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Re-establishing the SM at LHC
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W.J. Stirling, private communication
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Production cross sections in ATLAS
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W.J. Stirling, private communication
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Performance measurements
SM tests at TeV scale
Proton PDFs
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Hadronic W Production

Additional valence u compared to d => W+ production favored over W- 

5

R =
⇤(W� ⇤ µ�⇥)
⇤(W+⇤ µ+⇥)

(1)

⇤(W� ⇤ µ�⇥) =
NW� · (1� f B

�)
�W� · AW� ·

�
L dt

, ⇤(W+⇤ µ+⇥) =
NW+ · (1� f B

+)
�W+ · AW+ ·

�
L dt

(2)

R =
⇤(W�)
⇤(W+)

=
NW� · (1� f B

�) · �W+ · AW+

NW+ · (1� f B
+) · �W� · AW�

(3)

⇤W = �q

⇥
dx1dx2 fq(x1) fq(x2)⇥ ⇤̂qq (4)
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W inclusive cross section
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LHC

Tevatron

SPS

RHIC

(First measurement in pp collisions)

FEWZ

 Phys. Rev. D85 (2012) 072004

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Z inclusive cross section
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FEWZ

 Phys. Rev. D85 (2012) 072004

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Fiducial cross section
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Fiducial phase space
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Fiducial W and Z Cross Sections

10
Some differentiation between  PDF sets already observed

JR09 seems to be the most discrepant

Luminosity 3.4%

σTotal

W± versus Z

σFiducial

W+ versus W-

 Phys. Rev. D85 (2012) 072004

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Figure 27. Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statistical
uncertainties are represented as a black error bars, while the red error bars also include systematic
uncertainties. Luminosity uncertainties cancel in the ratios.

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

 = 7 TeVs at   -136 pbCMS

 B ( W )¥ s  th. 0.028±  exp. 0.009±0.987 

 )+ B ( W¥ s  th. 0.030±  exp. 0.009±0.982 

 )- B ( W¥ s  th. 0.029±  exp. 0.010±0.993 

 B ( Z )¥ s  th. 0.032±  exp. 0.010±1.002 

W/ZR  th. 0.015±  exp. 0.010±0.981 

+/-R  th. 0.023±  exp. 0.011±0.990 

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

lumi. uncertainty:  4%±

Figure 28. Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also include
the combining of theoretical uncertainties on the predictions and measured quantities. The yellow
band around the vertical yellow line at one represent the luminosity uncertainty (4%) that a↵ects
the cross-section measurements.

of experimental and theoretical uncertainties. For each channel the fiducial and kinematic
acceptance is defined as the fraction of events with lepton pT greater than 25 GeV
(20 GeV for Z! µ+µ�), including no final-state QED radiation, and with pseudorapidity
in the range |⌘| < 2.5 for electrons and |⌘| < 2.1 for muons. Table 20 reports the ratios of
cross sections for W and Z production and for W+ and W� production within the fiducial
and kinematic acceptances, separately for electron and muon channels.

– 49 –

Ratio W and Z Cross Sections

11

σtot×B W±/Z 

CMS

ATLAS

10.54 ± 0.07 (sta) ± 0.08 (sys) ± 0.16 (theo)

10.893 ± 0.079 (sta) ± 0.110 (sys) ± 0.116 (acc)

Benefits from experimental and theoretical systematics cancellation 21
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fidσ / ±W

fidσ
9 9.5 10 10.5 11

 = 7 TeV)sData 2010 (
total uncertainty
exp. uncertainty

ABKM09
JR09
HERAPDF1.5
MSTW08

-1 L dt = 33-36 pb∫

ATLAS

-W
fidσ / +W

fidσ
1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

 = 7 TeV)sData 2010 (
total uncertainty
exp. uncertainty

ABKM09
JR09
HERAPDF1.5
MSTW08

-1 L dt = 33-36 pb∫

ATLAS

FIG. 18. Measured and predicted fiducial cross section ratios,
(�

W

+

+�
W

�)/�
Z/�

⇤ (top) and �
W

+

/�
W

� (bottom). The ex-
perimental uncertainty (inner yellow band) includes the exper-
imental systematic errors. The total uncertainty (outer green
band) includes the statistical uncertainty and the small con-
tribution from the acceptance correction. The uncertainties of
the ABKM, JR and MSTW predictions are given by the PDF
uncertainties considered to correspond to 68% CL and their
correlations are derived from the eigenvector sets. The results
for HERAPDF comprise all three sources of uncertainty of
that set.

bution. Compared to the fiducial cross section ratios, the
uncertainties are almost doubled, with a value of 1.8%
for the W

+

/W

� ratio and of 1.6% for the W

±
/Z ratio.

The cross section ratios, determined in the fiducial re-
gions of the W and Z measurements, are compared in
Figs. 18 and 19 with the theoretical predictions account-
ing for the correlations inherent in the PDF determina-
tions.

The mean boson rapidity for the data presented here
is about zero, and thus on average the Bjorken x values
of the incoming partons are equal, x

1

= x

2

' 0.01. In
a rough leading order calculation, neglecting the heavy
quark and Cabibbo disfavoured parts of the cross sections
and the �

⇤ contribution to the Z cross section, and also
assuming the light sea and anti-quark distributions to be
all the same, xs, the (W+ +W

�)/Z ratio is found to be
proportional to (u

v

+ d

v

+2s)/[(v2
u

+ a

2

u

)(u
v

+ s) + (v2
d

+

sta sys acc

W+/W� 1.542± 0.007± 0.012± 0.001

W+/Z 6.493± 0.049± 0.064± 0.005

W�/Z 4.210± 0.033± 0.049± 0.003

W±/Z 10.703± 0.078± 0.110± 0.008

TABLE XIV. Measured ratios of the cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W+ +W�)/Z, obtained in the fiducial regions and combin-
ing the electron and muon final states. The uncertainties de-
note the statistical (sta), the experimental systematic (sys),
and the acceptance (acc) uncertainties.

sta sys acc

W+/W� 1.454± 0.006± 0.012± 0.022

W+/Z 6.454± 0.048± 0.065± 0.072

W�/Z 4.439± 0.034± 0.050± 0.049

W±/Z 10.893± 0.079± 0.110± 0.116

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W++W�)/Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

a

2

d

)(d
v

+ s)]. Here xu

v

(xd
v

) is the up (down) valence-
quark momentum distribution and v

u,d

and a

u,d

are the
vector and axial-vector weak neutral current couplings
of the light quarks. As the numerical values for the Z
coupling to the up and down quarks, v2

u,d

+ a

2

u,d

, are of
similar size, the W

±
/Z ratio measures a rather PDF in-

sensitive quantity, provided that the sea is flavour sym-
metric. Since this symmetry assumption, with a small
deviation to account for some light sea quark asymme-
try near Bjorken x ' 0.1, is inherent in all major PDF
fit determinations, there is indeed not much di↵erence
observed between the various W

±
/Z ratio predictions,

see Fig. 18 (top). The agreement with the present mea-
surement therefore supports the assumption of a flavour
independent light quark sea at high scales, and Bjorken
x near to 0.01. The predictions for the charge dependent
W

+

/W

�, W+

/Z and W

�
/Z ratios, shown in Figs. 18

(bottom) and 19, exhibit more significant deviations as
they are more sensitive to up-down quark distribution
di↵erences.

VII. SUMMARY

New measurements are presented of the inclusive cross
sections of Drell-Yan W

± and Z/�

⇤ production in the
electron and muon decay channels. They are based on
the full data sample collected by the ATLAS experiment

 Phys. Rev. D85 (2012) 072004JHEP 10 (2011) 132

1.6%

ATLAS
σfiducial

10.703 ± 0.078 (sta) ± 0.110 (sys) ± 0.008 (acc) 1.3%

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Strangeness in the Proton (from W and Z data)

QCD fit of ATLAS differential distributions for W+, W- 
and Z with HERA e±p DIS data

NNLO pQCD analysis
HERAFitter framework with MCFM+APPLGRID NLO QCD
Corrected to NNLO QCD using k factors

12

Phys.Rev.Lett. 109 (2012) 012001

rs =
0.5(s+ s̄)

d̄

rs = 0.5 fixed: χ2/ndf = 44.5/30
rs free: χ2/ndf = 33.9/30

     

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton (from W and Z data)

13

Phys.Rev.Lett. 109 (2012) 012001

18 R. Plačakytė, PDF4LHC meeting, 08.10.2012 

Proton-Proton Collisions: W/Z production

- all flavours contribute to Z

- for W u and d quarks    
  dominate 

Precise parton distributions
are needed for LHC analyses

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton
No strange sea suppression observed

14

rs =
0.5(s+ s̄)

d̄

Phys.Rev.Lett. 109 (2012) 012001

Fit results:
- Light quark sea at low x is flavor    
  symmetric (x ~0.023, Q2 = 1.9 GeV2)

rs = 1.0+0.25
�0.28

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Strangeness in the Proton
No strange sea suppression observed

15

rs =
0.5(s+ s̄)

d̄

rs = 1.0+0.25
�0.28

Phys.Rev.Lett. 109 (2012) 012001

Fit results:
- Light quark sea at low x is flavor    
  symmetric (x ~0.023, Q2 = 1.9 GeV2)
- Total sea enhancement of 8%

http://prl.aps.org/abstract/PRL/v109/i1/e012001
http://prl.aps.org/abstract/PRL/v109/i1/e012001
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Transverse momentum distribution of Z/γ* bosons
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⇤ propagator level as a function of pZ
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< 30 GeV
and (b) the full range compared to the predictions of Resbos, Pythia, and Fewz at O(↵2
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). The error bars shown include statistical and
systematic uncertainties. For the combination, the ee (µµ) channel contributes with an integrated luminosity of 35 pb�1 (40 pb�1). At low
p
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the Fewz prediction diverges and is omitted.
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8

FEWZ
diverges
at low pT

Ratio to RESBOS

Predictions: FEWZ v2.0 + MSTW08 Fiducial measurement

(multiple soft gluon 
emissions)

RESBOS:
Matches soft gluon 

resummation at low pT 
with fixed order pQCD 

calculation
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Measurement of the φη* distribution of Z/γ*

17

φη*  is a measure of 
scattering angle of leptons 

relative to beam 
in Z/γ* rest frame 

φη*  is correlated to pT(Z) 
and probes same physics 

φη*  depends on lepton angles 
only, more precisely measured 

than momenta 
{
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Measurement of the φ* distribution of Z/γ*

18Similar situation to the Z pT and W pT measurements
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High-mass Drell-Yan Production

19

excludes the core of the electron energy deposition and is corrected for the ET-dependent transverse
shower leakage from the core, and for pileup contributions.

After all selection requirements, a total of 26 844 candidate events are found in the mee range con-
sidered. The dominant background contribution (6-16% depending on mee) arises from di-jet and W +
jets events in which one or more jets pass the electron selection criteria. A data-driven method is used
to evaluate this background, due to the difficulty in precisely modelling the probability of a jet to be
mis-identified as an electron in MC. These probabilities (“fake factors”) are instead determined in an
ET- and η-dependent way in samples of background candidates recorded by nine different inclusive jet
triggers, with ET thresholds in the range 20 to 240 GeV. In each of these background samples, the fake
factor is calculated as the fraction of electron candidates that pass the “medium” identification require-
ment. Events containing W or Z candidates are first removed in order to avoid bias from any signal
contamination: W events, if they contain one tightly selected electron, via cuts on the missing transverse
energy and transverse mass, and Z events if they contain two “medium” electron candidates. A weighted
average of the fake factors obtained from the nine jet samples is then applied to samples of events that
pass the signal selection but with one or both electron candidates only loosely identified, yielding the
total di-jet plus W + jets background.

Smaller background contributions of up to 5% and 9% arise from the di-leptonic decays of t  t events
and from di-boson production processes, respectively, which are estimated from MC. The semi-leptonic
decays of t  t pairs and single-top production are already accounted for in the data-driven estimate of the
W + jets background, as these processes give rise to only one real electron in conjunction with at least
one jet. The overall good agreement between data and the sum of the signal, MC background predictions
(scaled to 4.9 fb−1) and the data-driven background contributions is illustrated in Fig. 1.
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High-mass Drell-Yan Production
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Figure 3: Measured differential cross-section at the Born level within the extended fiducial region (elec-
tron pT > 25 GeV and |η| < 2.5) with statistical and combined statistical and systematic uncertainties,
excluding the 3.9% uncertainty on the luminosity. The measurement is compared to FEWZ 3.1 calcu-
lations at NNLO using the Gµ electroweak parameter scheme and including electroweak corrections.
In the upper ratio plot, the photon-induced (PI) corrections have been added to the predictions of the
MSTW2008, CT10, HERAPDF1.5 and ABM11 NNLO PDFs, and for the MSTW2008 prediction, the total
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Theory:
NNLO FEWZ 3.1

NNLO QCD calculation
with

NLO electroweak corrections
(Gμ electroweak scheme)

LO photon-induced 
correction
γγ ➔ e+e-

+

Results are consistent 
with all PDFs
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W and Z plus jet production 

21Phys. Rev. D85 (2012) 092002

W ➔ lν + jets Z ➔ ll + jets

Phys. Rev. D85 (2012) 032009Sherpa, Pythia, and Alpgen normalized to NNLO
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DPI in W+2 jets events
Double parton interactions

22
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cross section for the inclusive production 
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double-parton distribution functions

From theory to experiment
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Summary

B The fraction of DPI events in the W +2j channel, f (D)

DP , is measured with the
ATLAS experiment.

B f

(D)

DP is extracted from a fitted combination of two templates, DPI-o↵ (based on
AHJ) and DPI-on (dijet events from data).

B f

(D)

DP is used to compute �eff.

B Result for �eff consistent with
previous measurements at lower
energies.

p
s dependence can not be

confirmed or excluded.

f
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9 Conclusions768

We have extracted the double parton interaction (DPI) rate f (D)
DP of W+DPI events passing standard W+2769

jet selection in the ATLAS detector, at a central value770

f (D)
DP = 0.08 ± 0.01 (stat.) ± 0.02 (sys.). (38)

This value is used to extract the parameter �e↵ in pp-collisions at a centre-of-mass energy of Ecm =771

7 TeV through the production of W + 2 jet events. The value extracted from data is772

�e↵(7 TeV) = 15 ± 3 (stat.) +5
�3 (sys.) mb. (39)

This value is consistent with values previously measured in other experiments [16]–[20]. Comparing773

them as a function of centre-of-mass energy in Figure 27 does not allow any conclusive statement con-774

cerning the scaling of �e↵ with the centre-of-mass energy, due to the uncertainties on the data.
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(to be updated)

Strategy of the analysis
B Possible observables: B Transverse momentum of the

W (needs Emiss
T ); B pT distributions of jets (significant

jet energy scale uncertainties); B Azimuthal correlation
between jets (pile-up and underlying event a↵ect it);

B The normalized transverse momentum balance
between the jets, �n

jets, is chosen. The balance without
normalization, �jets, is used for cross-checks.
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W + b-jet Fiducial Cross Section

24

Important background for Higgs and top quark studies

Agreement with theoretical 
expectations at 1 σ level

(pT > 25 GeV, |η| < 2.1) 

(includes a 25% effect due to DPI)

(measurement including 
single top production 

also available)
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W.J. Stirling, private communication
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Diboson 
Production 

25

Fundamental test of Standard Model

Triple gauge couplings (TGC)

Probe for new physics

Resonances with diboson final 
states

Higgs hunting

Background to Higgs
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Diboson Production
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Diboson#produc*on#

5#

t-channel 

u-channel 

s-channel 
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Dibosons: Wγ/Zγ 

27

Fragmentation

Final State
Radiation

Initial State
Radiation

ΔR(l, γ) > 0.7

Suppress

Suppress
Isolation requirement
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 Inclusive Results

lν
γ

ll
γ

● Sherpa/Alpgen (LO Monte Carlo) is normalized to the observed yields 
● Multi-leg Monte Carlo describes distribution better

Dibosons: Wγ and Zγ @ 7 TeV 

28

Wγ: Agreement with NLO MCFM calculation is not great
Exclusive calculation (Njet =0) is good

Inclusive

Wγ

Inclusive

Zγ

Zγ: Better agreement with NLO MCFM calculation

Similar observations at CMS
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Dibosons: WW

29

Challenge (1): missing energy

5
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FIG. 2: Comparison between data and simulation for the dilepton invariant mass distribution before the m``0 cut for the (a)
ee, (b) µµ and (c) eµ channels, respectively.
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dence of the jet requirement. For this reason, a dedicated
method [37] is employed to calculate the scale uncertainty
on the cross-section calculation in the fiducial phase space
with a jet veto requirement, which assumes that uncer-
tainties on inclusive jet cross sections are uncorrelated.
Due to the requirement of no generator-level jets in the
definition of the fiducial phase space, uncertainties asso-
ciated with parton shower and hadronization models are
estimated by comparing results from WW MC samples
generated with the powheg-box [38] event generator in-
terfaced with either herwig or pythia [39].

Uncertainties on CWW are calculated using uncertain-
ties on the lepton trigger, reconstruction and isolation
e�ciencies, as well as energy scale and resolution uncer-
tainties on the reconstruction of lepton, jet, soft clustered
energy in the calorimeter, and energy deposits from addi-
tional pp collisions. The uncertainty on the single-lepton
trigger e�ciency is less than 0.5% [40]. Electron and
muon reconstruction and identification e�ciency uncer-
tainties are less than 2.0% and 0.4%, respectively [41].
The lepton isolation e�ciency is determined with an un-
certainty of 0.3% and 0.2% for electrons and muons, re-
spectively. The simulation is corrected for the di↵erences
with respect to the data in lepton energy scale and res-

olution. The uncertainty is less than 1.0% and 0.1% on
the energy scale and less than 0.6% and 5.0% on the res-
olution, for electrons and muons, respectively [31]. Un-
certainties on the jet energy scale (JES) range from 2.5%
to 8%, varying with jet p

T

and ⌘ [42]. Uncertainties on
the jet energy resolution (JER) range from 9–17% for jet
p
T

' 30 GeV to about 5–9% for jets with p
T

> 180 GeV
depending on jet ⌘ [42]. The uncertainties on the lepton
energy scale and resolution, JES and JER are propagated
to the Emiss

T

, which also receives contributions from en-
ergy deposits due to additional pp collisions in the same
or close by bunch crossings, and from energy deposits
not associated with any reconstructed object [43]. Un-
certainties on CWW due to PDFs, µF and µR scales,
parton shower and hadronization models are estimated
in a similar way to those on AWW .
Candidate WW events are required to have no jets (as

defined in Sec. V) reconstructed in the final state. The
fraction of events with zero reconstructed jets is denoted
by the jet veto survival probability (JVSP). The WW
JVSP in data (P data

WW ) is calculated as

P data

WW =
P data

Z/�⇤

PMC

Z/�⇤
⇥ PMC

WW =
PMC

WW

PMC

Z/�⇤
⇥ P data

Z/�⇤ , (4)

σ (ET
miss) < 0.5%
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FIG. 4: Comparison between data and simulation for the jet multiplicity distribution before jet veto requirement for the (a)
ee, (b) µµ and (c) eµ channels, respectively.
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FIG. 5: Comparison between data and simulation for the dilepton pT distribution before the pT(``
0) cut for the (a) ee, (b) µµ

and (c) eµ channels, respectively.

where PMC

WW is the JVSP estimated from simulation for
the SM WW process, P data

Z/�⇤ (PMC

Z/�⇤) is the JVSP deter-

mined using Z/�⇤ ! `` events selected with two leptons
satisfying the lepton selection criteria and |m`` �mZ | <
15 GeV in data (MC). Similar jet kinematic distribu-
tions are observed for WW and Z/�⇤ processes. Most
sources of uncertainty on PMC

WW and PMC

Z/�⇤ are correlated
and cancel in their ratio and thus help to reduce the sys-
tematic uncertainty on P data

WW . The dominant uncertainty
on P data

WW comes from uncertainties associated with JES,
JER and higher-order corrections. P data

WW is estimated to
be 0.624± 0.012, 0.625± 0.010 and 0.633± 0.010 for the
ee, µµ and eµ channels, respectively.

All systematic uncertainties described above are prop-
agated to the calculations of AWW , CWW and AWW ⇥
CWW . The overall systematic uncertainty on AWW is
5.7% for all three channels. The contributions from all
systematic sources for AWW are listed in Table II. The
overall systematic uncertainty on CWW is 4.2%, 3.1%
and 3.2% for the ee, µµ and eµ channels, respectively.
The contributions from all systematic sources for CWW

are listed in Table III.

The product of AWW ⇥CWW is defined as the ratio of
events satisfying all o✏ine selection criteria to the num-

ber of events produced in the total phase space. The sys-
tematic uncertainty on AWW ⇥CWW is 4.9%, 4.0% and
4.1% for the ee, µµ and eµ channels. It is smaller than
the combined uncertainties on AWW and CWW due to
correlated systematic uncertainties from the PDFs, µF ,
µR and parton shower model. As a result, the uncer-
tainty on AWW ⇥CWW is used for the calculation of the
total cross-section uncertainty in each individual chan-
nel. Table IV summarizes the central value and also the
statistical and systematic uncertainties on AWW , CWW

and AWW ⇥ CWW for all three channels.

VII. BACKGROUND ESTIMATION

SM processes producing the ``0 +Emiss

T

signature with
no reconstructed jets in the final state are: top-quark
production, when additional jets in the final state are
not reconstructed or identified (denoted by “top-quark
background”); W production in association with jets (de-
noted by “W+jets background”) when one jet is recon-
structed as a lepton; Z/�⇤ production in association with
jets (denoted by “Drell-Yan background”) when appar-
ent Emiss

T

is generated from the mismeasurement of the

Challenge (2): Jet veto

(reduce overwhelming top background)
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FIG. 7: The normalized di↵erential WW fiducial cross section as a function of the leading lepton pT compared to the SM
prediction.

Leading lepton pT [GeV] [25,40] [40,60] [60,80] [80,100] [100,120] [120,140] [140, 350]
Weighted bin center [GeV] 33.6 50.2 70.2 89.1 107.1 127.5 180.4
1/�fid

WW ⇥ d�

fid
WW /dpT [GeV�1] 2.0⇥ 10�2 2.1⇥ 10�2 8.2⇥ 10�3 2.7⇥ 10�3 2.2⇥ 10�3 9.5⇥ 10�4 6.2⇥ 10�5

Relative uncertainty 6.7% 4.8% 8.2% 17.0% 17.1% 25.5% 41.0%
Correlation 1 �0.43 �0.33 �0.27 �0.27 �0.13 �0.29

1 �0.29 �0.29 �0.23 �0.30 �0.15
1 �0.01 �0.04 0.02 0.03

1 0.21 0.11 0.14
1 0.23 0.11

1 0.27
1

TABLE VII: Normalized fiducial cross section together with the overall uncertainty in bins of the leading lepton pT. The
weighted bin center is calculated as the cross-section-weighted average of the leading lepton pT in each bin derived from
mc@nlo and gg2WW. The correlation coe�cients between di↵erent leading lepton pT bins are also shown. Only half of the
symmetric correlation matrix is presented.

A reweighting method is applied to SM WW events
generated with mc@nlo and processed through the full
detector simulation to obtain the leading lepton p

T

dis-
tribution with anomalous couplings. The reweighting
method uses an event weight to predict the rate with
which a given event would be generated if anomalous
couplings were present. The event weight is the ratio of
the squared matrix elements with and without anomalous
couplings i.e., |M|2/|M|2

SM

, where |M|2 is the matrix
element squared in the presence of anomalous couplings
and |M|2

SM

is the matrix element squared in the SM.
The event generator bho [48] is used for the calculation
of the two matrix elements. Generator-level comparisons
of WW production between mc@nlo and bho with all
anomalous couplings set to zero are performed and con-
sistent results are obtained. Samples with di↵erent sets
of anomalous couplings are generated and the ratio of

the leading lepton p
T

distribution to the SM prediction
is parameterized as a function of the input anomalous
coupling parameters. This function is then used to inter-
polate the leading lepton p

T

distribution for any given
anomalous couplings. To verify the reweighting method,
the event weights for a given set of anomalous couplings
are calculated and applied to events generated with bho

assuming no anomalous couplings. The reweighted dis-
tributions are compared to those predicted by the bho

generator, and good agreement is observed for the inclu-
sive cross section and for the kinematic distributions as
shown in Fig. 8(a).

Figure 8(b) compares the reconstructed leading lep-
ton p

T

spectrum in data with that from the sum of ex-
pected signal and background contributions. The pre-
dicted leading lepton p

T

distributions for three di↵erent
anomalous TGC values are also shown. Events at high

Bin centers are cross-section 

weighted averages
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WW→lνlν Results (CMS and ATLAS)

11

√s = 8 TeV

Expected contribution from 125 GeV 
Higgs boson ~ 3% of WW yield

CMS and ATLAS cross sections slightly above theoretical prediction
Difference between 8 TeV result and theory value is (22 ± 13)% of theory value

CMS-SMP-12-005 

CMS-SMP-12-013

arXiv:1210.2979

CMS-SMP-12-013

NLO

Total cross section

(several differential cross sections have 
been measured for all diboson channels)
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FIG. 6: Distributions for WW candidates with all selection criteria applied and combining ee, µµ and eµ channels: (a) leading
lepton pT (b) opening angle between the two leptons (��(``0)), (c) pT and (d) mT of the ``

0 + E

miss
T system. The points

represent data. The statistical and systematic uncertainties are shown as grey bands. The stacked histograms are from MC
predictions except the background contributions from the Drell-Yan, top-quark and W+jets processes, which are obtained from
data-driven methods. The prediction of the SM WW contribution is normalized to the inclusive theoretical cross section of
44.7 pb.

ee µµ eµ Combined
Data 174 330 821 1325
WW 100±2±9 186±2±15 538±3±45 824±4±69
Top 22±12±3 32±14±5 87±23±13 141±30±22
W+jets 21±1±11 7±1±3 70±2±31 98±2±43
Drell-Yan 12±3±3 34±6±10 5±2±1 51±7±12
Other dibosons 13±1±2 21±1±2 44±2±6 78±2±10
Total background 68±12±13 94±15±13 206±24±35 369±31±53
Total expected 169±12±16 280±16±20 744±24±57 1192±31±87

TABLE V: Summary of observed and expected numbers of signal and background events in three individual channels and
their combination (contributions from SM Higgs, VBF and DPS processes are not included). The prediction of the SM WW

contribution is normalized to the inclusive theoretical cross section of 44.7 pb. The first and second uncertainties represent the
statistical and systematic uncertainties, respectively.

Higgs contribution: 3%

Further kinematic cuts

(note: 7 TeV Higgs analysis for proper comparison)
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wbar#
#

Main#Backgrounds#

wbar#+#W/Z#
es*mated#from#MC#

Z#+#jets# ZZ#
es*mated#from#MC#

20#

es*mated#from#data#

es*mated#from#data#

11% 7%

1.5%2%
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PT
Z

Unfolded 
differential 
distribution

MWZ

Unfolded 
differential 
distribution

WZ Nobserved Nbkg σmeasured (pb) σNLO (pb)

ATLAS 317 68 ± 8             +1.4     19.0        ± 0.8 ± 0.4             -1.3
     +1.1

       17.6
     -1.0
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Figure 5: Background subtracted di-jet invariant mass distribution of reconstructed W/Z → j j candidates
obtained for data (solid markers) for electron (top left) and muon ( top right) channels and for the sum
of the two channels (bottom). The errors bars represents statistical uncertainty of data and MC. The
background prediction is obtained with the fitting procedure described in section 6. The expected di-jet
invariant mass distributions from WW/WZ processes are shown as filled histograms.
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varying the systematic uncertainty j by ±1 sigma in sample k. A nuisance parameter α j then parametrizes
the shape variation systematic j according to:

h jk(x) = h0
jk(x) + α j

(
h+jk(x) − h0

jk(x)
)
, α j ≥ 0 ,

h0
jk(x) − α j

(
h−jk(x) − h0

jk(x)
)
, α j < 0 . (2)

If a particular uncertainty affects both shape and normalization the templates are not normalized and
the variation of the nuisance parameter α j results in a variation of both shape and normalization. The
correlation between normalization and shape of all the systematic uncertainties considered in the fit is
completely taken into account for the signal.

The systematic uncertainties in the electron and muon channels due to the same source are assumed
to be 100 % correlated. However, uncertainties due to different sources are assumed to be mutually
independent. The systematic uncertainties on the normalizations and shapes are included in the fit with
Gaussian constraints, except for the jet energy scale and the multijet background uncertainties.

The jet energy scale shape systematic and multijet background uncertainty are not included in the
likelihood fit. The systematic uncertainty is estimated by using a frequentist approach based on pseudo-
experiments. In each pseudo-experiment the pseudo-data are generated based on randomly drawn values
of the α j for these systematic uncertainties, but fitted using the nominal values of α j (i.e., zero). The
rms of the signal cross section values observed in these pseudo-experiments is used to estimate the
corresponding systematic uncertainty. The jet energy scale normalization systematic for the signal is
taken into account by evaluating the yield variation of the WW/WZ samples when the scale is varied by
±1 sigma. A summary table listing all the systematic sources affecting normalization and shape and how
their effect on the cross section measurement is estimated is shown in Table 2.

The uncertainty due to the limited MC statistics used to create the templates is also estimated using
pseudo-experiments. The pseudo-data are generated from templates whose bins are fluctuated according
to their statistical uncertainty, and then fitted with the original templates.
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Figure 4: Di-jet invariant mass distribution of reconstructed W/Z → j j candidates for electron (left) and
muon (right) channels, compared to the fitted signal and background components (top panel). The values
of χ2/ndf are also shown on the plots. The fractional difference between the data and the MC expectation
as a function of m j j for electron (let) and muon (right) channels are shown in the bottom panels.

10

S/B < 1%

WW+WZ σmeasured (pb) σNLO (pb)

ATLAS 72 ± 9 ± 15 ± 13 (MC stat) 63.4 ± 2.6 
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Figure 2. The mass of the leading lepton pair versus the mass of the sub-leading lepton pair. The events

observed in the data are shown as solid circles and the ZZ(⇤) ! `+`�`0+`0� signal prediction from simulation

as boxes. The size of each box is proportional to the number of events in each bin. The region enclosed by

the solid (dashed) lines indicates the signal region defined by the requirements on the lepton-pair masses for

ZZ (ZZ⇤) events, as defined in the text.

3.3 ZZ ! `+`�⌫⌫̄ selection

ZZ ! `+`�⌫⌫̄ events are characterized by large missing transverse momentum and two high-p
T

,
isolated electrons or muons. Selected events are required to have exactly two leptons of the same flavour
with 76 < m

`

+
`

� < 106 GeV and to have passed at least a single-muon or a single-electron trigger.
The mass window is chosen to be tighter than the mass window used for the ZZ(⇤) ! `+`�`0+`0�

channel in order to reduce the background from tt̄ and WW . The lepton pair is required to have
�R(`+, `�) > 0.3. This requirement reflects the choice of the isolation cone for the leptons. The same
trigger matching requirement as in the ZZ(⇤) ! `+`�`0+`0� channel is used.

The ZZ ! `+`�⌫⌫̄ decay channel analysis makes use of several selections to reduce background.
The largest background after the mass window requirement consists of Z+jets events, which are
associated with non-zero missing transverse momentum when the Emiss

T

is mismeasured or when a
b-quark decays to leptons and neutrinos inside of a jet. Since the Z bosons tend to be produced
back-to-back, the axial-Emiss

T

(defined as the projection of the Emiss

T

along the direction opposite to
the Z ! `+`� candidate in the transverse plane) is a powerful variable to distinguish ZZ ! `+`�⌫⌫̄
decays from Z+jets. The axial-Emiss

T

is given by � ~Emiss

T

· ~pZ/pZ
T

, where pZ
T

is the magnitude of the

– 8 –
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ZZ ➔ 4 leptons (eeee, μμμμ, eeμμ)

6
6
 <

 M
Z
1
 <

 1
1
6
 G

eV

66 < MZ2 < 116 GeV

(*)

Two Z bosons on-shell

or

One Z boson on-shell
and the other off-shell

Also used:
Z ➔ νν
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ZZ Nobs(4l) Nsignal(4l) Nbkg(4l) σmeasured (pb) σNLO (pb)

ATLAS 150 117.8 10                       +0.4       6.7 ± 0.7          ± 0.3                      -0.3 5.9 ± 0.2

ZZ ➔ 4 leptons (eeee, μμμμ, eeμμ)

ZZ(⇤) ! `+`�`0+`0� e+e�e+e� µ+µ�µ+µ� e+e�µ+µ� `+`�`0+`0�

Observed ZZ 16 23 27 66
Observed ZZ⇤ 21 30 33 84

Expected ZZ signal 10.3 ± 0.1 ± 1.0 16.5 ± 0.2 ± 0.9 26.7 ± 0.2 ± 1.7 53.4 ± 0.3 ± 3.2
Expected ZZ⇤ signal 12.3 ± 0.2 ± 1.2 20.5 ± 0.2 ± 1.1 31.6 ± 0.3 ± 2.0 64.4 ± 0.4 ± 4.0

Expected ZZ background 0.5 ± 0.6 ± 0.3 < 0.6 0.7 ± 0.7 ± 0.6 0.9 ± 1.1 ± 0.7
Expected ZZ⇤ background 4.3 ± 1.4 ± 0.6 < 0.9 5.8 ± 1.6 ± 0.9 9.1 ± 2.3 ± 1.3

ZZ ! `+`�⌫⌫̄ e+e�Emiss

T

µ+µ�Emiss

T

`+`�Emiss

T

Observed ZZ 35 52 87

Expected ZZ signal 17.8± 0.3± 1.7 21.6± 0.3± 2.0 39.3± 0.4± 3.7

Expected ZZ background 20.8± 2.3± 1.2 26.1± 2.8± 1.4 46.9± 4.8± 1.9

Table 7. Summary of observed ZZ ! `+`�`0+`0�, ZZ⇤ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄ candidates in the

data, total background estimates and expected signal for the individual decay modes (columns 2 to 4) and

for their combination (last column). The quoted uncertainties and limits represent 68% confidence intervals;

the first uncertainty is statistical while the second is systematic. The uncertainty on the integrated luminosity

(3.9%) is not included.
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Figure 5. (a) Transverse momentum pZZ
T and (b) invariant mass mZZ of the four-lepton system for the ZZ

selection. The points represent the observed data and the histograms show the prediction from simulation,

where the background is normalized to the data-driven (dd) estimate as described in section 5.1. The shaded

band shows the combined statistical and systematic uncertainty on the prediction.

where `+`�`0+`0� refers to the sum of the e+e�e+e�, e+e�µ+µ� and µ+µ�µ+µ� final states and
`+`�⌫⌫̄ refers to the sum of the e+e�Emiss

T

and µ+µ�Emiss

T

final states8. The expected SM fiducial

8The ZZ ! `

+
`

�
⌫⌫̄ fiducial region is more restricted compared to the ZZ

(⇤) ! `

+
`

�
`

0+
`

0� channel.
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Figure 6. (a) Transverse momentum pZZ
T and (b) invariant mass mZZ of the four-lepton system for the ZZ⇤

selection. The points represent the observed data and the histograms show the prediction from simulation,

where the background is normalized to the data-driven (dd) estimate. The shaded band shows the combined

statistical and systematic uncertainty on the prediction.
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Figure 7. (a) Transverse momentum pZT and (b) mass mZ of the two-charged-lepton system for the ZZ !
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simulation. The shaded band shows the combined statistical and systematic uncertainty on the prediction.

cross sections, derived from PowhegBox and gg2zz, are:
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The measured cross sections are compatible with these theoretical values.
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ZZ Nobs(4l) Nsignal(4l) Nbkg(4l) σmeasured (pb) σNLO (pb)

ATLAS 150 117.8 10                       +0.4       6.7 ± 0.7          ± 0.3                      -0.3 5.9 ± 0.2

ZZ ➔ 4 leptons (eeee, μμμμ, eeμμ)

ZZ(⇤) ! `+`�`0+`0� e+e�e+e� µ+µ�µ+µ� e+e�µ+µ� `+`�`0+`0�

Observed ZZ 16 23 27 66
Observed ZZ⇤ 21 30 33 84

Expected ZZ signal 10.3 ± 0.1 ± 1.0 16.5 ± 0.2 ± 0.9 26.7 ± 0.2 ± 1.7 53.4 ± 0.3 ± 3.2
Expected ZZ⇤ signal 12.3 ± 0.2 ± 1.2 20.5 ± 0.2 ± 1.1 31.6 ± 0.3 ± 2.0 64.4 ± 0.4 ± 4.0

Expected ZZ background 0.5 ± 0.6 ± 0.3 < 0.6 0.7 ± 0.7 ± 0.6 0.9 ± 1.1 ± 0.7
Expected ZZ⇤ background 4.3 ± 1.4 ± 0.6 < 0.9 5.8 ± 1.6 ± 0.9 9.1 ± 2.3 ± 1.3

ZZ ! `+`�⌫⌫̄ e+e�Emiss

T

µ+µ�Emiss

T

`+`�Emiss

T

Observed ZZ 35 52 87

Expected ZZ signal 17.8± 0.3± 1.7 21.6± 0.3± 2.0 39.3± 0.4± 3.7

Expected ZZ background 20.8± 2.3± 1.2 26.1± 2.8± 1.4 46.9± 4.8± 1.9

Table 7. Summary of observed ZZ ! `+`�`0+`0�, ZZ⇤ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄ candidates in the

data, total background estimates and expected signal for the individual decay modes (columns 2 to 4) and

for their combination (last column). The quoted uncertainties and limits represent 68% confidence intervals;

the first uncertainty is statistical while the second is systematic. The uncertainty on the integrated luminosity

(3.9%) is not included.
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Figure 5. (a) Transverse momentum pZZ
T and (b) invariant mass mZZ of the four-lepton system for the ZZ

selection. The points represent the observed data and the histograms show the prediction from simulation,

where the background is normalized to the data-driven (dd) estimate as described in section 5.1. The shaded

band shows the combined statistical and systematic uncertainty on the prediction.

where `+`�`0+`0� refers to the sum of the e+e�e+e�, e+e�µ+µ� and µ+µ�µ+µ� final states and
`+`�⌫⌫̄ refers to the sum of the e+e�Emiss

T

and µ+µ�Emiss

T

final states8. The expected SM fiducial

8The ZZ ! `

+
`

�
⌫⌫̄ fiducial region is more restricted compared to the ZZ

(⇤) ! `

+
`

�
`

0+
`

0� channel.
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The measured cross sections are compatible with these theoretical values.
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FIG. 1: Feynman diagrams for leading-order Z� production
in the SM: (a) and (b) initial-state radiation from one of the
initial-state partons, (c) and (d) final-state radiation from one
of the final-state leptons.
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FIG. 2: Feynman diagrams illustrating anomalous Z� pro-
duction with a ZZ� vertex (a) and a Z�� vertex (b) .

introduced [4]. These anomalous gauge boson couplings
would give rise to an excess of photons at high transverse
momentum, p�T , which can be searched for by measur-
ing the total production cross section and the di⇤erential
cross section d⌅/dp�T for Z� ⇤ ⌃+⌃�� (⌃⌃� henceforth)
production. If no evidence of new physics is seen, we can
place limits on the real components of the CP -even cou-
pling parameters, hV

03 and hV
04, for ⇥ = 1.2 and 1.5 TeV.

Following Ref. [4], we choose form-factor powers for the
unitarity scaling dimensions of n = 3 for hV

3 and n = 4
for hV

4 . Z� production has been previously studied at
collider experiments [5–13], and because the value of ⇥
greatly a⇤ects the scale of anomalous Z� production, we
choose to perform this analysis for the values of ⇥ that
were used by the recent D0 [5, 6] and CDF [7] analy-
ses. This choice of ⇥ di⇤ers from the value used by the
ALEPH [8], CMS [9], DELPHI [10], L3 [11], and OPAL
[12] collaborations.

We present measurements of the inclusive cross sec-
tion and di⇤erential cross section for Z� production in
the electron and muon channels using a data sample cor-

responding to an integrated luminosity of 6.2 ± 0.4 fb�1

collected at
⌅
s = 1.96 TeV by the D0 detector at the

Fermilab Tevatron Collider between June 2006 and July
2010. These results provide a significant improvement
in the sensitivity to anomalous ZZ� and Z�� produc-
tion compared to a previous D0 publication, utilizing the
same channels and an integrated luminosity of 1 fb�1 [5].
In addition to increasing the size of the data set, we also
combine with a previous result in the same channels [5],
along with another D0 result [6] that used 3.6 fb�1 of
Z� ⇤ ⇤⇤� production to place stringent limits on Z�
anomalous couplings.

THE D0 DETECTOR

The D0 detector [14–18] consists of a central track-
ing system contained within a 2 T superconducting
solenoidal magnet, surrounded by a central preshower
(CPS) detector, a liquid-argon sampling calorimeter, and
an outer muon system. The tracking system, consisting
of a silicon microstrip tracker (SMT) and a scintillat-
ing fiber tracker (CFT), provides coverage for charged
particles in the pseudorapidity range |⇥| � 3 [19]. The
CPS is located immediately before the inner layer of the
calorimeter and has about one radiation length of ab-
sorber followed by several layers of scintillating strips.
The calorimeter consists of a central cryostat sector (CC)
with coverage |⇥| � 1.1 and two end calorimeters (EC)
which extend coverage to |⇥| ⇥ 4.2. The electromag-
netic (EM) section of the calorimeter is segmented into
four longitudinal layers (EMi, i = 1, 4) with transverse
segmentation of �⇥ � �⇧ = 0.1 � 0.1, except in EM3,
where it is 0.05� 0.05. The muon system resides beyond
the calorimeter and consists of a layer of tracking detec-
tors and scintillation trigger counters before a 1.8 T iron
toroidal magnet, followed by two similar layers after the
toroid. The coverage of the muon system corresponds to
a pseudorapidity range |⇥| < 2.

EVENT SELECTION

Candidate Z� events are selected in the e+e�� and
µ+µ�� (ee� and µµ� henceforth) final states. The pp̄
interaction vertex must be reconstructed within ±60 cm
of the center of the D0 detector along the beam (z) axis.
For the electron channel, a sample of candidate Z-boson
events is collected with a suite of single-electron triggers.
The electrons are selected by requiring an EM cluster
in either the CC (|⇥| < 1.1) or EC (1.5 < |⇥| < 2.5)
regions of the EM calorimeter with transverse momen-
tum pT > 25 (15) GeV/c for the electron candidate with
the highest (next-to-highest) transverse energy contained
within a cone of radius �R =

�
(�⇥)2 + (�⇧)2 = 0.2,

centered on the axis of the EM shower. At least 90%
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FIG. 1: Feynman diagrams for leading-order Z� production
in the SM: (a) and (b) initial-state radiation from one of the
initial-state partons, (c) and (d) final-state radiation from one
of the final-state leptons.
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FIG. 2: Feynman diagrams illustrating anomalous Z� pro-
duction with a ZZ� vertex (a) and a Z�� vertex (b) .

introduced [4]. These anomalous gauge boson couplings
would give rise to an excess of photons at high transverse
momentum, p�T , which can be searched for by measur-
ing the total production cross section and the di⇤erential
cross section d⌅/dp�T for Z� ⇤ ⌃+⌃�� (⌃⌃� henceforth)
production. If no evidence of new physics is seen, we can
place limits on the real components of the CP -even cou-
pling parameters, hV

03 and hV
04, for ⇥ = 1.2 and 1.5 TeV.

Following Ref. [4], we choose form-factor powers for the
unitarity scaling dimensions of n = 3 for hV

3 and n = 4
for hV

4 . Z� production has been previously studied at
collider experiments [5–13], and because the value of ⇥
greatly a⇤ects the scale of anomalous Z� production, we
choose to perform this analysis for the values of ⇥ that
were used by the recent D0 [5, 6] and CDF [7] analy-
ses. This choice of ⇥ di⇤ers from the value used by the
ALEPH [8], CMS [9], DELPHI [10], L3 [11], and OPAL
[12] collaborations.

We present measurements of the inclusive cross sec-
tion and di⇤erential cross section for Z� production in
the electron and muon channels using a data sample cor-

responding to an integrated luminosity of 6.2 ± 0.4 fb�1

collected at
⌅
s = 1.96 TeV by the D0 detector at the

Fermilab Tevatron Collider between June 2006 and July
2010. These results provide a significant improvement
in the sensitivity to anomalous ZZ� and Z�� produc-
tion compared to a previous D0 publication, utilizing the
same channels and an integrated luminosity of 1 fb�1 [5].
In addition to increasing the size of the data set, we also
combine with a previous result in the same channels [5],
along with another D0 result [6] that used 3.6 fb�1 of
Z� ⇤ ⇤⇤� production to place stringent limits on Z�
anomalous couplings.

THE D0 DETECTOR

The D0 detector [14–18] consists of a central track-
ing system contained within a 2 T superconducting
solenoidal magnet, surrounded by a central preshower
(CPS) detector, a liquid-argon sampling calorimeter, and
an outer muon system. The tracking system, consisting
of a silicon microstrip tracker (SMT) and a scintillat-
ing fiber tracker (CFT), provides coverage for charged
particles in the pseudorapidity range |⇥| � 3 [19]. The
CPS is located immediately before the inner layer of the
calorimeter and has about one radiation length of ab-
sorber followed by several layers of scintillating strips.
The calorimeter consists of a central cryostat sector (CC)
with coverage |⇥| � 1.1 and two end calorimeters (EC)
which extend coverage to |⇥| ⇥ 4.2. The electromag-
netic (EM) section of the calorimeter is segmented into
four longitudinal layers (EMi, i = 1, 4) with transverse
segmentation of �⇥ � �⇧ = 0.1 � 0.1, except in EM3,
where it is 0.05� 0.05. The muon system resides beyond
the calorimeter and consists of a layer of tracking detec-
tors and scintillation trigger counters before a 1.8 T iron
toroidal magnet, followed by two similar layers after the
toroid. The coverage of the muon system corresponds to
a pseudorapidity range |⇥| < 2.

EVENT SELECTION

Candidate Z� events are selected in the e+e�� and
µ+µ�� (ee� and µµ� henceforth) final states. The pp̄
interaction vertex must be reconstructed within ±60 cm
of the center of the D0 detector along the beam (z) axis.
For the electron channel, a sample of candidate Z-boson
events is collected with a suite of single-electron triggers.
The electrons are selected by requiring an EM cluster
in either the CC (|⇥| < 1.1) or EC (1.5 < |⇥| < 2.5)
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Triple Gauge Couplings (WWZ and WWγ)
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The effective Lagrangian for model-independent charged 
triple gauge couplings can be expressed as:

V = Z or γ,  gWWγ = -e , and gWWZ = -e cot(θW)

In the Standard Model:   (g1
V, kV, λV) = (1,1,0)SM 

Set limits on:                Δg1
V = g1

V -1, ΔkV = kV – 1, λV

Introduce arbitrary cut-off scale Λ  to enforce unitarity

Cross section with aTGCs has strong energy dependence 
kZ proportional to √ŝ ;  g1

Z  and λZ ~ ŝ          
➔ measure differential cross-section sensitive to √ŝ
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aTGCs:#effect#on#WZ#produc*on#

Mass#of#WZ#system,#m(WZ)#[GeV]#

(1
/σ
)#d

σ/
dm

(W
Z)
#

Truth&level*

Z#Transverse#Momentum#pT(Z)#[GeV]#

(1
/σ
)#d

σ/
dp

T(Z
)# Truth&level*

α#[anomalous#coupling]##

σ(
α)
/σ

SM
#

Truth&level*

33#

•  Cross#sec*on#increases#with#aTGCs#

•  Cross#sec*on#prop.#to#(aTGC)2#
#!sensi*vity#improves#as#~#L1/4#

•  Distribu*ons#sensi*ve#to#ŝ1/2#of#
interac*on#are#sensi*ve#to#aTGCs#

aTGCs:#Differen*al#ZpT#Analysis#
Background#Es*ma*on#
•  Data\driven#es*mates#in#bins#of#ZpT#

Systema*c#Uncertain*es#
•  Systema*cs#which#affect#shape#and#

normaliza*on#

Bin\to\bin#correla*ons#
•  Correla*on#in#background#es*mates#
•  Correla*ons#in#systema*c#

uncertain*es#
•  Correla*on#between#channels#and#

bins#
#
Binning#Op*miza*on#
•  More#sensi*vity#versus#ability#to#

es*mate#background,#length#of#fiáng#
*me,#stability#of#expected#limits#

34#
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Fig. 4 p

Z
T

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 p

Z
T

571

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 p

Z
T

as a function of the anoma-578

lous couplings. Figure 4 shows the p

Z
T

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 pZ
T

is evident.585

Frequentist confidence intervals are set on the anoma-586

lous couplings by combining the observed number of587

candidate events in each p

Z
T

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 �g

Z
1

, �

Z , and600

�

Z , with the cut-o↵ scale ⇤ = 2 TeV and without the601

Table 6 Expected and observed 95% confidence intervals on
the anomalous couplings �g

Z
1

, �

Z , and �

Z . The expected
intervals assume the Standard Model values for the couplings.

Observed Expected Observed
⇤ = 2 TeV no form factor no form factor

�g

Z
1

[�0.072, 0.134] [�0.046, 0.080] [�0.057, 0.093]
�

Z [�0.41, 0.69] [�0.33, 0.47] [�0.37, 0.56]
�

Z [�0.063, 0.066] [�0.041, 0.040] [�0.046, 0.048]

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Z
κ∆

Z
λ

1

Zg∆

 = 7 TeVsATLAS, 

∞ = Λ,  -14.6 fb

 = 7 TeVsATLAS, 

 = 2 TeVΛ,  -14.6 fb

 = 1.96 TeVsCDF, 

 = 2 TeVΛ,  -17.1 fb

 = 1.96 TeVsD0, 

 = 2 TeVΛ,  -14.1 fb

ATLAS Preliminary

-
l

+
lν

±
 l→Z 

±
W

95% C.I.

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-o↵ ⇤ 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 (�g

Z
1

,�

Z), (�g

Z
1

,�

Z), and (�

Z
,�

Z) 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 e↵ective 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 p

Z
T

spec- 620

trum, that could be compared with model-dependent 621

WZ
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(from PT(γ) distribution)(using PT(l) distribution)

Wγ
WW
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neutral Triple Gauge Couplings (ZZZ and ZZγ)
Possible vertices using an effective Lagragian
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ZZZ, ZZγ

(f4
Z, f4

γ, f5
Z, f5

γ) = (0,0,0,0)SM

!  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 

ANOMALOUS TRIPLE GAUGE 
COUPLINGS 

For WZ, WW 
analyses 

For ZZ analysis = !
e
MZ

2 f4
V ("µV

µ! )Z" ("
"Z! )+ f5

V ("#V#µ ) !Z
µ!Z!

#$ %&

PANIC2011 @ MIT 2011/07/25 C. Goeringer 15

Triple Gauge Couplings
=

 

Sensitivity to new physics!

=

 

Possible vertices using a generalised Lagrangian

I

 

WWZ (couplings: �0

 

= g1
Z,��Z,��) SM = (1,1,0)

I

 

ZZZ, ZZ�

 

(couplings: �0

 

= f4
Z, f4

�, f5
Z, f5

�) SM = (0,0,0,0)

=

 

Scale dependent formfactor

 

with cutoff

 

scale �

 

O(2TeV):

=

 

ATLAS: cross sections as TGC limit input

=

 

Tevatron: differential distributions as TGC limit input

ATLAS limits consistent and competitive

Use of differential distributions:  will increase sensitivity

ZZZ,ZZ�
WWZ

TGC

Scale dependent 
form-factors

with cutoff scale Λ

(using PT(Z) distribution)

CP-violating CP-conserving
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W.J. Stirling, private communication
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Top Quark 
Production 

44

Test QCD

Study analysis techniques

b-tagging, JES

Backgrounds for searches

A good place to search for new 
physics4 × more top  pairs at LHC @ 7 TeV with 1 fb-1, 

than at the Tevatron with 5 fb-1
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   1%
   2%
e   2%

µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets

τ

"alljets"

dileptons(e,μ): 4%

all jets: 46%

lepton+jets: 30%

Large background 
(main bkg: multijets) 

Small background, but small rate 
(main bkg: Drell-Yan and electroweak) Reasonable background

(main bkg: W+jets and multijets)

BR(t→Wb)~1
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Top Quark Cross Section Measurements @ 7 TeV
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Top Quark Pair Cross Section Measurement @ 8 TeV
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1-lepton channel (5.8 fb–1) using likelihood template fit 
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Inclusive tt cross section
(using m(t) = 172.5 GeV:

σ = 241 ± 2 (stat) 
 ± 31 (syst) 
 ± 9 (lumi) pb

Syst. dominated by MC 
signal modeling (ISR/FSR, 
generator, parton shower, PDF)

Theory:
σ = 238+22

-24 pb
(HATHOR, approx. NNLO)
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Top Quark Pair Cross Section Measurement @ 8 TeV
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1-lepton channel (5.8 fb–1) using likelihood template fit 

Inclusive tt cross section
(using m(t) = 172.5 GeV:

σ = 241 ± 2 (stat) 
 ± 31 (syst) 
 ± 9 (lumi) pb

Syst. dominated by MC 
signal modeling (ISR/FSR, 
generator, parton shower, PDF)

Theory:
σ = 238+22

-24 pb
(HATHOR, approx. NNLO)
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W.J. Stirling, private communication
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Jet Production 
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NLO QCD tests at TeV scale
Proton PDFs
Performance measurements
Backgrounds for NP searches
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Jet Measurements

50

Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 4

ATLAS jet measurements: Introduction

● Jet algorithm: anti-kt with distance parameter R=0.4, R=0.6
→ defined at parton / particle / detector level

● Measurement:

- Same procedure for all measurements here (next slides)

- Unfolding of data from detector effects (→particle level)
● Predictions:

- NLO pQCD with non-perturbative corrections (→particle level)

- Compare to different generators, tunes and PDFs

parton level particle level detector level

Jet algorithm: 
anti-kt with distance parameter R=0.4 and R=0.6

Defined at parton, particle and detector lever (FASTJET)
Measurement

Unfolding data from detector effect ==> particle level
Predictions:

NLO pQCD with non-perturbative corrections
Compare different generators, tunes and PDFs
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Inclusive Jet and Dijet Cross Sections at 7 TeV

51Felix Müller, Jet and Dijet Production, EWC4LHC, Sept 23rd - Sept 26th, IPPP Durham 10

Inclusive Jet and Dijet Cross Section

Inclusive jet cross section Dijet cross section

● Kinematic range:
|y| < 4.4, 20 < p

T
 < 1500 GeV

● Very good agreement over
9 orders of magnitude

● y* = |y
1
 - y

2
| / 2 < 4.4

60GeV < m
12 

< 4.1TeV

● Very good agreement

Inclusive jet cross section Dijet cross section
L = 37 pb-1

NLOJET++ prediction with CT10
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Inclusive Jet Cross Sections at 7 TeV

52Good general agreement

Comparison with different Parton Distribution Functions
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Inclusive Jet Cross Sections at 7 TeV

53

Comparison with different shower/underlying event models
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Inclusive jet cross section at 2.76 TeV
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ATLAS-CONF-2012-128

Luminosity uncertainty: 2.8%

Measurement made in the kinematic regions: 
20 ≤ pT <430 GeV and  |y| < 4.4 

R=0.4 R=0.6

L = 0.20 pb-1
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Inclusive jet cross section at 2.76 TeV
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Uncertainties on 2.76TeV jet cross section

Uncertainties on the ratio 2.76 TeV to 7 TeV jet cross sections
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Inclusive jet cross section at 2.76 TeV

56
Systematic uncertainties are large ==> not easy to assess PDF impact
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and MSTW2008. The uncertainty from the luminosity measurement of 2.8% is not shown.
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Figure 9: Ratio of the measured inclusive double-differential jet cross section to the NLO pQCD pre-

diction calculated with NLOJET++ with the CT10 PDF set corrected for non-perturbative effects. The

ratio is shown as a function of the jet pT in bins of jet rapidity, for anti-kt jets with R = 0.6. The figure
also shows pQCD predictions obtained with different PDF sets, namely NNPDF 2.1, HERAPDF 1.5 and

MSTW2008. The uncertainty from the luminosity measurement of 2.8% is not shown.
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Cross section ratio 2.76 TeV/7 TeV
Ratio of experimental uncertainties is reduced and 
generally smaller than theory uncertainty 
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Figure 15: Ratio of the inclusive jet cross section at
√
s = 2.76 TeV to

√
s = 7 TeV, shown in a ratio

to the theoretical predictions calculated with the CT10 PDFs as a function of the jet pT in bins of jet

rapidity, for anti-kt jets with R = 0.4. Statistically insignificant data points at large pT are omitted. The

uncertainty from the luminosity measurement of 4.4% is not shown.
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Figure 16: Ratio of the inclusive jet cross section at
√
s = 2.76 TeV to

√
s = 7 TeV, shown in a ratio

to the theoretical predictions calculated with the CT10 PDFs as a function of the jet pT in bins of jet

rapidity, for anti-kt jets with R = 0.6. Statistically insignificant data points at large pT are omitted. The

uncertainty from the luminosity measurement of 4.4% is not shown.
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Assessment of effect on PDFs
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Fit HERA data together with ATLAS 7 TeV and 2.76 TeV data
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Figure 18: Gluon xg (a) and sea xS (b) parton density together with its relative uncertainty as a function

of x for Q2 = 1.9 GeV2. The green band indicates a fit to HERA data only. The blue band shows a fit to

HERA + ATLAS jet data for jets of R = 0.6 size. For each fit the uncertainty of the PDF is centred on

unity.

described by the prediction based on the fitted PDFs after the addition of the jet data. The impact of the

jet data is most visible in the forward region.

14 Conclusion

The inclusive jet cross section in pp collisions at
√
s= 2.76 TeV has been measured for jets reconstructed

with the anti-kt algorithm with two distance parameters of R = 0.4 and R = 0.6, based on the data

collected using the ATLAS detector at the beginning of 2011 LHC operation, corresponding to 0.20 pb−1

of integrated luminosity. The measurement is performed as a function of the jet transverse momentum,

in bins of jet rapidity.

The ratio of the inclusive cross section measured in this note at
√
s = 2.76 TeV with respect to the

one measured in the previous publication at
√
s = 7 TeV is extracted as a function of the jet pT and xT

values. The correlation of uncertainty sources between the two measurements is fully taken into account,

resulting in a reduction of systematic uncertainties in the ratio measurement.

The measurements are compared to fixed-order NLO pQCD calculations, to which corrections of

non-perturbative effects are applied. This calculation is in good agreement with the data in general, in

both the jet cross section and the cross section ratio, which confirms that perturbative QCD can describe

the jet production at high jet transverse momentum.

An NLO pQCD analysis in the DGLAP formalism has been performed using this measurement and

the ATLAS inclusive jet cross section measured at
√
s=7 TeV, where correlations of the measurements

are fully taken into account, together with HERA I data. By including the ATLAS jet data, a harder gluon

distribution and a softer sea quark distribution in the high Bjorken-x region are obtained with respect to

the fit of HERA data only. The presented measurement is an interesting input for various PDF studies.
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Precise measurement of electroweak 
parameters constrains

New physics
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Electroweak Theory and Top Mass
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Electroweak Fit Status (September 2011)

Updated with EPS’11 results
Excludes direct Higgs searches from ATLAS and CMS
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mH             = 94.5 GeV
Range mH    = [71, 124]
mH (@ 95%) < 166.5 GeV 

Standard Fit

mH              = 125.2 GeV
Range mH    = [116, 133]
mH (@ 95%) < 153.9 GeV

Complete Fit
(including direct limits on Higgs

from LEP and Tevatron )
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The electroweak fit
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Includes results until September 2012

Top Mass W Mass
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The electroweak fit
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Includes results until September 2012

Top Mass W Mass
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Monte Carlo (MC) Simulation
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I RESBOS
I NLO generator with

resummation at low boson pT

I PHOTOS
I Simulation of photon

emmission
I Fast parametric MC simulation.

I Electron Model
I Recoil Model

W Mass at D0 D. Boline Stony Brook University / DØ 8 / 19

The challenges of the W Boson Mass

63

06/02/2012 Yu Zeng, CIPANP, St. Petersburg, FL 2

z W boson mass is an important parameter of the SM.

z Precise knowledge of W boson mass, together with top quark mass,
constrains the mass of the unobserved Higgs boson, and possibly 
new particles beyond the SM.

- For the same constraining power on Higgs mass:

- World-average of W mass (Feb. 2012)

- Progress on               has the biggest 
impact on Higgs constraint!

Motivation for Precision Measurements

(before Feb. 2012)

�mt = 0.9 GeV � �mW � 5 MeV

�mW

mH < 161 GeV at 95% C.L.

mW = 80399± 23 MeV
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Precision Electroweak Constraints
Disentangle if new “Higgs” boson is SM or SUSY-like
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Precision Electroweak Constraints
Disentangle if new “Higgs” boson is SM or SUSY-like
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Challenges for LHC
to reach Δ MW =5 MeV

• Theoretical understanding of PT(W)
• Improved PDFs (strangeness)
• Large pileup affecting                             
   measurement of soft recoil
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Conclusions
We have re-established the Standard Model at the LHC

Impressive agreement with theory across orders of 
magnitude

But, exploring ever smaller cross sections
Stable ground for new physics searches

Still, deeper understanding is needed:
Parton distribution functions
NNLO calculations

EW precision measurements in a good agreement with a 
Higgs boson with mass of 125 GeV
What’s next?
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H"

Vector Boson Scattering

1

1 Introduction

The electroweak production of a W or Z bosons plus two jets, with the requirement that the
weak boson is centrally produced and that the two jets are well separated in rapidity, pro-
ceeds with sizable cross section at the LHC [1]. These processes have already been studied
in the investigation of rapidity gaps at hadron colliders [2, 3], as a probe of anomalous triple-
gauge-boson couplings [4] or as a background to Higgs boson searches in Vector Boson Fusion
(VBF) [5–8]. There are three classes of diagrams in the electroweak (EWK) production of the W
and Z bosons with two jets: bremsstrahlung, VBF processes and multiperipheral diagrams with
a large negative interference between them [1, 3]. Figure 1 shows the representative diagrams
for EWK `` jj production processes.

d
Z

d

Z

d

µ+

µ�

u u

d u

W�

W+

Z
µ+

µ�

u d

d u

W�

⌫̄µ

W+

µ�

µ+

u d

Figure 1: Representative diagrams for EWK `` jj production processes. Left - bremsstrahlung,
middle - VBF process, right - multiperipheral .

These processes are an important benchmark in the searches for the VBF Higgs boson to under-
stand the selection of the forward jets and the veto of the additional central jets. Higgs boson
production via VBF has been studied intensively [9, 10] as a tool for the Higgs boson discovery
and the measurement of Higgs boson couplings [11–13] in pp collisions at the LHC. The recent
ATLAS and CMS searches for the standard model (SM) Higgs boson include analysis of the
VBF final states [14, 15].

We measure the cross-section of the electroweak Z boson production with the Z boson decaying
into µ+µ� or e+e� pairs using a data sample collected in 2011 and corresponding to an inte-
grated luminosity of 5.1 fb�1 for the µ+µ� mode and 5.0 fb�1 for the e+e� mode recorded by
the Compact Muon Solenoid (CMS experiment. We also present results on the measurement of
the hadronic activity in the rapidity difference between the two forward-backward jets. These
two measurements demonstrate the CMS detector and analysis capability to extract the process
which is comparable in the cross-section and topologically with standard model Higgs boson
produced in the Vector Boson Fusion process.

2 CMS detector, reconstruction and simulation

A detailed description can be found in Ref. [16]. The central feature of the CMS apparatus is a
superconducting solenoid of 6 m internal diameter providing a field of 3.8 T. Within the field
volume are a silicon pixel and strip tracker, a crystal electromagnetic calorimeter (ECAL), and a
brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors
embedded in the steel return yoke of the magnet. Extensive forward calorimetry (3 < |h| < 5)
complements the coverage provided by the barrel and endcap detectors.

Vector Boson Fusion
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New results to come soon…. √s = 8 TeV  
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is shown after scaling the normalisation to the 2012 integrated luminosity. A slight harder production is45

observed going from 7 to 8 TeV center of mass energy, as expected. The pseudo-rapidity distribution of46

selected muons is shown in Figure 4.47
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Figure 1: Invariant mass distribution of selected muon pairs. The simulation (based on Powheg-
Pythia8 [1, 2] MC with CT10 PDFs [3]) is normalised to the data and has been corrected in order to
remove residual di↵erences between the data and MC resolutions. Only statistical errors are shown.

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

June 29, 2012 – 16 : 33 DRAFT 3

µµ
y

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Ev

en
ts

0

20

40

60

80

100

120

310×

 = 8 TeV)sData 2012 (
µµ→Z

-1Ldt = 5.1 fb∫

ATLAS Preliminary

Figure 2: Rapidity distribution of selected muon pairs in 66, 116 GeV invariant-mass range. Only sta-
tistical errors are shown. The simulation (based on Powheg-Pythia8 [1, 2] MC with CT10 PDFs [3]) is
normalised to the data. Note that the slight asymmetry between positive and negative rapidity sides is
due to the asymmetric coverage of the muon-spectrometer as installed in the 2012 data-taking setup.
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Inclusive jet and dijet cross sections

Last minute plots for jets at detector level prepared for ICHEP with 8 TeV data

Compared to 7 TeV data (scaled to 2012 luminosity)

Expect to extend the kinematical range

Continuing the effort towards a paper
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Supporting note prepared for ICHEP: https://cdsweb.cern.ch/record/1456202

First results can be ready for Moriond with preliminary JES uncertainties
(CONF note which will end up in a paper)

A. Ruiz (ISU) Standard Model Plenary Meeting September 27, 2012 13
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W/Z inclusive production in e/μ channel
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First W/Z measurement at 7 TeV

71

JHEP 12 (2010) 060
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Uncertainties: Electron channel

67

��
W

± ��
W+

��
W� ��

Z

Trigger 0.4 0.4 0.4 <0.1

Electron reconstruction 0.8 0.8 0.8 1.6

Electron identification 0.9 0.8 1.1 1.8

Electron isolation 0.3 0.3 0.3 —

Electron energy scale and resolution 0.5 0.5 0.5 0.2

Non-operational LAr channels 0.4 0.4 0.4 0.8

Charge misidentification 0.0 0.1 0.1 0.6

QCD background 0.4 0.4 0.4 0.7

Electroweak+tt̄ background 0.2 0.2 0.2 <0.1

Emiss

T

scale and resolution 0.8 0.7 1.0 —

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

C
W/Z

theoretical uncertainty 0.6 0.6 0.6 0.3

Total experimental uncertainty 1.8 1.8 2.0 2.7

A
W/Z

theoretical uncertainty 1.5 1.7 2.0 2.0

Total excluding luminosity 2.3 2.4 2.8 3.3

Luminosity 3.4

Extrapolation
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Uncertainties: Muon channel
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Trigger 0.5 0.5 0.5 0.1

Muon reconstruction 0.3 0.3 0.3 0.6

Muon isolation 0.2 0.2 0.2 0.3

Muon p
T

resolution 0.04 0.03 0.05 0.02

Muon p
T

scale 0.4 0.6 0.6 0.2

QCD background 0.6 0.5 0.8 0.3

Electroweak+tt̄ background 0.4 0.3 0.4 0.02

Emiss

T

resolution and scale 0.5 0.4 0.6 -

Pile-up modeling 0.3 0.3 0.3 0.3

Vertex position 0.1 0.1 0.1 0.1

C
W/Z

theoretical uncertainty 0.8 0.8 0.7 0.3

Total experimental uncertainty 1.6 1.7 1.7 0.9

A
W/Z

theoretical uncertainty 1.5 1.6 2.1 2.0

Total excluding luminosity 2.1 2.3 2.6 2.2

Luminosity 3.4

Extrapolation
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W+ and W- Rapidity

72Verena I. Martinez Outschoorn May 19th, 2011
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Rapidity dependence of W+/W- production 
sensitive to differences in u and d
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Tevatron LHC

Flavor Decomposition

Dominant W production mode is ud 
quark annihilation

Valence u gives broader structure in y for W+

Significant contribution of sea quarks
Total about 30%, particularly at low y
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J. Stirling
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W/Z cross section measurements
ATLAS, CMS and LHCb published precision measurements 
with 2010 data --> relatively recent publications

74

CMS

Much larger datasets are now available

JHEP 10 (2011) 132 Phys. Rev. D85 (2012) 072004

W ➔ μν 

Z ➔ ee 

√s = 7 TeV, 5 fb-1 { W ➔ e/μ ν : ~ 25 Million
Z ➔ ee/μμ : ~ 3 Million + √s = 8 TeV

~23 fb-1

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Cross Section Ratio W+/W-
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σtot×B W+/W- 

CMS

ATLAS

1.421 ± 0.006 (sta) ± 0.014 (sys) ± 0.029 (the)

1.454 ± 0.006 (sta) ± 0.012 (sys) ± 0.022 (acc)

45

 B ](Z)× σ B ](W) / [ × σ = [ W/ZR
0 2 4 6 8 10 12 14

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.04  ±10.74 

 ee→,  Z ν e→W 
 syst. 0.192±  stat. 0.120±10.560 

µµ →,  Z νµ →W 
 syst. 0.197±  stat. 0.090±10.520 

(combined) ll   →,  Z ν l→W 
 syst. 0.179±  stat. 0.070±10.540 

) -  B ](W× σ) / [  +  B ](W× σ =  [ +/-R
0 0.5 1 1.5

 = 7 TeVs at   -136 pbCMS

 [with MSTW08NNLO 68% CL uncertainty]
NNLO, FEWZ+MSTW08 prediction 

 0.01±1.43 

ν e→W 
 syst. 0.036±  stat. 0.008±1.418 

νµ →W 
 syst. 0.036±  stat. 0.008±1.423 

(combined)   ν l→W 
 syst. 0.032±  stat. 0.006±1.421 

Figure 27: Summary of the measurements of the ratios of W to Z and W+ to W� production
cross sections. Measurements in the electron and muon channels, and combined, are compared
to the theoretical predictions computed at the NNLO in QCD with recent PDF sets. Statisti-
cal uncertainties are represented as a black error bars, while the red error bars also include
systematic uncertainties. Luminosity uncertainties cancel in the ratios.

Ratio (CMS/Theory)
0.6 0.8 1 1.2 1.4

 = 7 TeVs at   -136 pbCMS

 B ( W )× σ  th. 0.028±  exp. 0.009±0.986 

 )+ B ( W× σ  th. 0.030±  exp. 0.010±0.982 

 )- B ( W× σ  th. 0.029±  exp. 0.010±0.992 

 B ( Z )× σ  th. 0.032±  exp. 0.010±1.002 

W/ZR  th. 0.015±  exp. 0.010±0.981 

+/-R  th. 0.023±  exp. 0.011±0.990 

lumi. uncertainty:  4%±

Figure 28: Summary of ratios of the CMS measurements to the theoretical predictions. The
experimental uncertainties are represented as black error bars, while the red error bars also
include the combining of theoretical uncertainties on the predictions and measured quantities.
The yellow band around the vertical yellow line at one represent the luminosity uncertainty
(4%) that affects the cross-section measurements.

Table 19: Summary of ratios of CMS measurements to the theoretical predictions.
Quantity Ratio (CMS/Theory)
� ⇥ B(W±) 0.986 ± 0.009 (exp)± 0.028 (th) [±0.029 (tot)]
� ⇥ B(W+) 0.982 ± 0.010 (exp)± 0.030 (th) [±0.031 (tot)]
� ⇥ B(W�) 0.992 ± 0.010 (exp)± 0.029 (th) [±0.031 (tot)]
� ⇥ B(Z) 1.002 ± 0.010 (exp)± 0.032 (th) [±0.034 (tot)]
� ⇥ B(W)/� ⇥ B(Z) 0.981 ± 0.010 (exp)± 0.015 (th) [±0.018 (tot)]
� ⇥ B(W+)/� ⇥ B(W�) 0.990 ± 0.011 (exp)± 0.023 (th) [±0.025 (tot)]

Benefits from experimental and theoretical systematics cancellation 

21

*γZ/
fidσ / ±W
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FIG. 18. Measured and predicted fiducial cross section ratios,
(�

W

+

+�
W

�)/�
Z/�

⇤ (top) and �
W

+

/�
W

� (bottom). The ex-
perimental uncertainty (inner yellow band) includes the exper-
imental systematic errors. The total uncertainty (outer green
band) includes the statistical uncertainty and the small con-
tribution from the acceptance correction. The uncertainties of
the ABKM, JR and MSTW predictions are given by the PDF
uncertainties considered to correspond to 68% CL and their
correlations are derived from the eigenvector sets. The results
for HERAPDF comprise all three sources of uncertainty of
that set.

bution. Compared to the fiducial cross section ratios, the
uncertainties are almost doubled, with a value of 1.8%
for the W

+

/W

� ratio and of 1.6% for the W

±
/Z ratio.

The cross section ratios, determined in the fiducial re-
gions of the W and Z measurements, are compared in
Figs. 18 and 19 with the theoretical predictions account-
ing for the correlations inherent in the PDF determina-
tions.

The mean boson rapidity for the data presented here
is about zero, and thus on average the Bjorken x values
of the incoming partons are equal, x

1

= x

2

' 0.01. In
a rough leading order calculation, neglecting the heavy
quark and Cabibbo disfavoured parts of the cross sections
and the �

⇤ contribution to the Z cross section, and also
assuming the light sea and anti-quark distributions to be
all the same, xs, the (W+ +W

�)/Z ratio is found to be
proportional to (u

v

+ d

v

+2s)/[(v2
u

+ a

2

u

)(u
v

+ s) + (v2
d

+

sta sys acc

W+/W� 1.542± 0.007± 0.012± 0.001

W+/Z 6.493± 0.049± 0.064± 0.005

W�/Z 4.210± 0.033± 0.049± 0.003

W±/Z 10.703± 0.078± 0.110± 0.008

TABLE XIV. Measured ratios of the cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W+ +W�)/Z, obtained in the fiducial regions and combin-
ing the electron and muon final states. The uncertainties de-
note the statistical (sta), the experimental systematic (sys),
and the acceptance (acc) uncertainties.

sta sys acc

W+/W� 1.454± 0.006± 0.012± 0.022

W+/Z 6.454± 0.048± 0.065± 0.072

W�/Z 4.439± 0.034± 0.050± 0.049

W±/Z 10.893± 0.079± 0.110± 0.116

TABLE XV. Measured ratios of the total cross sections times
leptonic branching ratios for W+/W�, W+/Z, W�/Z and
(W++W�)/Z, combining the electron and muon final states.
The uncertainties denote the statistical (sta), the experimental
systematic (sys), and the acceptance (acc) uncertainties.

a

2

d

)(d
v

+ s)]. Here xu

v

(xd
v

) is the up (down) valence-
quark momentum distribution and v

u,d

and a

u,d

are the
vector and axial-vector weak neutral current couplings
of the light quarks. As the numerical values for the Z
coupling to the up and down quarks, v2

u,d

+ a

2

u,d

, are of
similar size, the W

±
/Z ratio measures a rather PDF in-

sensitive quantity, provided that the sea is flavour sym-
metric. Since this symmetry assumption, with a small
deviation to account for some light sea quark asymme-
try near Bjorken x ' 0.1, is inherent in all major PDF
fit determinations, there is indeed not much di↵erence
observed between the various W

±
/Z ratio predictions,

see Fig. 18 (top). The agreement with the present mea-
surement therefore supports the assumption of a flavour
independent light quark sea at high scales, and Bjorken
x near to 0.01. The predictions for the charge dependent
W

+

/W

�, W+

/Z and W

�
/Z ratios, shown in Figs. 18

(bottom) and 19, exhibit more significant deviations as
they are more sensitive to up-down quark distribution
di↵erences.

VII. SUMMARY

New measurements are presented of the inclusive cross
sections of Drell-Yan W

± and Z/�

⇤ production in the
electron and muon decay channels. They are based on
the full data sample collected by the ATLAS experiment

JHEP 10 (2011) 132  Phys. Rev. D85 (2012) 072004

ATLAS
σfiducial

1.542 ± 0.007 (sta) ± 0.012 (sys) ± 0.001 (acc) 0.9%

1.8%

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
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Lepton Universality 

Result already close to 
best measurement (RW)

PDG: 1.9%
This measurement: 2.4% 

76

Theory comparisons - lepton universality

• New measurements of the ratios of the e and µ branching fractions

RW = ⇤e
W

⇤µ
W

= Br(W � e⇥)
Br(W � µ⇥) = 1.006 ± 0.004 (sta) ± 0.006 (unc) ± 0.023 (cor) = 1.006 ± 0.024

RZ = ⇤e
Z

⇤µ
Z

= Br(Z � ee)
Br(Z � µµ) = 1.018 ± 0.014 (sta) ± 0.016 (unc) ± 0.028 (cor) = 1.018 ± 0.031

• Inserting RZ PDG value
into the present
measurement for a
combined cross section
analysis

� reduction of correlated RW

systematic uncertainty

� improved result of
RW = 0.999 ± 0.021.
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W and Z Inclusive Cross Sections

77

11

Figure 9: Measured and predicted W versus Z production and W+ versus W� cross sections.
The ellipses illustrate the 68% coverage for total uncertainties (open black) and excluding the
luminosity uncertainty (purple filled). The uncertainties of the theoretical predictions corre-
spond to the PDF uncertainties only.

Collider Energy [TeV]

 B
  [
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× 
σ
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, 8 TeV-1CMS, 19 pb
, 7 TeV-1CMS, 36 pb

CDF Run II
D0 Run I
UA2
UA1

Theory: NNLO, FEWZ and MSTW08 PDFs

pp

pp

0.5 1 2 5 7 10 20

W+W-W

Z

Figure 10: Measurements of inclusive W and Z production cross sections times branching ra-
tios as a function of center-of-mass energy for CMS and experiments at lower-energy colliders.
The lines are the NNLO theory predictions.

Figure 10 shows the W and Z boson production cross section measurements at
p

s=8 TeV to-204

gether with the earlier CMS measurements at
p

s =7 TeV and with measurements at lower205

center-of-mass energy hadron colliders. The predicted increase of the cross sections with cen-206

ter of mass energy is confirmed by our measurements.207

8 Summary208

We performed measurements of inclusive W and Z cross sections in pp collisions at
p

s =209

8 TeV using 18.7 ± 0.9 pb�1 of data recorded with the CMS detector. The W and Z bosons210

are observed via their decays to electrons and muons. The measured inclusive cross sections211

ATLAS points
same as CMS

CMS-PAS-12-011
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dσZ/dyZ versus NNLO PDF predictions

Broadly well described by predictions
Can impact PDF central values and uncertainties

Full covariance matrix available from all experiments
Information on d, u and s decomposition at x ∼ 0.01 78
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Figure 7: Di↵erential cross-section for Z ! µµ as a function of yZ . The dark shaded
(orange) bands correspond to the statistical uncertainties, the light hatched (yellow) band
to the statistical and systematic uncertainties added in quadrature. Superimposed are
NNLO (NLO) predictions with di↵erent parametrisations for the PDF as points with
error bars; they are displaced horizontally for presentation.
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NNLO (NLO) predictions as described in Fig 7.
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17

are compared in Figs. 12 and 13 with the calculated
NNLO predictions using the JR09, ABKM09, HERA-
PDF1.5 and MSTW08 NNLO PDF sets. The uncertain-
ties of the bin-wise predictions are a convolution of the
PDF uncertainties, considered by the authors of the vari-
ous PDF sets 2 to correspond to 68% C.L., and a residual
numerical uncertainty of below 0.5%. One observes that
the measured y

Z

and ⌘

`

dependencies are broadly de-
scribed by the predictions of the PDF sets considered.
Some deviations, however, are visible, for example the
lower Z cross section at central rapidities in the case of
the JR09 PDF set, or the tendency of the ABKM09 pre-
diction to overshoot the Z and the W cross sections at
larger y

Z

and ⌘

`

, respectively. It thus can be expected
that the di↵erential cross sections presented here will re-
duce the uncertainties of PDF determinations and also
influence the central values.

The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry
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which was previously published [26] by ATLAS based
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FIG. 12. Di↵erential d�/d|y
Z

| cross section measurement for
Z ! `` compared to NNLO theory predictions using vari-
ous PDF sets. The kinematic requirements are 66 < m

``

<
116 GeV and p

T,`

> 20 GeV. The ratio of theoretical predic-
tions to data is also shown. Theoretical points are displaced
for clarity within each bin.

2 The HERAPDF analysis considers explicitly uncertainties due to
parameterisation and fit parameter choices. This leads to some-
what enlarged and asymmetric errors as compared to the genuine
experimental uncertainties, which in the HERAPDF analysis cor-
respond to a change of �2 by one unit.

on initial muon measurements alone. The asymmetry
values, obtained in the W fiducial region of this analy-
sis, and their uncertainties are listed in Tab. XXVI. The
measurement accuracy ranges between 4 and 8%. The
previous and the new measurements are consistent. Since
the present measurement is more precise and relies on the
same data taking period, it supersedes the previous re-
sult.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the
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FIG. 13. Di↵erential d�/d|⌘
`

+

| (top) and d�/d|⌘
`

� | (bot-
tom) cross section measurements for W ! `⌫ compared to
the NNLO theory predictions using various PDF sets. The
kinematic requirements are p

T,`

> 20 GeV, p
T,⌫

> 25 GeV
and m

T

> 40 GeV. The ratio of theoretical predictions to
data is also shown. Theoretical points are displaced for clar-
ity within each bin.

Z ZLHCb

JHEP 06 (2012) 058 Phys. Rev. D85 (2012) 072004

CMS Z rapidity measurement: 
Phys. Rev. D 85 (2012) 032002

http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://prd.aps.org/abstract/PRD/v85/i7/e072004
http://dx.doi.org/10.1103/PhysRevD.85.032002
http://dx.doi.org/10.1103/PhysRevD.85.032002


Particle Physics in the LH
C

 Era -- Z
urich 2013 --  Joao G

uim
araes          

dσW/dηl versus NNLO PDF predictions

Broadly well described by predictions
Can impact PDF central values and 
uncertainties

Information on uv and dv PDFs

79
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are compared in Figs. 12 and 13 with the calculated
NNLO predictions using the JR09, ABKM09, HERA-
PDF1.5 and MSTW08 NNLO PDF sets. The uncertain-
ties of the bin-wise predictions are a convolution of the
PDF uncertainties, considered by the authors of the vari-
ous PDF sets 2 to correspond to 68% C.L., and a residual
numerical uncertainty of below 0.5%. One observes that
the measured y

Z

and ⌘

`

dependencies are broadly de-
scribed by the predictions of the PDF sets considered.
Some deviations, however, are visible, for example the
lower Z cross section at central rapidities in the case of
the JR09 PDF set, or the tendency of the ABKM09 pre-
diction to overshoot the Z and the W cross sections at
larger y

Z

and ⌘

`

, respectively. It thus can be expected
that the di↵erential cross sections presented here will re-
duce the uncertainties of PDF determinations and also
influence the central values.

The combined electron and muon data allow for an
update of the measurement of the W charge asymmetry
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FIG. 12. Di↵erential d�/d|y
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| cross section measurement for
Z ! `` compared to NNLO theory predictions using vari-
ous PDF sets. The kinematic requirements are 66 < m
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<
116 GeV and p

T,`

> 20 GeV. The ratio of theoretical predic-
tions to data is also shown. Theoretical points are displaced
for clarity within each bin.

2 The HERAPDF analysis considers explicitly uncertainties due to
parameterisation and fit parameter choices. This leads to some-
what enlarged and asymmetric errors as compared to the genuine
experimental uncertainties, which in the HERAPDF analysis cor-
respond to a change of �2 by one unit.

on initial muon measurements alone. The asymmetry
values, obtained in the W fiducial region of this analy-
sis, and their uncertainties are listed in Tab. XXVI. The
measurement accuracy ranges between 4 and 8%. The
previous and the new measurements are consistent. Since
the present measurement is more precise and relies on the
same data taking period, it supersedes the previous re-
sult.

Figure 14 shows the measured W charge asymmetry
together with the NNLO predictions obtained from the
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FIG. 13. Di↵erential d�/d|⌘
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| (top) and d�/d|⌘
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� | (bot-
tom) cross section measurements for W ! `⌫ compared to
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detector  
acceptance 

Karsten Köneke 
June 2nd 2012 

Measurement of W/Z production with the ATLAS detector 19/31 

W charge asymmetry  
Definition: 

•  Sensitive to valence quark  

•  Usable to constrain uv/dv at low x 

Combined results: 
•  More constrained in central region 

(ATLAS+CMS) 

•  Extended up to |η| ≈ 3.7 (LHCb) 

Phys. Rev. D85, 072004 (2012) 

ATLAS-CONF-2011-129 
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Predictions: Different event generators Fiducial measurement
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High-mass Drell-Yan Production

85

310

] (
dr

es
se

d)
G

eVpb
 [

ee
dm
σd

-610

-510

-410

-310

-210

-110
Data

Total uncertainty

ATLAS Preliminary

-1 L dt = 4.9 fb∫ = 7 TeV,  s
| < 2.5η > 25 GeV, |

T
electron p
3.9 % Luminosity uncertainty not included

116 1500

 [GeV]eem
200 300 400 1000

M
C/

Da
ta

0.6

0.8

1

1.2

1.4
PYTHIA 6.426 (MRSTMCal) x 1.23

MC@NLO 4.02 (CT10) x 1.08

SHERPA 1.3.1 (CTEQ6L1) x 1.41

Figure 2: Measured differential cross-section at the dressed level within the extended fiducial region
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Wγ: Agreement with NLO MCFM calculation is not great
Exclusive calculation (Njet =0) looks good
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σ(NNLOapprox)
(pb)

Tevatron 
@ 1.96 TeV

LHC
@ 7 TeV

85% 15%       +0.48     7.46               -0.67

15% 85%           +11.4     164.6                  -15.7

Top Quark Pair Production at Hadron Colliders

92

Top Quark Pair Production at Hadron Colliders

* 

×22

4 × more top  pairs at LHC with 1 fb-1, 
than at the Tevatron with 5 fb-1

(mtop = 172.5 GeV)



Particle Physics in the LH
C

 Era -- Z
urich 2013 --  Joao G

uim
araes          

σ(NNLO)
(pb)

(mtop = 172.5 GeV)

s-channel t-channel Wt-channel

Tevatron 
@ 1.96 TeV

LHC
@ 7 TeV

1.04 ± 0.4     2.26 ± 0.12 0.28 ± 0.06

4.6 ± 0.3       +3.3     64.6               -2.6 15.7 ± 1.4

Electroweak Top Production at Hadron Colliders

93

Not possible at 
Tevatron

Very difficult 
at LHC
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Non-perturbative corrections
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Inclusive jet cross section at 2.76 TeV

95

Uncertainties on NLO pQCD prediction of cross section

Uncertainties on NLO pQCD prediction of cross section ratio

with tune UE7000-2 [67]. The AMBT2B CTEQ6L1 and AMBT1 tunes, which are based on observables

sensitive to the modelling of minimum bias interactions, are included to provide a systematically different

estimate of the underlying event activity.

The NLO pQCD prediction for the cross section ratio also needs corrections for non-perturbative

effects. The same procedure is used to evaluate non-perturbative corrections for the cross section at√
s = 7 TeV using the same series of generator tunes. A ratio of corrections at

√
s = 2.76 TeV and√

s = 7 TeV is calculated for each generator tune. As for the cross section, PYTHIA 6.425 with the

AUET2B CTEQ6L1 tune is used as the central value of the correction factor for the cross section ratio

and the envelope of the correction factors from the other tunes is taken as uncertainty.

6.4 Prediction for the inclusive jet cross section at
√
s= 2.76 TeV

The evaluated relative uncertainties of the NLO pQCD calculation for the inclusive jet cross section at√
s = 2.76 TeV are shown in Figure 1 as a function of the jet pT for representative rapidity bins. In the

central rapidity region, the uncertainties are about 5% for pT ! 100 GeV, increasing to about 15% at the

highest jet pT. In the most forward region, they are 15% at the lowest pT bin and up to 80% at the highest

pT bin. In the higher pT region, the upper bound of the uncertainty is driven by the PDF uncertainty,

while the lower bound and the uncertainty at low pT are dominated by the scale choice.
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Figure 1: The uncertainty on the NLO pQCD prediction of the inclusive jet cross section at
√
s =

2.76 TeV, calculated using NLOJET++ with the CT10 PDF set, for anti-kt jets with R = 0.6 shown

in three representative rapidity bins as a function of the jet pT. In addition to the total uncertainty,

the uncertainties from the scale choice, the PDF set and the strong coupling constant, αS, are shown

separately.

The correction factors for non-perturbative effects and their uncertainties are shown in Figure 2 for

the inclusive jet cross section at
√
s = 2.76 TeV in the central rapidity bin. For jets with R = 0.4, the

correction is about −10% at the lowest pT bin, while for jets with R= 0.6, it is about +20% as a result

of the interplay of the hadronisation and the underlying event for the different jet sizes. In the high pT
region, the corrections are almost unity for the both jet distance parameters, and the uncertainty is on the

level of ±2%.

6.5 Predictions for the cross section ratio

Figure 3(a)-(c) shows the uncertainty of the NLO pQCD calculation of ρ(y,xT) in representative rapidity
bins. They are significantly reduced, compared to the uncertainties of the cross sections, to a level of

6

a few percent in the central rapidity region. The dominant uncertainty is the uncertainty on the renor-

malisation and factorisation scale choice. The NLO pQCD calculation of ρ(y, pT ) has an uncertainty of

below±5% for pT up to 200 GeV in the central rapidity region, as shown in Figure 3(d). The uncertainty

increases for higher jet pT mostly due to the uncertainties on the PDFs, which are below 10% for central

jets. In the forward region, it reaches up to 80% in the highest pT bins, as shown in the Figures 3(e),(f).
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(d) ρ(y, pT), |y|< 0.3
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Figure 3: The uncertainty on the NLO pQCD prediction of the cross section ratio ρ(y,xT) ((a)-(c)) and
ρ(y, pT) ((d)-(f)), calculated using NLOJET++ with the CT10 PDF set, for anti-kt jets with R = 0.6
shown in three representative rapidity bins as a function of the jet xT and of the jet pT, respectively.

In addition to the total uncertainty, the uncertainties from the scale choice, the PDF set and the strong

coupling constant, αS, are shown separately.

Non-perturbative corrections on ρ(y,xT ) show different xT dependence for jets with R = 0.4 and

R= 0.6, as shown in Figure 4(a) and 4(b). Since p7 TeV
T = 7/2.76 · p2.76 TeV

T in the same xT bins (Table 1),

and since the non-perturbative correction is almost flat in the high pT region, the behaviour of ρ(y,xT)
is driven by the corrections for the cross section at

√
s= 2.76 TeV. For jets with R= 0.4, the correction

is −10% in the lowest xT bin. For R = 0.6, the correction in this region has the opposite direction,

increasing the prediction by +10%. The uncertainty in the lowest xT bin for both distance parameters is

∼ ±10%. The non-perturbative corrections on ρ(y, pT ) are shown in Figure 4(c) and (d). They amount

to −10% for jets with R= 0.4 and −25% for jets with R= 0.6 in the lowest pT bins. This is due to the

larger correction factors for the NLO pQCD prediction at
√
s = 7 TeV [30] with respect to

√
s = 2.76

TeV. Corrections obtained from PYTHIA with various tunes are in general within 5% for central jets,

while the non-perturbative corrections from HERWIG++ deviate from the ones of the PYTHIA tunes by

8
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ATLAS-CONF-2012-128
Systematic uncertainties

PDF4LHC Workshop  8th October 2012 -  CERN

M.Sutton - PDF constraints from the ATLAS Collaboration

Systematic uncertainties

• Calorimeter and Jet reconstruction, common to both analyses at 7 TeV and 2.76 TeV
• Jet energy scale (JES) systematics are largely correlated between the two analyses
• Same kinematic binning - y, pT etc, uncertainties are largely dependent on the pT and the y of the 

jets so JES uncertainty will largely cancel between corresponding bins
6

Table 2: Description of the bin-to-bin uncertainty correlation in the measurement of the inclusive jet cross

section at
√
s= 2.76 TeV. Each number corresponds to a nuisance parameter for which the corresponding

uncertainty is fully correlated in jet pT. Bins with the same nuisance parameter are treated as fully

correlated, while bins with different nuisance parameters are uncorrelated. Numbers are assigned to be

the same as in the previous publication [30]. The sources indicated by ui are sources uncorrelated in the

jet pT and y. The correlation to the previous cross section measurement at
√
s= 7 TeV [30] is indicated

in the last column, where full correlation is indicated by a Y and no correlation by a N. The description

of the JES uncertainty sources can be found in Refs. [75,76]. JES14 is a source due to pile-up correction

and is not considered in this measurement. The sources JES6 and JES15 were merged together in the

previous measurement and the sum of the two uncertainties added in quadrature is fully correlated to the

JES6 in the previous measurement, indicated by the symbol ”*” in the table. The nuisance parameter

label 31 is skipped in order to be able to keep the same numbers for corresponding nuisance parameters

in the two jet cross section measurements.

Uncertainty source |y| bins Correlation
0-0.3 0.3-0.8 0.8-1.2 1.2-2.1 2.1-2.8 2.8-3.6 3.6-4.4 to 7 TeV

Trigger efficiency u1 u1 u1 u1 u1 u1 u1 N
Jet reconstruction eff. 83 83 83 83 84 85 86 Y
Jet selection eff. u2 u2 u2 u2 u2 u2 u2 N
JES1: Noise thresholds 1 1 2 3 4 5 6 Y
JES2: Theory UE 7 7 8 9 10 11 12 Y
JES3: Theory showering 13 13 14 15 16 17 18 Y
JES4: Non-closure 19 19 20 21 22 23 24 Y
JES5: Dead material 25 25 26 27 28 29 30 Y
JES6: Forward JES generators 88 88 88 88 88 88 88 *
JES7: E/p response 32 32 33 34 35 36 37 Y
JES8: E/p selection 38 38 39 40 41 42 43 Y
JES9: EM + neutrals 44 44 45 46 47 48 49 Y
JES10: HAD E-scale 50 50 51 52 53 54 55 Y
JES11: High pT 56 56 57 58 59 60 61 Y
JES12: E/p bias 62 62 63 64 65 66 67 Y
JES13: Test-beam bias 68 68 69 70 71 72 73 Y
JES15: Forward JES detector 89 89 89 89 89 89 89 *
Jet energy resolution 76 76 77 78 79 80 81 Y
Jet angle resolution 82 82 82 82 82 82 82 Y
Unfolding: Closure test 74 74 74 74 74 74 74 N
Unfolding: Jet matching 75 75 75 75 75 75 75 N
Luminosity 87 87 87 87 87 87 87 N
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Calorimeter and jet reconstruction common to 
both analyses at 7 TeV and 2.76 TeV

Jet energy scale (JES) systematics are largely correlated 
between the two analyses


