3.249

For the region pZ
T > 150 GeV, the ∆Φ(Z, J1) becomes again more isotropic as the jet multiplicity250

increases. In addition and contrary to the pZ
T > 0 GeV case, the angles between the subleading251

jets ∆Φ(Ji, Jk) de-correlate and become also isotropic (Fig. 4b). The improved performance252

of PYTHIA in this region, is a consequence of the increased phase space available for parton253

emission.254

Figure 5 shows the distributions in ln τT. For pZ
T > 150 GeV the distributions show an excess at255

ln τT values of -2, because this region of phase space corresponds to events with a large fraction256

of spherical events that contain two or more jets. Among the examined models, POWHEG and257

MADGRAPH are most consistent with the data, being within 10% accuracy of the measured258

distributions, except at large negative values of inclusive ln τT, where � 20% deviations are259

observed. The level of agreement of SHERPA with data corresponds to 10–15% for most of the260

bins, while PYTHIA shows a discrepancy greater than 20%. These two generators also predict261

too small values of thrust, where in particular for Njets ≥ 1, smaller values of ln τT are domi-262

nated by configurations in which one jet is produced back-to-back to the Z-boson. SHERPA and263

PYTHIA predict therefore a larger proportion of back-to-back Z + 1-jet events than observed in264

data, as can also be observed in the ∆Φ(Z, J1) distribution (Fig. 2).265

8 Summary266

This Letter reports studies of angular correlations among the objects in Z + jets final states.267

The measurements are based on data corresponding to an integrated luminosity of 5.0 fb−1,268

collected with the CMS detector at LHC in proton-proton collisions at
√

s = 7 TeV.269

Azimuthal distributions among the Z-boson and the accompanying jets, ∆Φ(Z, Ji) and ∆Φ(Ji, Jk),270

are measured as a function of inclusive jet multiplicity (Njets ≥ 1, 2 and 3). Additional char-271

acterization of the events is achieved using the transverse thrust event shape variable ln τT.272

Two regions of phase space are probed: all events (pZ
T > 0 GeV) and the more boosted region273

of pZ
T > 150 GeV. The systematic uncertainties are smaller than those arising from statistical274

sources, which dominate the extreme regions of the phase space.275

The data are compared to the prediction of MADGRAPH, SHERPA, POWHEG Z + 1-jet at NLO,276

and Z + 1-jet production at LO, with parton showering provided through PYTHIA. The latter277

corresponds to the simplest model, and is used to gauge the importance of additional cor-278

rections from leading and next-to-leading-order matrix-element formulations interfaced with279

parton showers. The stand-alone PYTHIA provides an adequate description of event topolo-280

gies when the phase space available for parton emission increases, e.g. for the highly-boosted281

selection on pZ
T. Overall, the data agree with MC models that combine multiparton QCD LO282

matrix-elements interfaced to parton-shower evolution. The Z + 1-jet matrix-element calcu-283

8 8 Summary
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Figure 2: Normalized ∆Φ(Z, J1) distributions for the inclusive Njets ≥ 1, 2, 3 jet-multiplicity bins: (a)

all pZ

T
and (b) pZ

T
> 150 GeV. The plots in (c) and (d) show the ratios of the data (solid points), and of

MC predictions, relative to MADGRAPH. The ratio for PYTHIA is not included in these plots. The error

bars on the data points represent their statistical uncertainties, the solid shaded yellow band around the

points represents the sum of the statistical and systematic uncertainties, while the cross-hatched (cyan)

bands show the statistical uncertainties on the MADGRAPH calculations.
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WW→2l2ν measurements
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• 4% stat precision. Main systematics: 

‣ Theory (PDF and jet veto)5%, Luminosity 4.4%

Signal and background yields 

! = 69.9 ± 2.8 (stat) ± 5.6 (sys) ± 3.1 (lum) pb  

NLO prediction (MCFM): 57.3 ± 2.0 pb 

7 TeV

8 TeV

1.8! above NLO prediction 
Could be a conspiracy of syst bias & upward 
fluctuation, but has generated some buzz ... 

σ = 52.4 ± 2.0 (stat) ± 4.5 (sys) ± 1.2 (lum) pb
NLO prediction (MCFM): 47.0 ± 2.0 pb

• Consistent with NLO

CMS-PAS-SMP-12-013
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WW/WZ→lνqq measurements @ 7 TeV
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• Jet resolution doesn’t allow to cleanly separate WW from WZ

• Fit the dijet mass spectrum 
‣ W+2j background is constrained in a data-driven manner by floating a linear combination of shapes with LO scales 

‣ QCD constrained using data. Other backgrounds constrained using (N)NLO predictions

7 TeV

• Consistent with NLO

→
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•The first observation of diboson 
in semi-leptonic channel at LHC. 
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NLO prediction (MCFM): 65.6 ± 2.2 pb
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• Event Selection
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Anomalous triple gauge boson couplings
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• Possible vertices using an effective Lagrangian
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γ=1 to ensure EM gauge invariance 
!  Form factor, with scale Λ, can be used to suppress divergent cross section  
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!  All ATLAS anomalous TGC limits use 1fb-1 of  2011 data 
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Fig. 4 pZT of W±Z candidate events. Data are shown together

with expected background and signal events, assuming the

Standard Model. Expected events in the case of anomalous

TGC witout form factor are also shown, for values of each of

the three anomalous couplings which correspond to the upper

limit of the expected 99% confidence interval. The last bin is

shortened for display purposes.

with ŝ and can be directly reconstructed from the mea-569

sured lepton momenta with good precision. The data570

are therefore divided into six 30GeV wide bins in pZT571

followed by a wide bin that includes 180–2000GeV.572

MC@NLO [11] is used to generateW±Z events with573

non-SM TGC. The generator computes, for each event,574

a set of weights that can be used to reweight the full575

sample to any chosen set of anomalous couplings. This576

functionality is used to express the predicted signal577

yields in each bin of pZT as a function of the anoma-578

lous couplings. Figure 4 shows the pZT distribution for579

the SM together with the distributions expected for a580

non-zero value (corresponding to the upper limit of the581

expected 99% confidence interval) of one of the anoma-582

lous couplings while the other two are set to zero. The583

greater sensitivity to anomalous couplings in the last584

bin of pZT is evident.585

Frequentist confidence intervals are set on the anoma-586

lous couplings by combining the observed number of587

candidate events in each pZT bin, the expected signal588

as a function of the anomalous couplings and the es-589

timated number of background events, and forming a590

profile likelihood test [32]. The systematic uncertainties591

are included in the likelihood function as nuisance pa-592

rameters with correlated Gaussian constraints. A point593

in the anomalous TGC space is accepted (rejected) at594

the 95% confidence level if less (more) than 95% of ran-595

domly generated pseudo-experiments exhibit a value of596

the profile likelihood ratio larger than that observed in597

data.598

Table 6 summarizes the observed 95% confidence599

intervals on the anomalous couplings ∆gZ1 , ∆κZ , and600

λZ , with the cut-off scale Λ = 2 TeV and without the601

Table 6 Expected and observed 95% confidence intervals on

the anomalous couplings ∆gZ1 , ∆κZ , and λZ . The expected

intervals assume the Standard Model values for the couplings.

Observed Expected Observed

Λ = 2 TeV no form factor no form factor

∆gZ1 [−0.072, 0.134] [−0.046, 0.080] [−0.057, 0.093]
∆κZ [−0.41, 0.69] [−0.33, 0.47] [−0.37, 0.56]
λZ [−0.063, 0.066] [−0.041, 0.040] [−0.046, 0.048]
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Fig. 5 Anomalous TGC limits at 95% confidence level from

ATLAS (this work), CDF [33], and D0 [34]. Luminosities,

centre-of-mass energy and cut-off Λ for each experiment are

shown.

form factor. The limits on each anomalous TGC param- 602

eter are obtained with the other two anomalous TGC 603

parameters set to zero. The expected intervals in Ta- 604

ble 6 are medians of the 95% confidence-level upper and 605

lower limits obtained in pseudo-experiments that as- 606

sume the SM coupling. The widths of the expected and 607

observed confidence intervals are dominated by statisti- 608

cal uncertainty. Figure 5 compares the observed limits 609

with the Tevatron results [33, 34]. 610

The 95% confidence regions are shown as contours 611

on the (∆gZ1 ,∆κZ), (∆gZ1 ,λ
Z), and (∆κZ ,λZ) planes 612

in Figure 6. In each plot the remaining parameter is set 613

to the SM value. The limits were derived with no form 614

factor. 615

6.3 Normalized Fiducial Cross-Sections 616

The effective Lagrangian adopted in the TGC analysis 617

in Section 6.2 allows us to probe non-SM physics with 618

little model dependence. An alternative approach is to 619

measure kinematic distributions, such as the pZT spec- 620

trum, that could be compared with model-dependent 621
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with expected background and signal events, assuming the

Standard Model. Expected events in the case of anomalous

TGC witout form factor are also shown, for values of each of

the three anomalous couplings which correspond to the upper

limit of the expected 99% confidence interval. The last bin is

shortened for display purposes.
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ATLAS (this work), CDF [33], and D0 [34]. Luminosities,

centre-of-mass energy and cut-off Λ for each experiment are

shown.
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Triple Gauge Couplings (ZZZ and ZZ!)
Possible vertices using an effective Lagragian
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CMS & ATLAS limits are much more constraining than LEP & Tevatron

Use no form factors, 
i.e., ! = "

at 95% CL, the 
strongest limit to-date

(from ZZ invariant mass)(using ZZ total cross section)

! = inf

!  Effective Lagrangian to model generic new contributions to TGCs 
!  In SM, all new couplings are zero, except g1

V=κV=1 
!  For WWγ vertex analysis, fix g1

γ=1 to ensure EM gauge invariance 
!  Form factor, with scale Λ, can be used to suppress divergent cross section  

at large !s and preserve unitarity 

!  All ATLAS anomalous TGC limits use 1fb-1 of  2011 data 
Michael Kagan CIPANP 2012 19 
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Jet mass in dijet and V+jets events
• It is necessary to understand the high pT “boosted” boson production in the future, SM or Higgs-like 

or exotic scenarios

• This is a study of the behaviors of those algorithm in ordinary jet production, which is the main 
background to such an application

• Unfold the jet mass distributions in dijet and V+jet channels for a variety of recently proposed jet 
algorithms: ungroomed, filtered, trimmed, and pruned jets

• Difference in jet mass for di-jet and V+jet processes where the former (latter) radiates more (less) due to 
lager composition of gluon (quark)-initial jets
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Conclusion
• CMS has realized full-fledged top and electroweak physics 

research programs in 2.5 years of operation at 7 TeV and 8 
TeV

• It has produced several worlds best results

• It’s a fully operational machine for discoveries of all varieties
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 Double and single top production
Top Mass

 Top properties
Precision W and Z studies

 Multiboson x-sections
Diboson production: aTGC

 W,Z + jets studies
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Thank you!
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Extra material
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Global Event Description
• Charged-based separation of components making best use of

‣ field integral

‣ calorimeter granularity

‣ iterative tracking(progressively relaxing constrains/removing hits)

‣ linking algorithm yields blocks sub-detector elements called particle 
candidates 

• Particle flow provides a global description of each event

• A reconstructed jet is “again” a cluster of particles

33

• crucial for b-jets (e.g. reduce material budget uncertainty on energy scale)

• crucial for missing transverse energy
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Jet calibration at CMS-1
• Jets are reconstructed with the anti-kT algorithm (R=0.5) 

• Factorized approach for jet calibration in CMS

‣ Offset corrections for pile-up and electronic noise 

‣ Corrections for detector calibration and reconstruction 
efficiencies (MC-based) 

‣ relative residual η dependency corrections (data-based) 
absolute and residual pT corrections (data-based)
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b-jet Identification at CMS-1

Contribution of particle flow jet components to jet energy scale is understood to within 
<1%

• Flavor specific corrections within 1-3% of the absolute correction 
‣ b-jet response is within 1% for pT>15 GeV 
‣ pure flavor modeling within 1.5% comparing Pythia6 vs Herwig++
• We factorize 16 independent sources of jet energy scale uncertainty correlations 
‣ key feature: sources may cross 0 and produce anti-correlations
‣ e.g. extrapolation includes fragmentation (correlated) and π response (anti-correlated) 

components
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b-jet identification at CMS-1
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b-jet identification at CMS-2
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• Pair production
‣σ =164-10+13 pb @7TeV (✹ HATHOR)

‣σ =225 pb @ 8TeV (❋ MCFM)

• Single Top quark production

‣t channel  

‣s channel 

‣tW channel

• Final state categorized by the decay 
of the W boson

‣ Golden channels: lepton + jets and dilepton

‣ Challenging channels: full hadronic, tau + mu

DecayProduction

38
✹ Comp.Phys.Commun. 182(2011)1034

❋ Nucl.Phys.Proc.Suppl.205-206:10-15, 2010

64.57+2.09 +1.51
−0.71 −1.74 pb @ 7 TeV

4.63± 0.07+0.19
−0.17 pb @ 7 TeV

15.74± 0.40+1.10
−1.14 pb @ 7 TeV
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Top mass measurement @ 7 TeV

39

l+jets (e/μ+jets) dilepton(ee/eμ/μμ)
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be defined as:

L (mt, JES|sample) ∝ L (sample|mt, JES) = ∏
events

L (event|mt, JES)wevent

= ∏
events

�
n

∑
i=1

c Pgof (i) P
�

mfit
t,i , mreco

W,i |mt, JES
��wevent

,

where mt and JES are the parameters to be determined, n denotes the number of permutations
in each event, and c is a normalization constant. We note that the contribution from background
is not included in this expression, as the impact of background is found to be negligible after
implementing the final selections described in Section 4. The ad hoc event weight wevent =
∑n

i=1 c Pgof (i) is introduced to reduce the impact of events without correct permutations. The
sum of all event weights is normalized by c to the total number of events.

Due to the mass constraint on the W boson in the fit, mfit
t and mreco

W are almost uncorrelated and
the probability P

�
mfit

t,i , mreco
W,i |mt, JES

�
for the permutation i factorizes into:

P
�
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= ∑
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f jPj
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× Pj
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mreco
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�

,

where f j, with j representing cp, wp or un, is the relative fraction of the three kinds of per-
mutations. The relative fractions fj and probability density distributions Pj are determined
separately for the muon and electron channels from simulated tt events generated for the nine
different top-quark mass (mt,gen) values and three different JES values (0.96, 1.00, and 1.04).
Each of the mfit

t distributions is fitted either with a Breit-Wigner function, convoluted with a
Gaussian resolution for correct permutations, or with a Crystal Ball function, for wrong and
unmatched permutations, for different mt,gen and JES values. The corresponding mreco

W distri-
butions are distorted by the Pgof requirement and weighting because permutations with re-
constructed W-boson masses close to 80.4 GeV are preferred in the kinematic fit. The mreco

W
distributions are therefore fitted with asymmetric Gaussian functions. Figure 2 compares the
mfit

t and mreco
W distributions for the three different kinds of permutations and three choices of

input top-quark mass and JES to the probability density distributions used for the muon chan-
nel. A similar behavior for mfit

t and mreco
W is seen for the electron channel. The parameters of all

fitted functions are parameterized linearly in terms of the generated top-quark mass, JES, and
the product of the two.

We obtain separate likelihoods for the muon and electron channels and examine the product of
these likelihoods to combine the channels. The most likely top-quark mass and JES are obtained
by minimizing −2 lnL (mt, JES|sample).

6 Calibration of the ideogram method
possible biases and for the correct estimation of the statistical uncertainty. For each combina-
tion of the nine mt,gen values and the three JES scales, we conduct 10 000 pseudo-experiments,
separately for the muon and electron channels, using simulated tt events. We extract mt,extr and
JESextr from each pseudo-experiment which corresponds to the same integrated luminosity as
the one analyzed in data. This results in 27 calibration points in the (mt, JES) plane.

The biases are defined as:

mass bias =
�

mt,extr − mt,gen

�
,

JES bias =
�

JESextr − JES
�

.
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10 7 Systematic uncertainties

Table 1: List of systematic uncertainties for the muon+jets and electron+jets final states, and for

the combined fit to the entire data set

µ+jets e+jets �+jets

δ
µ
mt

(GeV) δ
µ
JES

δe
mt

(GeV) δe

JES
δ�mt

(GeV) δ�
JES

Fit calibration 0.08 0.001 0.09 0.001 0.06 0.001

b-JES 0.60 0.000 0.62 0.000 0.61 0.000

pT- and η-dependent JES 0.30 0.001 0.28 0.001 0.28 0.001

Lepton energy scale 0.03 0.000 0.04 0.000 0.02 0.000

Missing transverse momentum 0.05 0.000 0.07 0.000 0.06 0.000

Jet energy resolution 0.22 0.004 0.24 0.004 0.23 0.004

b tagging 0.11 0.001 0.15 0.001 0.12 0.001

Pileup 0.07 0.002 0.08 0.001 0.07 0.001

Non-tt background 0.10 0.001 0.16 0.000 0.13 0.001

Parton distribution functions 0.07 0.001 0.07 0.001 0.07 0.001

Renormalization and
0.23 0.004 0.41 0.005 0.24 0.004

factorization scales

ME-PS matching threshold 0.17 0.000 0.15 0.001 0.18 0.001

Underlying event 0.26 0.002 0.24 0.001 0.15 0.002

Color reconnection effects 0.66 0.004 0.39 0.003 0.54 0.004

Total 1.06 0.008 1.00 0.007 0.98 0.008

resulting in 22 pairs of additional PDFs. Half of the difference in top-quark mass and JES

of each pair is quoted as a systematic uncertainty.

Renormalization and factorization scales: The dependence of the result on the renormaliza-

tion and factorization scales used in the tt simulation is studied by changing the nomi-

nal renormalization and factorization scales simultaneously by factors of 0.5 and 2. This

change in the parameters also reflects the uncertainty on the amount of initial- and final-

state radiation.

ME-PS matching threshold: In the tt simulation, the matching thresholds used for interfacing

the matrix-elements (ME) generated with MADGRAPH and the PYTHIA parton showering

(PS) are changed from the default value of 20 GeV down to 10 GeV and up to 40 GeV.

Underlying event: Non-pertubative QCD effects are taken into account by tuning PYTHIA to

measurements of the underlying event [10]. The uncertainties are estimated by compar-

ing two tunes with increased and decreased underlying event activity relative to a central

tune (the Perugia 2011 tune compared to the Perugia 2011 mpiHi and Perugia 2011 Teva-

tron tunes described in Ref. [35]).

Color reconnection effects: The uncertainties that arise from ambiguities in modeling color

reconnection effects [36] are estimated by comparing in simulation an underlying event

tune including color reconnection to a tune without it (the Perugia 2011 and Perugia 2011

noCR tunes described in Ref. [35]).

Differences in the systematic uncertainties calculated for the muon+jets and electron+jets final

states are consistent with arising from statistical fluctuations due to the limited sizes of the

studied samples. The total systematic uncertainty is dominated by effects that cannot be com-

pensated through a simultaneous determination of mt and JES. Besides the JES for b quarks,

the uncertainty in color reconnection dominates. For the sample without color reconnection

Uncertainties
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Gaussian resolution for correct permutations, or with a Crystal Ball function, for wrong and
unmatched permutations, for different mt,gen and JES values. The corresponding mreco

W distri-
butions are distorted by the Pgof requirement and weighting because permutations with re-
constructed W-boson masses close to 80.4 GeV are preferred in the kinematic fit. The mreco

W
distributions are therefore fitted with asymmetric Gaussian functions. Figure 2 compares the
mfit

t and mreco
W distributions for the three different kinds of permutations and three choices of

input top-quark mass and JES to the probability density distributions used for the muon chan-
nel. A similar behavior for mfit

t and mreco
W is seen for the electron channel. The parameters of all

fitted functions are parameterized linearly in terms of the generated top-quark mass, JES, and
the product of the two.

We obtain separate likelihoods for the muon and electron channels and examine the product of
these likelihoods to combine the channels. The most likely top-quark mass and JES are obtained
by minimizing −2 lnL (mt, JES|sample).

6 Calibration of the ideogram method
possible biases and for the correct estimation of the statistical uncertainty. For each combina-
tion of the nine mt,gen values and the three JES scales, we conduct 10 000 pseudo-experiments,
separately for the muon and electron channels, using simulated tt events. We extract mt,extr and
JESextr from each pseudo-experiment which corresponds to the same integrated luminosity as
the one analyzed in data. This results in 27 calibration points in the (mt, JES) plane.

The biases are defined as:

mass bias =
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mt,extr − mt,gen

�
,

JES bias =
�

JESextr − JES
�
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Calibration of the ideogram method
a) Scan for the biases

b) Look the the pull distributions
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be defined as:

L (mt, JES|sample) ∝ L (sample|mt, JES) = ∏
events

L (event|mt, JES)wevent

= ∏
events

�
n

∑
i=1

c Pgof (i) P
�

mfit
t,i , mreco

W,i |mt, JES
��wevent

,

where mt and JES are the parameters to be determined, n denotes the number of permutations
in each event, and c is a normalization constant. We note that the contribution from background
is not included in this expression, as the impact of background is found to be negligible after
implementing the final selections described in Section 4. The ad hoc event weight wevent =
∑n

i=1 c Pgof (i) is introduced to reduce the impact of events without correct permutations. The
sum of all event weights is normalized by c to the total number of events.

Due to the mass constraint on the W boson in the fit, mfit
t and mreco

W are almost uncorrelated and
the probability P

�
mfit

t,i , mreco
W,i |mt, JES

�
for the permutation i factorizes into:

P
�

mfit
t,i , mreco

W,i |mt, JES
�

= ∑
j

f jPj

�
mfit

t,i |mt, JES
�
× Pj

�
mreco

W,i |mt, JES
�

,

where fj, with j representing cp, wp or un, is the relative fraction of the three kinds of per-
mutations. The relative fractions fj and probability density distributions Pj are determined
separately for the muon and electron channels from simulated tt events generated for the nine
different top-quark mass (mt,gen) values and three different JES values (0.96, 1.00, and 1.04).
Each of the mfit

t distributions is fitted either with a Breit-Wigner function, convoluted with a
Gaussian resolution for correct permutations, or with a Crystal Ball function, for wrong and
unmatched permutations, for different mt,gen and JES values. The corresponding mreco

W distri-
butions are distorted by the Pgof requirement and weighting because permutations with re-
constructed W-boson masses close to 80.4 GeV are preferred in the kinematic fit. The mreco

W
distributions are therefore fitted with asymmetric Gaussian functions. Figure 2 compares the
mfit

t and mreco
W distributions for the three different kinds of permutations and three choices of

input top-quark mass and JES to the probability density distributions used for the muon chan-
nel. A similar behavior for mfit

t and mreco
W is seen for the electron channel. The parameters of all

fitted functions are parameterized linearly in terms of the generated top-quark mass, JES, and
the product of the two.

We obtain separate likelihoods for the muon and electron channels and examine the product of
these likelihoods to combine the channels. The most likely top-quark mass and JES are obtained
by minimizing −2 lnL (mt, JES|sample).

6 Calibration of the ideogram method
possible biases and for the correct estimation of the statistical uncertainty. For each combina-
tion of the nine mt,gen values and the three JES scales, we conduct 10 000 pseudo-experiments,
separately for the muon and electron channels, using simulated tt events. We extract mt,extr and
JESextr from each pseudo-experiment which corresponds to the same integrated luminosity as
the one analyzed in data. This results in 27 calibration points in the (mt, JES) plane.

The biases are defined as:

mass bias =
�

mt,extr − mt,gen

�
,

JES bias =
�

JESextr − JES
�

.
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Figure 3: Mean difference between the extracted mt,extr and each generated mt,gen and between

JESextr and JESgen for the (a) muon channel and (b) electron channel, before the calibration,

as a function of different generated mt,gen and three values of JES. The colored dashed lines

correspond to straight line fits, which are used to correct the final likelihoods. The black solid

line corresponds to an assumption of a constant calibration for all mass and JES points in each

channel.

The biases in mass and in JES are shown in Fig. 3 as a function of mt,gen for the three values of

JES, and are fitted to a linear dependence to each value of JES. A fit of the calibration points to a

constant serves as a quality estimator of the overall calibration. Corrections for calibrating the

top-quark mass mt,cal and the jet energy scale JEScal are obtained from the fitted linear functions.

These final corrections therefore depend linearly on the extracted values of top-quark mass, JES,

and the product of the two.

Using pseudo-experiments with the calibrated likelihood, we fit a Gaussian function to the

distribution of the pulls defined as:

pull =
mt,cal − mt,gen

σ (mt,cal)
,

where σ (mt,cal) is the statistical uncertainty on an individual mt,cal for a pseudo-experiment

generated at mt,gen. As depicted in Fig. 4, we find a mass pull width of 1.005 for the muon

channel and 1.048 for the electron channel. Our method slightly underestimates the statistical

uncertainty of the measurement, and we incorporate the required corrections into the evalua-

tion of the final likelihoods.

After applying the single-channel calibration, we again generate pseudo-experiments contain-

ing both muon and electron events to check the individual calibrations and the calibration for

the combination of the two channels. As shown in Fig. 5, statistical fluctuations are suppressed

in the combination, and no additional corrections are needed.

Px

Py

} 8 solutions due to 2 
possible combination of l+j

ν⊥

5

masses to be the same [30]. Further, the masses of the 6 final-state particles are taken as the
world-average measured values [21]. This leaves one free parameter that must be constrained
by using some hypotheses.

Several methods have been developed for measuring the top-quark mass in the dilepton decay
channel. We use an improved version of the Matrix Weighting Technique (MWT) [31] that
was used in the first measurements in this channel [31, 32]. The algorithm is referred to as
the analytical MWT (AMWT) method. A key improvement with respect to the original MWT
is the selection of the jets used to reconstruct the top quark candidates. Instead of taking the
two leading jets (i.e. the jets with the highest pT) , the fraction of correctly assigned jets can be
increased significantly by using the information provided by b-tagging. Therefore, the leading
b-tagged jets are used in the reconstruction, even if they are not the leading jets. If there is
a single b-tagged jet in the event, it is supplemented by the leading untagged jet. The same
b-tagging algorithm is used as in the event selection. A further improvement is the use of an
analytical method [33] to determine the momenta of the two neutrinos instead of a numerical
method.

In the AMWT, the mass of the top quark is used to fully constrain the tt system. For a given
top-quark mass hypothesis, the constraints and the measured observables restrict the trans-
verse momenta of the neutrinos to lie on ellipses in the px-py plane. If we assume that the mea-
sured missing transverse energy is solely due to the neutrinos, the two ellipses constraining
the transverse momenta of the neutrinos can be obtained, and the intersections of the ellipses
provide the solutions that fulfill the constraints. With two possible lepton-jet combinations,
there are up to eight solutions for the neutrino momenta for a given top-quark mass hypoth-
esis. Nevertheless, in this method, an irreducible singularity that precludes the determination
of the longitudinal momentum of the neutrinos remains in a limited kinematical region. The
fraction of events affected by this singularity is below 0.1%, and a numerical method is used to
determine the solutions in these rare cases [34].

The kinematic equations are solved many times per event using a series of top-quark mass
hypotheses between 100 and 400 GeV in 1 GeV steps. Typically, solutions are found for the neu-
trino momenta that are consistent with all constraints for large intervals of mass hypotheses.
In order to determine a preferred mass hypothesis, a weight w is assigned to each solution [35]:

w =
�
∑ f (x1) f (x2)

�
p(E∗

�+ |mt)p(E∗
�− |mt) , (1)

where xi are the Bjorken x values of the initial-state partons, f (x) are the parton distribution
functions, and the summation is over the possible leading-order initial-state partons (uu, uu,
dd, dd, and gg). Each term of the form p(E∗|mt) is the probability density of observing a
massless charged lepton of energy E∗ in the rest frame of the top quark, for a given mt [35]:

p(E∗|mt) =
4mtE∗(m2

t − m2
b − 2mtE∗)

(m2
t − m2

b)
2 + M2

W(m2
t − m2

b)− 2M4
W

. (2)

Detector resolution effects are accounted for by reconstructing the event 1000 times, each time
varying the pT, η, and φ of each jet according to the measured detector resolution, and cor-
recting the Emiss

T accordingly. For each mass hypothesis, the weights w from all solutions are
summed. For each event, the top-quark mass hypothesis with the maximum weight is taken
as the reconstructed top-quark mass mAMWT. Events that have no solutions or that have a
maximum weight below a threshold are discarded.

This removes 14.6% of the events, and 9934 events remain in the data, 1550 ee events, 6222 eµ
events, and 2110 µµ events.

8 6 Systematic uncertainties

Table 2: List of systematic uncertainties with their contributions to the top-quark mass mea-
surement.

Source ∆mt (GeV)

Jet energy scale +0.90
−0.97

b-jet energy scale +0.76
−0.66

Jet energy resolution ±0.14
Lepton energy scale ±0.14
Unclustered Emiss

T ±0.12
b-tagging efficiency ±0.05
Mistag rate ±0.08
Fit calibration ±0.40
Background normalization ±0.05
Matching scale ±0.19
Renormalisation and factorisation scale ±0.55
Pileup ±0.11
PDFs ±0.09
Underlying event ±0.26
Colour reconnection ±0.13
Monte Carlo generator ±0.04
Total ±1.48

width. The uncertainty on the lepton energy scale is observed to have an almost negligible
effect on the measurement of mt. The uncertainty in the Emiss

T scale is propagated to the mea-
surement of mt after subtracting the clustered (i.e. jet energy) and leptonic components, which
are varied separately as previously described. This procedure takes into account possible cor-
relations between the different sources of uncertainty. The scale of the residual unclustered
energy contribution to the Emiss

T is varied by ±10% and the corresponding variation of the top-
quark mass measurement is evaluated from pseudo-experiments.

The uncertainty due to b-tagging efficiency was evaluated by varying the b-tagging efficiency
and mistag rates of the algorithm by their respective uncertainties [27, 28]. The tagging rate
was varied according to the flavour of the selected jet as determined from the simulation. This
affects the multiplicity of b-tagged jets and the choice of the jets used in the reconstruction of
mt.

The effect of statistical fluctuations in the templates is estimated by splitting the tt sample
in four independent subsamples and producing independent templates for each. Pseudo-
experiments are performed using each new signal template, and the RMS variation of the
average top-quark mass from each template is taken as an estimate of this uncertainty. The
uncertainty on the calibration of the fit is added to the systematic uncertainty. The contribu-
tion from the uncertainty in the ratio between the signal and the background used in the fit is
evaluated by varying by the corresponding uncertainty the expected number of events. The
variation of the top-quark mass fit is assigned as a systematic uncertainty.

The effect due to the scale used to match clustered jets to partons (i.e. jet-parton matching) is
estimated with dedicated samples generated by varying the nominal matching pT thresholds
from the default of 20 GeV down to 10 GeV and up to 40 GeV. Effects due to the definition of the
renormalisation and factorisation scales used in the simulation of the signal are studied with
dedicated Monte Carlo samples with both scales varied by factors of 2 or 1

2 .

• 24 parameters (P4 of 2l + 2ν + 2j), known = 14 (P3 
of 2j+2l) +2ν⊥, constrained = 9 (2 mW + 1mt + 6 mp) 

• ⇒1 degree of freedom to reconstruct the mtop

‣ 8 possible solutions per event 

Uncertainties
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Table 5: Summary of the individual contributions to the systematic uncertainty on the σtt mea-
surement for the combined dilepton sample, using the counting analysis. The uncertainties are
given in pb. The statistical uncertainty on the result is given for comparison.

Source Uncertainty on σtt̄(pb)
Diboson 0.4
Single top 2.3
Drell-Yan 1.0
Non-W/Z leptons 0.6
Lepton efficiencies 1.7
Lepton energy scale 0.5
Jet energy scale 2.8
Jet energy resolution 0.5
E/T efficiency 1.9
b-tagging 1.1
Pileup 0.7
Scale of QCD (µ) 1.0
Matching partons to showers 1.0
W branching fraction 2.7
Total systematic 5.6
Integrated luminosity 3.6
Statistical 2.6

8.3 Cross section and mass of the top quark

As the acceptance for tt signal depends on the top-quark mass, the measured tt cross sec-
tion also depends on the value of the top-quark mass (mt) used to simulate tt events. The
results presented in Table 4 for both the PLR and the counting analysis use a top-quark mass
of mt=172.5 GeV without any additional uncertainties attributed to this quantity.

The dependence of the cross section on mt in the range 160–185 GeV is studied by measur-
ing σtt in tt samples simulated at different mt values. The cross-section dependence can be
parametrized as

σtt/σtt(mt = 172.5) = 1.00 − 0.008 × (mt − 172.5)− 0.000137 × (mt − 172.5)2. (3)

For completeness, the combined cross section is also extracted using the PLR method at the
currently accepted value mt = 172.9 ± 0.6 (stat.) ± 0.9 (syst.) GeV [16], which yields a cross sec-
tion of σtt = 161.3 ± 2.5 (stat.) +5.3

−5.2 (syst.) ± 3.6 (lumi.) pb, where the systematic uncertainty also
accounts for the uncertainty on the value of mt.

9 Summary
A measurement of the tt production cross section at

√
s = 7 TeV is presented for events con-

taining e+e−, µ+µ−, or e±µ∓ lepton pairs, at least two jets, and a large imbalance in transverse
momentum. The measurement is performed using two approaches: a profile likelihood-ratio
procedure and an event-counting analysis that relies on the presence of at least one b-tagged
jet. The results from the individual dilepton channels and from the two analysis methods are
consistent with each other, and are also found to be compatible with previous published mea-
surements. For the profile likelihood-ratio method, the cross section for the combined dilepton

5.2 Alternative approach using M3 7

An uncertainty of 4.4% [26] is assigned to the knowledge of the luminosity.

Table 2 provides an overview of the contributions to the systematic uncertainty on the com-

bined cross-section measurement.

Table 2: Overview of the systematic uncertainties (in %) on the cross-section measurement.

Uncertainties marked with (*) are obtained from 7 TeV. The luminosity uncertainty of 4.4% is

not included in the total.

Systematic Combined fit

δσtt (%)

Jet Energy Scale +4.3 -5.0

Jet Energy Resolution +0.5 -1.1

Pileup +0.7 -0.7

Background Composition +0.1 -0.1

W + Jets template shape from unweighted 7 TeV +0.9 -0.9

Normalisation of data-driven multijet shape +0.9 -0.9

b tagging efficiency measurement +8.0 -8.0

Trigger Efficiency +3.2 -2.8

Lepton selection +2.8 -2.4

Factorization scale (*) +6.2 -2.1

ME-PS Matching threshold (*) +4.6 -3.1

PDF uncertainties (*) +1.6 -2.0

Top Quark Mass (*) +0.3 -1.4

Total +12.7 -11.4

Luminosity +4.4 -4.4

5.2 Alternative approach using M3

The M3 distributions in the electron and muon channel are shown in Figure 3. Good agreement

is observed between data and the templates. Results are compatible with the Mlb analysis.

6 Summary
We performed a measurement of the tt production cross section at

√
s = 8 TeV, using the data

collected with the CMS detector corresponding to an integrated luminosity of up to 2.8 fb−1.

The tt cross section is extracted using a binned maximum likelihood fit of templates from sim-

ulated events to the data sample. From the combined analysis of the electron + jets and the

muon + jets channels we obtain a result of:

σtt = 228.4 ± 9.0 (stat.)+29.0

−26.0
(syst.)± 10.0 (lum.)pb,

in agreement with QCD predictions, based on the full NLO matrix elements and approximate

NNLO calculations, which provide: σtt = 202.5
+11.3

−14.5
±8.5 pb (for ABM11 PDFs) [27], σtt =

249.9
+14.0

−18.2

+6.2

−6.3
pb (for MSTW PDFs) [27], σtt = 228.6

+18.2

−19.8

+5.6

−5.9
pb [28], σtt = 234

+10

−7
±12 pb [29],

σtt = 224.7
+11.8

−12.2

+10.8

−11.6
pb [30], where the first uncertainty is from scale variation and the second

from PDF.

{
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• Main uncertainty due 
to τ fake rate is 
estimated from W+jets 
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Top pair cross-section: Challenging channels @ 7 TeV

Fully hadronic

•Kinematic fit sorts combination to 
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•Re-weight multijets from 0 b-tags 
control region τ dileptons

• Multivariate analysis (fakes modeled from 0 b-tags 
sideband) →main uncertainty is JES

τ+jets
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Measurement of the tt production cross section in the

tau+jets channel in pp collisions at
√

s = 7 TeV

The CMS Collaboration

Abstract

This document presents a measurement of the top-antitop pair production cross sec-

tion in proton-proton collisions at a center-of-mass energy of 7 TeV using data col-

lected by the CMS experiment at the Large Hadron Collider. The measurement is

performed in events with at least four energetic jets, at least one of them being b-

tagged, and one hadronic tau candidate in the final state. The analysed data sample

corresponds to an integrated luminosity of 3.9 fb
−1

recorded by a dedicated multijet

trigger including tau identification. A neural network has been developed to sepa-

rate the top-antitop signal from the W-plus-jets and QCD multijet backgrounds. The

measured value of σtt̄ = 156 ± 12 (stat.) ± 33 (sys.) ± 3 (lumi) pb is consistent with the

standard model prediction.

τ+jets:  
τ dileptons:  
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Measurement of the tt production cross section in the fully
hadronic decay channel in pp collisions at

√
s = 7 TeV

The CMS Collaboration

Abstract

This note presents a first measurement of the top quark pair production cross section
in the fully hadronic decay channel at a center-of-mass energy of

√
s = 7 TeV using

data corresponding to an integrated luminosity of 1.09 fb−1 taken with the CMS de-
tector. The cross section is determined from an unbinned maximum likelihood fit to
the reconstructed top quark mass. The reconstruction of tt candidates is performed
after a cut-based event selection using a kinematic fit. A data-driven technique is used
to estimate the dominant background from QCD multijet production. The cross sec-
tion measurement yields σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb. This result is
consistent with measurements in other decay channels and with the Standard Model
prediction.
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Measurement of the tt production cross section in pp
collisions at

√
s=7 TeV in dilepton final states containing a τ

The CMS Collaboration∗

Abstract

The top quark pair production cross section is measured in dilepton events with
one electron or muon, and one hadronically decaying τ lepton from the decay
tt → (�ν�)(τhντ)bb, (� = e, µ). The data sample corresponds to an integrated luminos-
ity of 2.0 fb−1 for the electron channel and 2.2 fb−1 for the muon channel, collected by
the CMS detector at the LHC. This is the first measurement of the tt cross section ex-
plicitly including τ leptons in proton-proton collisions at

√
s = 7 TeV. The measured

value σtt = 143 ± 14(stat.) ± 22(syst.) ± 3(lumi.)pb is consistent with the standard
model predictions.

Submitted to Physical Review D
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7 TeV
• Event Selection

‣ ≥1isolated lepton with pT>35 GeV 

‣ ≥ 1 jets (≥1-bagged) with pT > 30 GeV 

• Mass of secondary vertex

• Categorize events and fit σtt

‣ W+HF (in particular Heavy Flavor, 
controlled by jet and tag multiplicity)

‣ Systematic treated as nuisance parameter
(W+Jets Q2, b-tag SF,  JES)
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Measurement of the tt Pair Production Cross Section at√
s = 7 TeV using b-quark Jet Identification Techniques in

Lepton + Jet Events

The CMS Collaboration

Abstract

An updated measurement of the production cross section for pp → tt̄ at a center-of-

mass energy of 7 TeV using data collected by the CMS detector at the Large Hadron

Collider is presented. The analysis uses data corresponding to an integrated lumi-

nosity between 0.8 and 1.1 fb
−1

using events with one isolated, high transverse mo-

mentum muon or electron, large missing transverse energy and hadronic jets. The

tt content of the data has been enhanced by requiring the presence of at least one jet

consistent with originating from a b-quark. The cross section is extracted with a pro-

file likelihood method using a fit to the number of reconstructed jets, the number of

b-tagged jets, and the secondary vertex mass distribution. The measured cross section

is 164.4 ± 2.8 (stat.)± 11.9 (syst.)± 7.4 (lum.)pb and is consistent with higher order

QCD calculations. We perform a cross check analysis, which compares favorably to

the main result.

• Event Selection

‣ ≥1isolated lepton with pT>26 GeV 

‣ ≥ 4 jets (≥1-bagged) with pT > 35 GeV 

• lepton-b invariant mass

8 TeV

5

5 Cross Section Measurement
The tt production cross section is extracted from the number of tt events observed in the data,
using the equation:

σtt =
Ntt

L · εtt · BR
. (1)

Ntt is the number of tt events, L is the integrated luminosity, εtt is the efficiency for signal events
to pass the selection requirements for the specific channel, and BR is the branching ratio of the
channel considered. The number of signal events is determined with a template fit as discussed
in Section 4.

Figure 2 shows the result for the fit to the data distributions. A simultaneous fit to the Mlb data
distribution in the electron and muon channels is performed to obtain the combined result.
Separate fit parameters are used to scale the normalized QCD templates in the two channels.

Figure 2: Template fit result on the lepton-jet mass in the muon + jets (left) and in the electron
+ jets channel (right). The data corresponds to an integrated luminosity of 2.8 fb−1 in the muon
channel and 2.7 fb−1 in the electron channel. B-tagging is applied. Signal and background
contributions are rescaled according to the fit results.

We determine a signal selection efficiency times branching fraction εtt · BR of 3.2% in the muon
channel and 2.9% in the electron channel, as shown in Table 1. Trigger efficiency scale factors
of 98.6% for the electron channel and 98.1% for the muon channel, flat in pT, have been deter-
mined from data-Monte Carlo comparison and are applied to the simulation to improve the
description of the data in the trigger efficiency and lepton identification criteria.

The measured cross section with the lepton-jet mass template fit is:

σtt(µ + jets) = 229.9 ± 11.1 (stat.)+27.6
−29.0 (syst.)± 10.1 (lum.)pb,

σtt(e + jets) = 227.3 ± 12.2 (stat.)+35.5
−30.0 (syst.)± 10.0 (lum.)pb,

σtt(combined) = 228.4 ± 9.0 (stat.)+29.0
−26.0 (syst.)± 10.0 (lum.)pb,

where the systematic uncertainties are discussed in the next Section 5.1.

• Reconstruct kinematic from a Χ2

‣ Assign leptonic top decay

‣ Binned fit Mlb distribution 

Top pair cross-section measurement (l+jets)
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2 2 Predicted Cross Section

Table 1: Default αS(mZ) values and provided αS(mZ) scan ranges of the four NNLO PDF sets
used in the present analysis. The uncertainties on the default values will be employed for
illustration purposes only. The step size for the αS(mZ) scans is 0.0010 in all four cases.

Provided αS(mZ) scan
Default αS(mZ) Uncertainty Range Center # of points

NNPDF2.1 0.1190 ± 0.0012 0.1140-0.1240 0.1190 11
MSTW2008 0.1171 ± 0.0014 0.1070-0.1270 0.1170 21
HERAPDF1.5 0.1176 ± 0.0020 0.1140-0.1220 0.1180 9
ABM11 0.1134 ± 0.0011 0.1040-0.1200 0.1120 17

2 Predicted Cross Section
Several calculations for the expected σtt are available up to approximate NNLO. In the present
analysis, we make use of those implemented in the programs Top++ 1.3 [11–14] and HATHOR 1.3
[13, 15, 16]. Both programs include exact NNLO calculations for qq̄ → tt̄ but there are signif-
icant differences in the approximations made for the remaining production channels. In par-
ticular, HATHOR 1.3 employs a new high-energy approximation to constrain the predictions
obtained via soft gluon resummation.

The pole mass scheme is chosen for all σtt calculations used in this analysis. The scales µR
and µF are set to mt and varied up and down by a factor of 2 for estimating the scale uncer-
tainty. Following the recommendations of the authors, the ratio of the two scales is restricted
to 0.5 ≤ µF/µR ≤ 2 in Top++ while both scales are varied fully independently in HATHOR.
Four different NNLO PDF sets are employed, NNPDF2.1 [17], MSTW2008 [18, 19], HERA-
PDF1.5 [20] and ABM11 [21], and the corresponding uncertainties are calculated at the 68%
confidence level.

The mt and αS dependence of the predicted cross section is evaluated in two steps. First, an mt
scan is performed in the range from 130 to 220 GeV at the default αS(mZ) value of the respective
PDF set, which is listed in Table 1. This mt dependence is found to be well described by a third-
order polynomial in mt divided by m4

t . Then, the αS dependence is studied by performing
an αS(mZ) scan over the whole range supported by the individual PDF set. The actual scan
ranges and the number of scan points are also listed in Table 1. The relative change of the
cross section as a function of the strong coupling constant can be parametrized using a second-
order polynomial in αS(mZ). Although only a narrow interval in mt will actually be used
subsequently, the αS(mZ) dependence is studied over the whole mt range from 130 to 220 GeV.
A fully mt-dependent parametrization is adopted for the αS(mZ) dependence of the predicted
σtt in order to account for αS-mt correlations.

The resulting σtt at mt = 173.2 GeV for the two different approximate NNLO predictions and
the four different PDF sets are compared in Fig. 1. It can be seen that changing between
NNPDF2.1, MSTW2008 and HERAPDF1.5 mainly results in a slightly different slope for σtt
as a function of αS(mZ). The σtt predictions obtained with ABM11 are lower due to a smaller
gluon density in the relevant kinematic range [21]. The predictions obtained with HATHOR 1.3
are higher compared to those from Top++ mostly due to the new high-energy approximation
used in HATHOR [16].

The predictions obtained with HATHOR 1.3 are 
3% higher compared to those from Top++ mostly 
due to the new high-energy approximation

The σtt predictions obtained with ABM11 are 
lower due to a smaller gluon density in the 
relevant kinematic range

}
1% uncertainty included due to change in 
σtt when αS is varied in one step from 
its default value =  0.1180
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Experimental measurement (gaussian) PDF uncertainty convolved with rectangular “prior” on Q2 scale

CMS-PAS-TOP-12-022

4 5 Results and Conclusions

uncertainty with a rectangular function that yields equal probabilities within the whole range
covered by the uncertainties due to variations of the renormalization and factorization scale
and vanishes elsewhere:

fth(σtt̄) = G(δPDF)⊗ rect(σtt̄|σ
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Here, σ(l)
tt̄ and σ(h)

tt̄ denote the lowest and highest cross section value, respectively, that is cov-
ered by the variation of µR and µF while erf denotes the error function. An example for the
resulting probability distributions is given in Fig. 2.
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Figure 2: Probability distribution fth(σtt̄), left, and final likelihood L(αS), right, based on the
cross-section prediction by Top++ 1.3, using NNPDF2.1 and assuming mt = 173.2 GeV. The
distribution fth(σtt̄), shown here for αS(mZ) = 0.1190, is obtained by convolving a Gaussian
distribution accounting for the PDF uncertainty with a rectangular function covering the scale
uncertainties. L(αS) is then obtained by folding fth(σtt̄) with another Gaussian distribution
fexp(σtt̄) that represents the measured cross section.

We multiply fth(σtt̄) by another Gaussian probability distribution, fexp(σtt̄), that represents the
measured cross section and its uncertainty to finally obtain the most-probable αS(mZ) value for
a given mt by maximizing the joint likelihood of predicted and measured cross section:

L(αS) =
�

fexp(σtt̄|αS) fth(σtt̄|αS) dσtt̄.

One joint-likelihood function is shown as an example in Fig. 2. Uncertainties on αS(mZ) are
determined from the 68% area around the maximum, requiring equal likelihood values at the
left and right edge. The likelihood functions are re-evaluated at mt ± δmt and the resulting
shifts in the most-likely αS(mZ) values are added quadratically to obtain the final uncertainties.

5 Results and Conclusions
All values of αS(mZ) determined using the tt cross section measured by CMS together with the
predicted cross section from two different approximate NNLO calculations and four different
PDF sets are listed in Table 2 together with their uncertainties. In Fig. 3, they are compared
to the current world average of αS(mZ). Apart from those numbers based on HATHOR 1.3
together with MSTW2008 or HERAPDF1.5, all αS(mZ) values obtained here are compatible
within their uncertainties with the world average. The results obtained with ABM11 are higher
compared to those obtained with the other three PDF sets. The main reason for this is assumed
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PDF sets are listed in Table 2 together with their uncertainties. In Fig. 3, they are compared
to the current world average of αS(mZ). Apart from those numbers based on HATHOR 1.3
together with MSTW2008 or HERAPDF1.5, all αS(mZ) values obtained here are compatible
within their uncertainties with the world average. The results obtained with ABM11 are higher
compared to those obtained with the other three PDF sets. The main reason for this is assumed
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Table 2: Results obtained for αS(mZ) by comparing the measured to the predicted tt cross sec-
tion, shown for two different approximate NNLO calculations and four different PDF sets. In
addition to the uncertainty due to δmt, the total uncertainties listed here account for the un-
certainty on the measured cross section as well as for the uncertainties related to choice and
variation of the renormalization and factorization scales and for the uncertainties of the respec-
tive PDF set used in the calculation of the expected cross section.

Most likely Uncertainty
value Total From δmt

Top++ 1.3
with NNPDF2.1

0.1178 +0.0045
−0.0039

+0.0015
−0.0015

HATHOR 1.3 0.1145 +0.0034
−0.0031

+0.0013
−0.0013

Top++ 1.3
with MSTW2008

0.1172 +0.0037
−0.0037

+0.0013
−0.0014

HATHOR 1.3 0.1139 +0.0033
−0.0034

+0.0013
−0.0013

Top++ 1.3
with HERAPDF1.5

0.1168 +0.0028
−0.0028

+0.0010
−0.0011

HATHOR 1.3 0.1140 +0.0024
−0.0024

+0.0010
−0.0010

Top++ 1.3
with ABM11

0.1211 +0.0027
−0.0027

+0.0010
−0.0010

HATHOR 1.3 0.1185 +0.0028
−0.0028

+0.0010
−0.0010

to be the smaller gluon PDF of ABM11. The αS(mZ) results obtained with HATHOR 1.3 are
smaller compared to those based on Top++ 1.3 by about 3%, which is caused by the new high-
energy approximation in HATHOR.

The αS(mZ) value determined by the authors in the ABM11 PDF and αS(mZ) fit to deep-
inelastic-scattering and fixed-target Drell-Yan data is significantly lower than the world average
and than most results obtained by other groups. This difference is mainly due to the inclusion
of higher-twist terms in the parton model for low-Q2 data [21]. In any case, such higher-twist
corrections are assumed to be irrelevant for processes with large momentum transfers, i.e. also
for tt production.

Given that the NNPDF approach implies less assumptions on PDF parametrizations than in the
case of the other PDF sets, we take the αS(mZ) value obtained using Top++ with NNPDF2.1 for
the central value of our final result. An additional uncertainty of 0.0010, corresponding to the
maximum deviation between the results obtained with Top++ and NNPDF2.1, MSTW2008 and
HERAPDF1.5, respectively, is adopted to account mainly for the impact of different implemen-
tations of the αS(Q) evolution in the PDF sets. In summary, we find αS(mZ) = 0.1178+0.0046

−0.0040.
This result represents the very first αS value determined from tt production. The accuracy is
similar to that of the most precise αS measurement that has been performed at a hadron collider
so far. In addition to this, we report αS(mZ) values of 0.1145+0.0035

−0.0032 and 0.1174+0.0039
−0.0036 based on

HATHOR 1.3 with and without its new high-energy approximation enabled, respectively.

The present analysis provides a new example for the unique tests of QCD that the available tt
data allow us to perform. An even more stringent test of the involved parameters would consist
in a simultaneous determination of αS(mZ), mt and the gluon PDF. Such analysis would have
to be based on differential tt cross sections. Furthermore, calculations at exact NNLO for all tt
production channels will hopefully resolve the tension arising from the different σtt̄ predictions
that are currently available.
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• Search is carried in two different channels

‣ Lepton+jets: one isolated lepton, ≥ 1 jets
(2-btagged)

‣ Dilepton: l±l∓ , ≥ 1 jets(2-btagged)

• Events are categorized into N jets, M tags

ttH Search @ 7 TeV 

Sarah Boutle6

CMS ttH Search

• Included also, the dilepton channel
• μμ, ee, eμ channels
• Require 1 tight muon/electron (20 GeV) and 1 loose muon/electron 
(10,15 GeV), at least 2 jets (30GeV) and 2 b-tags

≥6 jets, 3 tags

≥ 6 jets, 4 tags

Category signal (M=120)
H→anything background S/√B

≥ 6 jets, 2 tags 6.3 2255.8 0.13
4 jets, 3 tags 3.5 1041.6 0.11
5 jets, 3 tags 4.7 666.7 0.18
≥ 6 jets, 3 tags 4.4 404.9 0.22
4 jets, ≥ 4 tags 0.5 20.0 0.11
5 jets, ≥ 4 tags 1.2 31.8 0.21
≥ 6 jets, ≥ 4 tags 1.7 39.3 0.27

Category signal (M=120)
H→anything background S/√B

2 jets, 2 tags 0.7 4306.0 0.01
≥ 3 jets, ≥ 3 tags 2.9 167.6 0.22

Expected event yields in each Lepton plus jets category in 5 fb-1

Expected event yields in each Dilepton category in 5 fb-1

• Train ANN: 10 variables depending on category
‣ av. b-tag disc. value for tag jets 
‣ lowest CSV (tags) 
‣ sum of devs from av. CSV (tags) 
‣ second highest CSV (tags)
‣ av. ΔR for all tagged jet pairs 
‣ h3 
‣ sphericity 
‣ av. mjj for all untagged jet pairs 
‣ h2
‣ mass (lepton, jet, MET)

Sarah Boutle6

CMS ttH Search

• Included also, the dilepton channel
• μμ, ee, eμ channels
• Require 1 tight muon/electron (20 GeV) and 1 loose muon/electron 
(10,15 GeV), at least 2 jets (30GeV) and 2 b-tags

≥6 jets, 3 tags

≥ 6 jets, 4 tags

Category signal (M=120)
H→anything background S/√B

≥ 6 jets, 2 tags 6.3 2255.8 0.13
4 jets, 3 tags 3.5 1041.6 0.11
5 jets, 3 tags 4.7 666.7 0.18
≥ 6 jets, 3 tags 4.4 404.9 0.22
4 jets, ≥ 4 tags 0.5 20.0 0.11
5 jets, ≥ 4 tags 1.2 31.8 0.21
≥ 6 jets, ≥ 4 tags 1.7 39.3 0.27

Category signal (M=120)
H→anything background S/√B

2 jets, 2 tags 0.7 4306.0 0.01
≥ 3 jets, ≥ 3 tags 2.9 167.6 0.22

Expected event yields in each Lepton plus jets category in 5 fb-1

Expected event yields in each Dilepton category in 5 fb-1

Lepton+jets

Dilepton

e.g 6j3t

expected limit: 4.6 σSM

observed limit: 3.8 σSM 
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Jet Grooming Techniques
• Jet pruning -- this technique attempts to remove soft and 

large-angle components of a jet. The clustering process is 
repeated, but at each recombination step, the softer constituent 
is discarded if it has a large separation from the second 
constituent, or if it has a low fraction of the total pT of the two 
constituents proposed for combination.

• Jet filtering -- this technique re-clusters the original jet into 
subjets, with a smaller distance parameter Rfilt. After this is 
done, only the hardest N subjets are kept and recombined to 
form a new jet.

• Jet trimming -- similar to jet filtering, but instead of 
restricting to a fixed number of subjets, the subjets are selected 
based on a cut on the fraction of the subjet pT relative to the 
original jet pT
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