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SM measurements play essential roles in testing our 
current understanding of the laws that govern the 
universe.
1. Measurements of the SM at LHC are looking at unexplored 

territory 
• Testing the validity of SM in challenging & previously unaccessible 

regions 
• High energy, rare processes 
• Difficult modelling: high-order/EW corrections 

• Tune MC generators, constraints PDFs, ... 
2. Constrain, or observe, new physics contributions 

• Rare production processes 
• Processes sensitive to anomalous couplings 

3. Background to all direct searches & Higgs measurements 

SM Physics Measurement

http://context.reverso.net/traduzione/inglese-italiano/laws+that+govern
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Single boson + jets
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Figure 5: Measured cross section for Z + jets as a function of the transverse momentum of the
Z boson for events with at least one jet. Other details are as mentioned in the Fig. 4 caption.

included, the peak of pbal
T is shifted to larger values. The measurement is in good agreement

with NLO MG5 aMC predictions. The slopes of the distributions for the first two jet multiplic-
ities predicted by LO MG5 aMC do not fully describe the data. This observation indicates that
the NLO correction is important for the description of hadronic activity beyond the jet accep-
tance used in this analysis, pT > 30 GeV and |y| > 2.4. An imbalance in the event, i.e. pbal

T not
equal to zero, requires two partons in the final state with one of the two out of the acceptance.
Such events are described with NLO accuracy for the NLO MG5 aMC sample and LO accu-
racy for the two other samples. In the case of the GENEVA simulation, when at least two jets are
required, as in the second plot of Fig. 12, the additional jet must come from parton showering
and this leads to an underestimation of the cross section, as in the case of the jet multiplicity
distribution. When requiring two jets within the acceptance, the NLO MG5 aMC prediction,
which has an effective LO accuracy for this observable, starts to show discrepancies with the
measurement. The estimated theoretical uncertainties cover the observed discrepancies.

The JZB distribution is shown in Figs. 14 and 15 (Tables 18–20) for the inclusive one-jet events,
in the full phase space, and separately for pT(Z) below and above 50 GeV. As expected in the
high-pT(Z) region, i.e. in the high jet multiplicity sample, the distribution is more symmetric.
The NLO MG5 aMC prediction provides a good description of the JZB distribution, while both
GENEVA and LO MG5 aMC predictions do not. This applies to both configurations, JZB < 0
and > 0. This observation indicates that the NLO correction is important for the description
of hadronic activity beyond the jet acceptance used in this analysis.

Differential Z+jet cross sections
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Figure 6: Measured cross section for Z + jets as a function of the transverse momentum of the
first jet. Other details are as mentioned in the Fig. 4 caption.

! GE: shape at low pT(Z) and pT(jet1) 
dependence well modelled

! LO MG5_aMC: significant differences
! NLO MG5_aMC and Z+1@NNLO: NLO 

needed to describe measurement

Z+Jets
arXiv:1804.05252 

arXiv:1804.05252  

High Energ. Phys. (2018) 2018: 77 

Recent single bosons
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(Up to) triple differential γ(+jets)
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Triple differential Drell-Yan

Sensitive to PDFs, 
weak mixing angle

JHEP 12 (2017) 059

submitted to EPJC

W/Z + (jets)

Sensitive to valence quark and 
gluon PDFs at high x 

Precision measurements of [differential] V+Jets production cross sections stringent tests of SM predictions 
• Comparison of the measurements with predictions motivates additional Monte Carlo (MC) generator development and 

improves our understanding of the prediction uncertainties. 
• sensitive to higher order (QCD and EWK effects) 
• sensitive to non perturbative effects (e.g. particle emission, parton shower) 
• also explicitly EWK production mode (VBF, soft QCD modelling) 

https://arxiv.org/abs/1804.05252
https://link.springer.com/article/10.1007%2FJHEP05%282018%29077
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Unique measurement of the triple differential cross section:  
d3σ/dylldmlldcosθCS

 in a wide kinematic range, mll [46,200] GeV and  
yll < 3.6, using √s = 8 TeV ATLAS data. 
• The measurement is designed to be sensitive to both PDFs and sin2θW 
• In the Z-peak region, the data accuracy is better than 0.5% in a 

wide region of | yll | < 1.4. 
• The measurement is used to compute single- and double-

differential dσ/dmll and d2σ/dmlldyll cross sections 
• The results are well described by modified Powheg 

predictions.
• as well as forward-backward asymmetry (AFB):

 5

Triple differential Drell-Yan cross-section
Recent single bosons
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Triple differential Drell-Yan

Sensitive to PDFs, 
weak mixing angle

JHEP 12 (2017) 059

Triple-differential distributions of 
the forward-backward 
asymmetry, AFB, compare with 
the predictions from the inclusive 
NNLOJET calculations using the 
MMHT14 PDF set for sin2θW = 
0.23148. 
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8JHEP 10 (2016) 030

Forward W 

production 

at √s = 8 TeV

Differential cross section as a 

function of ηe is compatible with the 

prediction.

B(We) / B(W) ratio is 

consistent with unity.

JHEP 10 (2016) 030
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LHCb single boson measurement

  

4

LHCb sensitivity to parton density functions

 LHCb offers a complementary phase 
space region with respect to ATLAS 
and CMS for Standard Model tests in 
electroweak sector:

– Cross-section measurements of 
W and Z production in the forward 
acceptance.

– Access to Parton Distribution 
Functions (PDFs) in regions of 
known high-x and unexplored 
low-x partons. PDFs parametrized 
as 

 We aim at precise measurement of 
fundamental parameters of the SM: the 
electroweak mixing angle, the W mass 
etc.

Q
2=M

2
,x1,2=

M

√s
e

±y

Differential cross-section measurements of  W and Z production in 
the forward acceptance.

Access to PDFs in regions of known high-x and unexplored low-x 
partons. 

  

5

Forward Z production at √s = 13 TeV

Event selection, Z��,�ee

 2 < 
l
 < 4.5,       Pl

T�
> 20 GeV

● 60 < M(l+l-) < 120 GeV

JHEP 09 (2016) 136

(Z��l+l- = 194.3 ± 0.9 ± 3.3 ± 7.6 pb
Uncertainties: statistics, systematic, luminosity

LHCb offers a complementary phase space region with respect to 
ATLAS and CMS for Standard Model tests in electroweak sector
sin2θW measurement with √s = 7, 8 TeV Z→μμ events
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Figure 3. Difference between the χ2 and the minimum χ2 obtained by comparing the final
AFB(mµµ) measurements in data to Apred

FB calculated using values of sin2θeffW ranging from 0.22
to 0.24, indicated by the crosses on the plot. A quadratic fit is used to determine the minimum
value for sin2θeffW and the corresponding uncertainty, and is shown for the different centre-of-mass
energies and the combination. The black dashed horizontal line corresponds to one unit of χ2 from
the minimum and the intersecting sin2θeffW for the combination are indicated by the vertical red
dashed lines.

fractions as those in data. The values of AFB from the pseudoexperiments are fitted to

the prediction, and the spread of the measured sin2θeffW values agrees with the uncertainties

in the values of the 7 and 8 TeV samples. A combination of these results, taking into

account the correlation between systematic uncertainties for each centre-of-mass energy as

well as the invariant mass bins, is obtained by calculating the full covariance matrix for

the statistical, systematic and theoretical uncertainties. This yields

sin2θeffW = 0.23142± 0.00073± 0.00052± 0.00056,

where the first uncertainty is statistical, the second systematic and the third theoretical.

A comparison between the sin2θeffW result obtained here and those from other experi-

ments is shown in figure 4. The LHCb result agrees well with the world average and is one

of the most precise measurements from hadron colliders.

6 Conclusions

The forward-backward asymmetry for the process qq̄ → Z → µ+µ− as a function of the

dimuon invariant mass is measured with the LHCb detector using proton proton collision

data collected at centre-of-mass energies of
√
s = 7 and 8TeV. The measurements are

performed in the Collins-Soper frame, using muons with pT > 20 GeV and 2.0 < η < 4.5

with a combined invariant mass 60 < mµµ < 160 GeV. The forward-backward asymmetry

for each invariant mass bin is measured, together with the statistical and experimental

– 9 –

J.High Energ. Phys. (2015) 2015: 190 

  stat.         sys.          PDF
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Precision physics 

From(GFITTER(2018(

CERN#EP#seminar,##17/07/2018# D.#Froidevaux# 3#

Precision(tests(of(the(EW(sector(

Full(EW(fit:(sin2θleff(=(0.23150(±(0.00006((
Indirect(determina<on(from(EW(fit:(sin2θleff(=(0.23149(±(0.00007((

Lepton(collider(average((LEP/SLC):(sin2θleff(=(0.23152(±(0.00016((

Tests of the consistency of the EW sector 
in the SM through higher precision 
measurements of its fundamental 
parameters (sin2θW and mW) it is one 
of the goal of LHC physics program. 

• This requires specific efforts in the 
experimental community and the 
theory community 
- using high |yll| events to enhance 
sensitivity to weak mixing angle  
- validate use of improved Born 
approximation at the LHC for 
precision Z physics.  
- precision DY measurements require 
ultimate performance of detector for 
electrons/muons and hadronic recoil  
- low-µ runs in 2017/2018 to measure 
precisely pT

W  
- improve theoretical predictions and 
uncertainty estimates for pT

W/pT
Z 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CMS effective mixing angle extraction
Submitted to Eur. Phys. J. C  arXiv:1806.00863

Effective leptonic 
weak mixing angle

• Exploit forward-backward asymmetry 
(AFB) in Drell-Yan ee/µµ events
✦ Fit mass (Tevatron) or mass & rapidity (CMS) 

dependence of observed AFB to SM 
predictions as function of sin2θeff

lept 
✦ Extract from angular coefficient A4 (ATLAS) 

in mass/rapidity bins

6

5

uncertainty on the AFB measurement. To reduce this
dependence, an additional correction, α(q, η, S), to the
muon momentum is applied to the data and MC sepa-
rately. This factor is determined by requiring the mean
of the Mµµ distribution over the full mass range in each
(q, η, S) region to be consistent with the corresponding
nominal value obtained from a generator-level MC sam-
ple after applying the same kinematic and acceptance
cuts as those applied to the data. After the calibration,
the mean values of Mµµ in data and MC are consistent
to within statistical fluctuations. The additional calibra-
tion, together with the D0 muon calibration and resolu-
tion smearing procedure [13], reduces not only the q-η-S
dependence, but also the potential effect from an imper-
fect modeling on the final state radiation in the pythia

generator. The residual difference between data and MC
Mµµ mean values is propagated to the uncertainty of the
weak mixing angle measurement.
Additional corrections and reweightings are applied to

the MC simulation to improve the agreement with da-
ta. The ratio between the MC and data efficiencies for
the muon identification is measured using the tag-and-
probe method [13] and applied to the MC distributions
as a function of muon η. The simulation is further cor-
rected for higher-order effects not included in pythia by
reweighting the MC events at the generator level in two
dimensions (pT and rapidity y of the Z boson) to match
resbos [18] predictions. In addition, next-to-next-to-
leading order QCD corrections are applied as a function
of Z boson mass [18, 19].
The sign of the track matched to the muon is used

to determine the charge of the muon and to classify the
event as forward or backward. The charge misidentifi-
cation rate measured in the data is smaller than 0.4%.
Since the opposite charge sign requirement is applied in
the event selection, the probability of both muons charges
to be misidentified, thus transforming a forward event in-
to a backward event or vice versa, is negligibly small.
Background is suppressed by the strict requirements

on the muon tracks. The main remaining contribution
is from multijet events, in which jets are misidentified as
muons, and is estimated from data by selecting events
with reversed muon isolation cuts in order to study the
shape of the mass distribution of multijet events. The
normalization of the multijet background is assumed to
be same as that of the selected same sign events af-
ter correcting for the presence of the misidentified sig-
nal events and the additional background contributions
described below. The W+jets background is generated
using alpgen [20] interfaced to pythia for showering
and hadronization. The Z/γ∗ → ττ , di-boson and tt̄
backgrounds, are estimated using pythia. In the dimuon
mass range used for the effective weak mixing angle mea-
surement, the multijet background is 0.68%± 0.68%. An
100% uncertainty is used to safely cover the bias due to
corrections for the misidentified signal events. The sum

of theW+jets, Z/γ∗ → ττ , di-boson (WW andWZ) and
tt̄ background is 0.20%±0.05%, where the uncertainty is
mainly from cross sections of the physics backgrounds.
The effective weak mixing angle is extracted from the

background-subtracted AFB spectrum by comparing the
data to simulated AFB templates corresponding to differ-
ent input values of the weak mixing angle. The effective
weak mixing angle parameter, here denoted as sin2 θpW ,
corresponds to the input parameter in the calculation
from the leading order pythia generator. Higher order
corrections are used to convert sin2 θpW to sin2 θℓeff [21].
The templates are obtained by reweighting the two-
dimensional distribution of the Z boson mass and cos θ∗

at the generator level to different sin2 θpW pythia predic-
tions. The background-subtracted AFB distribution and
pythia predictions are shown in Fig. 1.
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FIG. 1: (color online). Comparison between the AFB distri-
butions in the background-subtracted data and the MC with
different sin2 θpW values in the pythia generator. The χ2 cor-
responds to the MC with the best fit value of sin2 θpW . The
uncertainties are statistical only.

The uncertainties on the fitted sin2 θpW , listed in Ta-
ble I, are dominated by the limited size of the data sam-
ple. The systematic uncertainties due to muon momen-
tum calibration and resolution smearing, the estimation
of the backgrounds and the efficiency scale factors are
themselves also dominated by the limited data samples.
The PDF uncertainty is obtained as the standard devia-
tion of the distribution of sin2 θpW values given by each of
the equal-weighted PDF sets from NNPDF3.0 [15]. The
best fit is

sin2 θpW = 0.22994± 0.00059 (stat.)±

0.00005 (syst.)± 0.00024 (PDF).

D0 µµ: PRL 120, 241802 (2018)

10

 (GeV)µµm

FBA

0.2−

0

0.2

0.4
| < 0.4y0.0 < | | < 0.8y0.4 < | | < 1.2y0.8 < | | < 1.6y1.2 < | | < 2.0y1.6 < | | < 2.4y2.0 < |

 (8 TeV)-118.8 fbCMS

Data
Fit

 (GeV)µµm

D
at

a 
- F

it

0.05−

0

0.05

70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110

 (GeV)eem

FBA

0.2−

0

0.2

0.4
| < 0.4y0.0 < | | < 0.8y0.4 < | | < 1.2y0.8 < | | < 1.6y1.2 < | | < 2.0y1.6 < | | < 2.4y2.0 < |

 (8 TeV)-119.6 fbCMS

Data
Fit

 (GeV)eem

D
at

a 
- F

it

0.05−

0

0.05

70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110
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sin2θeff
lept -- key SM parameter
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Figure 3: For di↵erent PDF sets, distributions of the predicted angular coe�cient A4 (top), of the di↵erence between
the various predictions and a reference one chosen as the MMHT14 PDF set (middle), and uncertainties in A4 ob-
tained from the di↵erent PDF sets (bottom). The distributions are shown as a function of the dilepton mass m`` (left)
and of the dilepton rapidity y`` (right).

on A4 and on the extracted value of sin2 ✓`e↵ . The impact in the mass sidebands has opposite sign on each345

side of the Z pole, and is typically larger than that in the pole region; however, the sensitivity to sin2 ✓`e↵346

is much lower in the sidebands than in the pole region, and hence the impact of these corrections on the347

measurement itself in the sidebands is small, and is primarily important for the PDF profiling. The impact348

of the corrections on the measurement in the pole region however is substantial, amounting to 25 10�5.349

This number is close to that quoted in Section 2.2 for the specific example shown in Fig. 2.350
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ATLAS-CONF-2018-037

Enhanced sensitivity 
by including forward 
electrons

NEW
@ ICHEP

Using Bayesian Reweighting used for 
equiprobable NNPDF replicas from the 
measured forward-backward asymmetry.

CMS data correspond to 
18.8 and 19.6 fb-1 collected 
@√8 TeV
• Events weights based 

on cosθ*
• Less sensitive to 

acceptance! 
• Smaller statistical 

uncertainty 

(PDF)

https://arxiv.org/abs/1806.00863
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ATLAS effective mixing angle extraction

� PDF uncertainties dominate predictions of A4

� A4 → sin2θeffl : linear parm, varied 
±100x10-5 around 0.23152 (PDG value)

� Predicted A4 vs. sin2θeffl from DYTurbo (fast analytic 
integration NLO QCD+LO EW) corrected with 
tabulated EW corrs derived with per-event weight of 
TauSpinner and EW LO + QCD NLO (POWHEG-BOX)

� θ: systematic variations about nominal
� Dominant uncertainty: PDF

(0.23152)

𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐θ𝐞𝐞𝐞𝐞𝐞𝐞l at √s=8TeV: 
predictions and mapping A4 as 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐θ𝐞𝐞𝐞𝐞𝐞𝐞l

6

e.g. vs mZ

Spread in PDFs

Uncertainty in PDFs

A4

A4

ATLAS-CONF-2018-037

Analysis bin j
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integration NLO QCD+LO EW) corrected with 
tabulated EW corrs derived with per-event weight of 
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Analysis bin j

Effective leptonic 
weak mixing angle

• Exploit forward-backward asymmetry 
(AFB) in Drell-Yan ee/µµ events
✦ Fit mass (Tevatron) or mass & rapidity (CMS) 

dependence of observed AFB to SM 
predictions as function of sin2θeff

lept 
✦ Extract from angular coefficient A4 (ATLAS) 

in mass/rapidity bins

6

5

uncertainty on the AFB measurement. To reduce this
dependence, an additional correction, α(q, η, S), to the
muon momentum is applied to the data and MC sepa-
rately. This factor is determined by requiring the mean
of the Mµµ distribution over the full mass range in each
(q, η, S) region to be consistent with the corresponding
nominal value obtained from a generator-level MC sam-
ple after applying the same kinematic and acceptance
cuts as those applied to the data. After the calibration,
the mean values of Mµµ in data and MC are consistent
to within statistical fluctuations. The additional calibra-
tion, together with the D0 muon calibration and resolu-
tion smearing procedure [13], reduces not only the q-η-S
dependence, but also the potential effect from an imper-
fect modeling on the final state radiation in the pythia

generator. The residual difference between data and MC
Mµµ mean values is propagated to the uncertainty of the
weak mixing angle measurement.
Additional corrections and reweightings are applied to

the MC simulation to improve the agreement with da-
ta. The ratio between the MC and data efficiencies for
the muon identification is measured using the tag-and-
probe method [13] and applied to the MC distributions
as a function of muon η. The simulation is further cor-
rected for higher-order effects not included in pythia by
reweighting the MC events at the generator level in two
dimensions (pT and rapidity y of the Z boson) to match
resbos [18] predictions. In addition, next-to-next-to-
leading order QCD corrections are applied as a function
of Z boson mass [18, 19].
The sign of the track matched to the muon is used

to determine the charge of the muon and to classify the
event as forward or backward. The charge misidentifi-
cation rate measured in the data is smaller than 0.4%.
Since the opposite charge sign requirement is applied in
the event selection, the probability of both muons charges
to be misidentified, thus transforming a forward event in-
to a backward event or vice versa, is negligibly small.
Background is suppressed by the strict requirements

on the muon tracks. The main remaining contribution
is from multijet events, in which jets are misidentified as
muons, and is estimated from data by selecting events
with reversed muon isolation cuts in order to study the
shape of the mass distribution of multijet events. The
normalization of the multijet background is assumed to
be same as that of the selected same sign events af-
ter correcting for the presence of the misidentified sig-
nal events and the additional background contributions
described below. The W+jets background is generated
using alpgen [20] interfaced to pythia for showering
and hadronization. The Z/γ∗ → ττ , di-boson and tt̄
backgrounds, are estimated using pythia. In the dimuon
mass range used for the effective weak mixing angle mea-
surement, the multijet background is 0.68%± 0.68%. An
100% uncertainty is used to safely cover the bias due to
corrections for the misidentified signal events. The sum

of theW+jets, Z/γ∗ → ττ , di-boson (WW andWZ) and
tt̄ background is 0.20%±0.05%, where the uncertainty is
mainly from cross sections of the physics backgrounds.
The effective weak mixing angle is extracted from the

background-subtracted AFB spectrum by comparing the
data to simulated AFB templates corresponding to differ-
ent input values of the weak mixing angle. The effective
weak mixing angle parameter, here denoted as sin2 θpW ,
corresponds to the input parameter in the calculation
from the leading order pythia generator. Higher order
corrections are used to convert sin2 θpW to sin2 θℓeff [21].
The templates are obtained by reweighting the two-
dimensional distribution of the Z boson mass and cos θ∗

at the generator level to different sin2 θpW pythia predic-
tions. The background-subtracted AFB distribution and
pythia predictions are shown in Fig. 1.
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 = 0.2300W

Pθ2MC sin
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 = 0.2372W

Pθ2MC sin

-1DØ 8.6 fb
/ndof = 1.12χ

FIG. 1: (color online). Comparison between the AFB distri-
butions in the background-subtracted data and the MC with
different sin2 θpW values in the pythia generator. The χ2 cor-
responds to the MC with the best fit value of sin2 θpW . The
uncertainties are statistical only.

The uncertainties on the fitted sin2 θpW , listed in Ta-
ble I, are dominated by the limited size of the data sam-
ple. The systematic uncertainties due to muon momen-
tum calibration and resolution smearing, the estimation
of the backgrounds and the efficiency scale factors are
themselves also dominated by the limited data samples.
The PDF uncertainty is obtained as the standard devia-
tion of the distribution of sin2 θpW values given by each of
the equal-weighted PDF sets from NNPDF3.0 [15]. The
best fit is

sin2 θpW = 0.22994± 0.00059 (stat.)±

0.00005 (syst.)± 0.00024 (PDF).

D0 µµ: PRL 120, 241802 (2018)
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Figure 4: Comparison between data and best-fit AFB distributions in the dimuon (upper) and
dielectron (lower) channels. The best-fit AFB value in each bin is obtained via linear interpola-
tion between two neighboring templates. Here, the templates are based on the central predic-
tion of the NLO NNPDF3.0 PDFs. The error bars represent the statistical uncertainties in the
data.

Submitted to EPJC

sin2θeff
lept -- key SM parameter
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Figure 3: For di↵erent PDF sets, distributions of the predicted angular coe�cient A4 (top), of the di↵erence between
the various predictions and a reference one chosen as the MMHT14 PDF set (middle), and uncertainties in A4 ob-
tained from the di↵erent PDF sets (bottom). The distributions are shown as a function of the dilepton mass m`` (left)
and of the dilepton rapidity y`` (right).

on A4 and on the extracted value of sin2 ✓`e↵ . The impact in the mass sidebands has opposite sign on each345

side of the Z pole, and is typically larger than that in the pole region; however, the sensitivity to sin2 ✓`e↵346

is much lower in the sidebands than in the pole region, and hence the impact of these corrections on the347

measurement itself in the sidebands is small, and is primarily important for the PDF profiling. The impact348

of the corrections on the measurement in the pole region however is substantial, amounting to 25 10�5.349

This number is close to that quoted in Section 2.2 for the specific example shown in Fig. 2.350
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ATLAS-CONF-2018-037

Enhanced sensitivity 
by including forward 
electrons

NEW
@ ICHEP

ATLAS-CONF-2018-037 

• ATLAS extraction is using angular coefficient (Ai) (3 channels: μμ, ee, eeCF at 
8TeV) is technically more challenging than AFB, but some advantages 

• Measurements in full phase space via analytical extrapolation of the spherical 
harmonics.

• Reduced theory uncertainties 
• Constrain experimental/theory systematics trough angular decomposition 
• Possibly more sensitive to NLO EW effects that can break  

harmonic decomposition compared to AFB (but can be accounted for 
with corrections) 

Measurement of the Angular 
coefficient in mll and Yll bins 
simultaneously reduce 
considerably the dominant 
source of experimental 
systematic uncertainties and 
theory unc. arising from PDF

18#

Angular coefficients A0-A7 and AFB

•  Angular(coefficients(encapsulate(all(QCD(produc<on(dynamics(

•  AFB(=(3/8(A4(in(full(phase(space(of(decay(leptons(at(all(orders(

in(QCD(

•  Direct(measurement(of(angular(coefficients(A4(+(A3(leads(to(

measurement(of(sin2qleff((

•  Based(on(effec<ve(linear(rela<on:((

A4(=(a(x(sin2qleff(+(b((

predicted(in(each(measurement(bin(

•  Measurement(based(on:((

•  6M(eeCC(events((0(<(|η|(<(2.5)(

•  7.5M(µµCC(events((0(<(|η|(<(2.5)(

•  1.5M(eeCF(events((

(0(<(|η|(<(2.5(and(2.5(<(|η|(<(4.9)((

Folding(
A4#full#
phase#
space#

A4#fid.#
phase#
space#

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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ATLAS uncertainty breakdown of WMA

Measurement of 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐θ𝐞𝐞𝐞𝐞𝐞𝐞l
at √s=8TeV: measurement - III

� Contributions of the different channels to the measurement of sin2θeffl

� eeCF is most precise though it has only 1.5M events (compared to 13.5M eeCC + μμCC)
� Measurement uncertainty 36 x 10-5

� data stat and PDF uncertainty roughly equal. MC stats next largest uncertainty. 9

(MMHT)

20.2 fb-1

ATLAS-CONF-2018-037

x 10-5

eeCF is most precise channel [ 1.5 M of events (13.5M ee+μμ)
measurement uncertainty 36 x 10-5
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weak mixing angle extraction summary
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Figure 11: Comparison of the measurements of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , presented in this
note to previous measurements at LEP/SLC, at the Tevatron, and at the LHC. The overall LEP-1/SLD average [48]
is represented together with its uncertainty as a vertical band. The ATLAS combined result for all channels is
shown, together with the results for the eeCF channel alone and for the combined eeCC and µµCC channels. This
latter result can be compared directly with the CMS result on the same dataset and has a similar overall accuracy.

PDF set CT10 CT14 MMHT14 NNPDF31
Central value 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements
Total 40 37 36 38
Stat. 21 21 21 21
Syst. 32 31 29 31

Table 13: Results for extracted values of sin2 ✓`e↵ with the global breakdown of their uncertainties, shown for the
four PDF sets considered in this note. The uncertainty values are given in units of 10�5.

7 Conclusions666

This note reports a measurement of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , based on the667

run-1 8 TeV dataset of the ATLAS experiment at the LHC, corresponding to an integrated luminosity668

of 20.2 fb�1. The results are obtained from the combination of 6 million electron and 7.5 million muon669

pairs from Z-boson decays in the central region, complemented by 1.5 million electron pairs with one670

electron in the forward region of the detector, leading to significantly enhanced sensitivity to sin2 ✓`e↵ ,671

compared to a measurement using the central-central channels alone. This measurement extends a previ-672

ous measurement of the full set of angular coe�cients from Z-boson decay by focusing on the A4 angular673

coe�cient, which is the one most sensitive to sin2 ✓`e↵ . The measurement is done separately in coarse674
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Effective leptonic 
weak mixing angle
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µµee+CMS

 0.00060±0.23125 

 0.00086±0.23056 

 0.00053±0.23101 

CDF/D0 combination: PRD 97, 112007 (2018)
D0 µµ: PRL 120, 241802 (2018)
CMS: Submitted to EPJC
ATLAS: ATLAS-CONF-2018-037

For LHC measurements, statistics & PDFs dominant uncertainties

NEW
@ ICHEP

3σ deviation

New analysis techniques, including in-situ PDF 
profiling and categorisation statistical and systematic 
uncertainties are significantly reduced relative to 
previous CMS and ATLAS measurements. 
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Figure 6: Scans of ��
2 as a function of MW (top left), mt (top right), sin2✓`e↵ (middle left), MH (middle
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) (bottom right), under varying conditions. The results of the

fits without and with the measurement of MH as input are shown in grey and blue colours, respectively.
The solid and dotted lines represent the results when including or excluding the theoretical uncertainties.
The data points with uncertainty bars indicate the direct measurements of a given observable.

G-fitter 1803.01853
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The challenges of the W Boson mass at LHC
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• At LO pTl has a Jacobian peak at mW/2, mT has an 
endpoint at mW 

• Method:  
Fit the distribution of pTl and mT using MC 
templates generated with different mW in 16 
category. 
•  mT less sensitive to W boson pT , but more 

sensitive to hadronic recoil resolution
• pTl not directly dependent on recoil, but 

more sensitive to pTW

• Different effects modify the reconstructed pTl 
and mT distributions: 
• Initial and final state radiation (QED); 
• The W boson pTW distribution (QCD); 
• Detector response. 
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W mass @ATLAS strategy

mW measurement strategy

At LO  pTl  has a Jacobian peak at mW/2, 

mT  has an endpoint at mW 

Different effects modify the reconstructed pTl 

and mT distributions: 

 - Initial and final state radiation (QED);

 - The W boson pTW distribution (QCD);

 - Detector response.


Method: 

Fit the distribution of  pTl  and mT using MC 
templates generated with different mW.


- mT less sensitive to W boson pT , but more

    sensitive to hadronic recoil

- pTl  not directly dependent on recoil, but 

more sensitive to pTW

dσ/pTl

Mw/2
pTl

LO :
dσ/dcos!*∝(1+cos2!*)

 5
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W mass measurement with ATLAS
Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV
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2.2 Results 12
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Figure 6: Scans of ��
2 as a function of MW (top left), mt (top right), sin2✓`e↵ (middle left), MH (middle
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(5)
had(M
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Z
) (bottom left) and ↵S(M2

Z
) (bottom right), under varying conditions. The results of the

fits without and with the measurement of MH as input are shown in grey and blue colours, respectively.
The solid and dotted lines represent the results when including or excluding the theoretical uncertainties.
The data points with uncertainty bars indicate the direct measurements of a given observable.
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W mass physics modelling

Physics modelling uncertainties

• QCD uncertainties are evaluated by varying 
parameters of Pythia-8 AZ tune and of the 
NNLO calculation.


• Largest uncertainties on mW from PDF 
variations in NNLO calculation: 13-15 MeV, 
largely anti-correlated between W+ and W- 


• Uncertainties from missing higher-order 
electroweak corrections are small.

 8

QCD uncertainties

Uncertainties on dσ/dpT 
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Physics modeling

Breit-Wigner
NNLO pQCD

Parton Shower

Stefano Camarda 21

Physics modeling

Breit-Wigner
NNLO pQCD

Parton Shower

Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV
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W-boson transverse momentum measurement 
 in low-mu environment  

DRAFT

W -boson charge W
+

W
� Combined

Kinematic distribution p
`
T mT p

`
T mT p

`
T mT

�mW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

Table 1: Systematic uncertainties in the mW measurement due to QCD modelling, for the di�erent kinematic
distributions and W -boson charges. Except for the case of PDFs, the same uncertainties apply to W

+ and W
�. The

fixed-order PDF uncertainty given for the separate W
+ and W

� final states corresponds to the quadrature sum of
the CT10nnlo uncertainty variations; the charge-combined uncertainty also contains a 3.8MeV contribution from
comparing CT10nnlo to CT14 and MMHT2014.

strongly from the Pythia perdiction for p
W
T <5–6 GeV. Control plots in the mW analyses disfavour their92

behaviour, but a precise measurement in proper experimental conditions would be much less ambiguous.93

Replacing the theoretical extrapolation with a direct measurement of the p
W
T distribution would indeed94

be very beneficial: achieving 1% uncertainty in p
W
T bins of 5 GeV would reduce the uncertainty on95

mW by a factor 2. Ideally, this precision should be achieved separately for W
+ and W

� production,96

as the p
W
T distributions di�er for the two processes. A measurement of the ratio of the W

+ and W
�97

pT distributions can by the way be performed with good precision, thanks to the cancelation of most98

experimental systematic uncertainties, and help elucidate the mechanisms at play.99

Methods to achieve the target statistical precision are discussed in Section 3.100
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Figure 1: Left: comparison of the W/Z pT distribution ratio for Pythia and a set of resummed calculations. Right:
uncertainty on the p

W
T distribution assumed for the measurement of mW , and derived using Pythia [1].

2nd October 2017 – 20:43 4

Both ATLAS and CMS 
collected @500 pb-1 of 

data collected with 
low Pileup! fantastic 
opportunity for W 
boson transverse 

momentum 
measurement!

➡A measurement able to resolve 
W pT in bins of 5 GeV with 1% 
uncertainty would provide a 
direct probe of the W/Z pT ratio 

and a crucial experimental input to 
understand this issue

In order to resolve W pT at 5 GeV 
we need to achieve a experimental 
resolution of the Hadronic recoil of 

the same order. 

The modelling of the W/Z pT 

ratio in pp collisions is an open 
issue in QCD: Only (N)LL 

parton shower predictions are 
in agreement with the data, all 
other higher order predictions 
fail to describe the observed 

distributions 

Prospects for pTW measurement
• One of the largest uncertainties comes from 

the QCD modelling of the pTW distribution 


• pTW can be measured directly from recoil, 
provided experimental resolution is good 
enough. 


• For the pileup level of 2011 data (<!>=9)  
"(uT)=13 GeV, not good enough.


• Special runs taken in 2017 at <!>=2


• Lowered calorimeter thresholds and “particle 
flow” reconstruction will further improve the 
recoil reconstruction beyond simple pileup 
reduction


• Target:  measure pTW with ~1% uncertainty in 
5 GeV bins for   pTW<30 GeV


ATL-PHYS-PUB-2017-021

√s =   5 TeV     ∫ L = 280 pb-1 
√s = 13 TeV     ∫ L = 160 pb-1

low-! run

2011
Run-2
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• Another fundamental goal of LHC physics program is to tests of the consistency of the SM 
through direct exploration of the EW symmetry breaking mechanism using 
diboson production. This requires eventually very large datasets and specific efforts from 
the theory community 
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Test consistency of SM: Multi-bosons process

110 Page 44 of 61 Eur. Phys. J. C (2018) 78 :110

Table 13 Results of the mW+ − mW− measurements in the electron
and muon decay channels, and of the combination. The table shows
the statistical uncertainties; the experimental uncertainties, divided into
muon-, electron-, recoil- and background-uncertainties; and the mod-

elling uncertainties, separately for QCD modelling including scale vari-
ations, parton shower and angular coefficients, electroweak corrections,
and PDFs. All uncertainties are given in MeV

Channel mW+ − mW−
[MeV]

Stat. Unc. Muon Unc. Elec. Unc. Recoil Unc. Bckg. Unc. QCD Unc. EW Unc. PDF Unc. Total Unc.

W → eν −29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 30.7

W → µν −28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 33.2

Combined −29.2 12.8 3.3 4.1 1.0 4.5 0.4 0.0 23.9 28.0

 [MeV]Wm
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CDF

D0

+ATLAS W

−ATLAS W

±ATLAS W

ATLAS

Measurement
Stat. Uncertainty
Full Uncertainty

Fig. 28 The measured value of mW is compared to other published
results, including measurements from the LEP experiments ALEPH,
DELPHI, L3 and OPAL [25–28], and from the Tevatron collider exper-
iments CDF and D0 [22,23]. The vertical bands show the statistical
and total uncertainties of the ATLAS measurement, and the horizontal
bands and lines show the statistical and total uncertainties of the other
published results. Measured values of mW for positively and negatively
charged W bosons are also shown

In this process, uncertainties that are anti-correlated
betweenW+ andW− and largely cancel for themW measure-
ment become dominant when measuringmW+−mW− . On the
physics-modelling side, the fixed-order PDF uncertainty and
the parton shower PDF uncertainty give the largest contribu-
tions, while other sources of uncertainty only weakly depend
on charge and tend to cancel. Among the sources of uncer-
tainty related to lepton calibration, the track sagitta correc-
tion dominates in the muon channel, whereas several residual
uncertainties contribute in the electron channel. Most lep-
ton and recoil calibration uncertainties tend to cancel. Back-
ground systematic uncertainties contribute as the Z and mul-
tijet background fractions differ in the W+ and W− channels.
The dominant statistical uncertainties arise from the size of
the data and Monte Carlo signal samples, and of the control
samples used to derive the multijet background.

The mW+ − mW− measurement results are shown in
Table 13 for the electron and muon decay channels, and for
the combination. The electron channel measurement com-
bines six categories (pℓ

T and mT fits in three |ηℓ| bins), while

 [MeV]Wm
80320 80340 80360 80380 80400 80420

LEP Comb. 33 MeV±80376

Tevatron Comb. 16 MeV±80387

LEP+Tevatron 15 MeV±80385

ATLAS 19 MeV±80370

Electroweak Fit 8 MeV±80356

Wm
Stat. Uncertainty
Full Uncertainty

ATLAS

Fig. 29 The present measurement of mW is compared to the SM pre-
diction from the global electroweak fit [16] updated using recent mea-
surements of the top-quark and Higgs-boson masses, mt = 172.84 ±
0.70 GeV [122] and mH = 125.09 ± 0.24 GeV [123], and to the com-
bined values of mW measured at LEP [124] and at the Tevatron col-
lider [24]

the muon channel has four |ηℓ| bins and eight categories in
total. The fully combined result is

mW+ − mW− = −29.2 ± 12.8(stat.)

± 7.0(exp. syst.)

± 23.9(mod. syst.) MeV

= −29.2 ± 28.0 MeV,

where the first uncertainty is statistical, the second corre-
sponds to the experimental systematic uncertainty, and the
third to the physics-modelling systematic uncertainty.

12 Discussion and conclusions

This paper reports a measurement of the W -boson mass with
the ATLAS detector, obtained through template fits to the
kinematic properties of decay leptons in the electron and
muon decay channels. The measurement is based on proton–
proton collision data recorded in 2011 at a centre-of-mass
energy of

√
s = 7 TeV at the LHC, and corresponding to an

integrated luminosity of 4.6 fb−1. The measurement relies

123

EPJC 78 (2018) 110EW measurements
• W/Z/γ: high-statistics samples to 

extract SM parameters & test self-
consistency
✦ W boson mass
✦ Weak mixing angle

• Multi-bosons: sensitive probe 
of BSM gauge interactions
✦ Measure cross sections 

✦ Probe anomalous triple/quartic 
gauge couplings (aTGC, QGC)

✦ Study vector-boson scattering
(VBS) processes

4

1 Introduction

The study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron
Collider (LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available
energies. Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp
collisions at a center-of-mass energy of

p
s = 13 TeV, ZZ production is dominated by quark–antiquark

(qq) interactions, with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3].
The production of ZZ in association with two electroweakly produced jets, denoted EW-ZZ j j, includes
the rare ZZ weak-boson scattering process. Study of ZZ production in association with jets is an important
step in searching for ZZ weak-boson scattering, which has so far not been experimentally observed by
itself.

q

q

Z

Z

(a)

g

g

Z

Z

(b)

Z, W±

q0

q

q000

Z

Z

q00

(c)

W±
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q000

Z

Z

q00

(d)

Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8–11] and it is sensitive to anomalous triple gauge couplings
(aTGCs) of neutral gauge bosons, which are not allowed in the SM [12]. The SM does not have tree-level
vertices coupling three neutral gauge bosons (ZZZ, ZZ�), because these would violate the underlying
SU(2)L ⇥ U(1)Y symmetry. However, these couplings exist in some extensions of the SM, enhancing the
ZZ production cross section in regions where the energy scale of the interaction is high.

An example Feynman diagram of ZZ production via aTGC is shown in Figure 2.
Integrated and di↵erential ZZ production cross sections were previously measured at

p
s = 7 and 8 TeV

by the ATLAS and CMS collaborations [13–16] and found to be consistent with SM predictions. The
integrated pp ! ZZ ! `+`�`0+`0� cross section at

p
s = 13 TeV was recently measured by the ATLAS

2

Z/�⇤

q

q

Z

Z

Figure 2: Example Feynman diagram of ZZ production containing an aTGC vertex, here indicated by a red dot,
which is forbidden in the SM.

[17] and CMS [18] collaborations, each analyzing data corresponding to an integrated luminosity of about
3 fb�1. Searches for aTGCs were previously performed at lower center-of-mass energies by ATLAS [15],
CMS [14, 19], D0 [20], and by the LEP experiments [21]. This paper represents an extension of the
ATLAS measurement, using a total of 36.1 ± 1.1 fb�1 of data collected with the ATLAS detector in the
years 2015 and 2016.

In this analysis, candidate events are reconstructed in the fully leptonic ZZ ! `+`�`0+`0� decay channel
where ` and `0 can be an electron or a muon. Throughout this analysis, “Z boson” refers to the superposi-
tion of a Z boson and a virtual photon in the mass range from 66 GeV to 116 GeV, as these are not strictly
distinguishable when decaying to charged leptons. A fiducial phase space is defined, reflecting both the
acceptance of the ATLAS detector [22, 23] and the selections imposed on the reconstructed leptons in
this analysis. Both the integrated and di↵erential cross sections are measured, the latter with respect to
20 di↵erent observables. Ten of these directly measure the jet activity in the events. The observed event
yields are unfolded to the fiducial phase space using simulated samples to model the detector e↵ects.
The integrated cross sections are inclusive with respect to jet production. For easier comparison to other
measurements, the integrated fiducial cross sections determined in di↵erent leptonic channels are com-
bined and extrapolated to a total phase space and to all Z boson decay modes. A search for aTGCs is
performed by looking for deviations of the data from the SM predictions at high values of the transverse
momentum of the leading-pT Z boson, which is one of the observables most sensitive to the energy scale
of the interaction.1

Di↵erential fiducial cross sections are measured with respect to the following observables:

• Transverse momentum of the four-lepton system, pT, 4`;

• Absolute rapidity of the four-lepton system, |y4`|;

• Separation in azimuthal angle between the two Z boson candidates, ��
�
Z1,Z2

�
, defined such that it

lies in the interval [0, ⇡];

• Absolute di↵erence in rapidity between the two Z boson candidates, |�y
�
Z1,Z2

�
|;

• Transverse momentum of the leading-pT and the subleading-pT Z boson candidates, pT,Z1
and

pT,Z2
;

• Transverse momentum of each of the four leptons;

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector and
the z-axis along the beam pipe. The x-axis points to the center of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity is
defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)]. Transverse momentum pT is the projection of momentum onto the
transverse plane.
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Abstract A study ofW±Z production in proton-proton
collisions at

√
s = 7 TeV is presented using data cor-

responding to an integrated luminosity of 4.6 fb−1 col-
lected with the ATLAS detector at the Large Hadron
Collider in 2011. In total, 317 candidates, with a back-
ground expectation of 68 ± 10 events, are observed in
double-leptonic decay final states with electrons, muons
and missing transverse momentum. The total cross-
section is determined to be σtot

WZ = 19.0+1.4
−1.3(stat.) ±

0.9(syst.)± 0.4(lumi.) pb, consistent with the Standard
Model expectation of 17.6+1.1

−1.0 pb. Limits on anoma-
lous triple gauge boson couplings are derived using the
transverse momentum spectrum of Z bosons in the se-
lected events. The cross-section is also presented as a
function of Z boson transverse momentum and diboson
invariant mass.

1 Introduction

The underlying structure of electroweak interactions in
the Standard Model (SM) is the non-abelian SU(2)L×
U(1)Y gauge group. This model has been very success-
ful in describing measurements to date. Properties of
electroweak gauge bosons such as their masses and cou-
plings to fermions have been precisely measured at LEP,
the Tevatron and SLD [1]. However, triple gauge boson
couplings (TGCs) predicted by this theory have not yet
been determined with a similar precision.

In the SM, the TGC vertex is completely deter-
mined by the electroweak gauge structure and so a pre-
cise measurement of this vertex, for example through
the analysis of diboson production at the Large Hadron
Collider (LHC), tests the gauge symmetry and probes
for possible new phenomena involving gauge bosons.
Anomalous TGCs, deviating from gauge constraints,
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q
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q̄′ Z

q W

q̄′ Z

q W

Fig. 1 The SM tree-level Feynman diagrams for W±Z pro-
duction through the s-, t-, and u-channel exchanges in qq̄′

interactions at hadron colliders.

may enhance theW±Z production cross-section at high
diboson invariant masses. The cross-section can also be
enhanced by the production of new particles decaying
into W±Z pairs, such as those predicted in supersym-
metric models with an extended Higgs sector and mod-
els with extra vector bosons [2].

At the LHC, W±Z diboson production arises pre-
dominantly from quark-antiquark initial states at lead-
ing order (LO) and quark-gluon initial states at next-to-
leading order (NLO) [3]. Figure 1 shows the LO Feyn-
man diagrams for W±Z production from qq̄′ initial
states. Only the s-channel diagram has a TGC vertex
and is hence the only channel to contribute to potential
anomalous coupling behaviour of gauge bosons.

In proton-proton (pp) collisions at a centre-of-mass
energy

√
s = 7 TeV, the SM cross-section for W±Z

production is predicted at NLO to be 17.6+1.1
−1.0 pb. This

has been computed for 66 < mℓℓ < 116 GeV, wheremℓℓ

is the invariant mass of the dilepton system from the Z
boson decay, using MCFM [4] with the CT10 [5] par-
ton distribution functions (PDFs). The uncertainty on
the prediction comes from the PDF uncertainties, eval-
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Fig. 1 The SM tree-level Feynman diagrams for W±Z pro-
duction through the s-, t-, and u-channel exchanges in qq̄′

interactions at hadron colliders.

may enhance theW±Z production cross-section at high
diboson invariant masses. The cross-section can also be
enhanced by the production of new particles decaying
into W±Z pairs, such as those predicted in supersym-
metric models with an extended Higgs sector and mod-
els with extra vector bosons [2].

At the LHC, W±Z diboson production arises pre-
dominantly from quark-antiquark initial states at lead-
ing order (LO) and quark-gluon initial states at next-to-
leading order (NLO) [3]. Figure 1 shows the LO Feyn-
man diagrams for W±Z production from qq̄′ initial
states. Only the s-channel diagram has a TGC vertex
and is hence the only channel to contribute to potential
anomalous coupling behaviour of gauge bosons.

In proton-proton (pp) collisions at a centre-of-mass
energy

√
s = 7 TeV, the SM cross-section for W±Z

production is predicted at NLO to be 17.6+1.1
−1.0 pb. This

has been computed for 66 < mℓℓ < 116 GeV, wheremℓℓ

is the invariant mass of the dilepton system from the Z
boson decay, using MCFM [4] with the CT10 [5] par-
ton distribution functions (PDFs). The uncertainty on
the prediction comes from the PDF uncertainties, eval-

• Multi-bosons production at LHC:
• Measure cross-section of process predicted by SM 

but never observed before
• EW and QCD higher order corrections are very 

important ! 
• Sensitive probe of BSM gauge iterations.
• Probe anomalous triple/quartic gauge couplings 

(aTGC,QGC)

• Study vector-boson scattering (VBS) processes
• Key test of EWSB 
• Sensitive to anomalous QGC 
• Enhanced in beyond-SM scenarios (e.g. modified 

Higgs sector or new resonances) 
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What about predictions?  
Same-sign WW process is the only diboson process to-date for which NLO 
(EW and QCD) corrections have been computed. (PhysRevLett.118.261801)
Main impact of improved calculation arises from NLO EW corrections 
which are negative and correspond to ≈ 20% reduction of the fiducial cross 
section:  
σLO

fid = 1.64 fb with ≈ 10% uncertainty  
σNLO

fid = 1.36 fb with ≈ 2% uncertainty 
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Observation of same-sign WWjj

16

Higgs boson needed to restore unitarity of the WW scattering cross-section.  
→ Higgs boson leads to strong suppression via gauge cancellation of individual EW diagrams.
→ Part of electroweak symmetry breaking studies.

pp → W+/- W+/- jet jet process: 

-Large electroweak cross-section fraction (s
EW

/s
QCD

).

 and a strong background suppression. 
     

Significance:

6.9s (4.6s) obs (exp)

New

Di-jet mass

ATLAS-CONF-2018-030

jet jet

jet jet

Fiducial cross-
section:

• Higgs boson needed to restore unitarity of the WW scattering cross-
section. 

• Higgs boson leads to strong suppression via gauge cancellation of 
individual EW diagrams. → Fundamental piece of electroweak 
symmetry breaking studies. 

• pp → W+/- W+/- jj process: 
Large electroweak cross-section fraction (σ

EW
/σ

QCD
) and a strong 

background suppression. 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261801
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• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)
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1st observation @ CMS in 2017
(5.5σ observed, 5.7σ expected)
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2 jets w. large rapidity 
separation

Observation @ ATLAS
(6.9σ observed, 4.6σ expected)

measured/SM 
= 0.90±0.22

PRL 120 (2018) 081801
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σ(fid)~4 fb

Observation @ ATLAS (6.9σ observed, 4.6σ 
expected (Sherpa)) 
Same-sign WW :  
Fiducial cross sections at LO for same-sign 
WWjj EW process: 
Sherpa v2.2.2: 2.0 ± 0.3 fb  
Powheg+Pythia8: 3.1 ± 0.5 fb
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P�����B��+P�����8. Statistical uncertainties in the measured value are depicted as a checked orange band while
the combined statistical and experimental uncertainty is shown as a light orange band. The theoretical uncertainties
from the scale dependence are depicted as a dashed blue band while the total theoretical uncertainties which includes
uncertainties in the PDF and parton shower model are depicted by a light blue band. The theoretical predictions
include neither the interference of W±W± j j electroweak and strong production (arXiv:1803.07943), nor the NLO
electroweak corrections (JHEP 10 (2017) 124).
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Figure 1: The m j j distribution for events passing all selection criteria of the signal region. Signal and background
distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainty added in quadrature. The backgrounds from V� production and electron charge misreconstruction are
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In conclusion, W±W± j j electroweak production is observed in 36.1 fb�1 of pp collision data recorded atp
s = 13 TeV by the ATLAS detector at the LHC, with the background-only hypothesis rejected with a

significance of 6.9�. The fiducial cross section of this process is measured to be �fid = 2.91+0.51
�0.47 (stat.)±

0.27 (sys.) fb.
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background is not negligible for dielectron events. An
invariant mass veto, jmll −mZj > 15 GeV, is imposed for
e!e! events. The Drell-Yan background is further reduced
by requiring pmiss

T > 40 GeV.
A WZ → 3lν control region is defined by requiring an

additional identified lepton with pT > 10 GeV and an
opposite-sign same-flavor lepton pair with an invariant
mass consistent with that of the Z boson. The background
contribution from charge misidentification is estimated by
applying a data-to-simulation efficiency correction to
charge misidentified electrons in bins of η. The charge
misidentification rate, estimated using Drell-Yan events, is
between about 0.01% in the barrel region and about 0.3% in
the end cap region for electrons.
The nonprompt lepton backgrounds originating from

leptonic decays of heavy quarks, hadrons misidentified as
leptons, and electrons from photon conversions are sup-
pressed by the identification and isolation requirements
imposed on electrons and muons. The remaining contribu-
tion from the nonprompt lepton background is estimated
directly from data following the technique described in
Ref. [11]. All other background processes are estimated
from simulation applying corrections to account for small
differences between data and simulation, as described below.
The lepton trigger, reconstruction, and selection efficien-

cies are measured using Drell-Yan events that provide an
unbiased sample with high purity. The estimated uncertainty
is less than 2%per lepton. The jet energy scale and resolution
uncertainties give rise to an uncertainty in the yields of up to
7%. The uncertainty in the estimated event yields related to
the top quark veto is evaluated by using a Z=γ" → lþ l−

sample with at least two reconstructed jets and is 3% or
smaller. The statistical uncertainty due to the finite size of
each simulated sample is also taken into account. The
uncertainty of 2.5% in the integrated luminosity determi-
nation [28] is considered for all processes estimated from
simulation and for the fiducial cross section. The normali-
zation of the processes with misidentified leptons is esti-
mated with a systematic uncertainty of 30%. The WZ
background normalization uncertainty is 20%–40%, domi-
nated by the statistical uncertainty arising from the small
number of events in the trilepton control region. Theoretical
uncertainties are estimated by varying simultaneously the
renormalization and factorization scales up and down by a
factor of 2 from their nominal value in each event, and,
depending on kinematic region, are up to 12% for the signal
normalization and 20% for the triboson background nor-
malization. The interference between the EW signal and the
QCD-induced same-signW boson production background is
estimated using the PHANTOM 1.2.8 generator [29] and is
treated as a systematic uncertainty of 4.5% in the signal yield.
An uncertainty in the parton distribution function contributes
5% to the signal times acceptance [30].
The simulated signal and background yields, as well as

the observed data yields, are shown in Table I. See

Supplemental Material [31], which includes Ref. [32] for
a table with more detailed results. The two dominant
sources of background events arise from nonprompt lep-
tons and the WZ process. The distributions of mjj and mll
in the signal region are shown in Fig. 2. An excess of events
with respect to the background-only hypothesis is
observed. In order to quantify the significance of the
observation of the EW production of same-sign W boson
pairs, a statistical analysis of the event yields is performed
with a fit to the (mjj,mll) two-dimensional distributions.
The fit is performed simultaneously in the signal region and
in theWZ control region, although only themjj distribution
is used in the latter region. The aim of using theWZ control
region is to determine the number of WZ background
events in the signal region as a function of mjj. The lepton
flavor is not used to separate event samples. The EW signal
yield and the WZ background normalization are free
parameters of the fit. All background contributions can
vary within the estimated uncertainties. The data excess is
quantified by calculating the p value using a profile
likelihood ratio test statistic [33–35]. The observed
(expected) statistical significance of the signal is 5.5 (5.7)
standard deviations. The ratio of measured signal event yield
to that expected from the SM is 0.90! 0.22.
The cross section is extracted in a fiducial signal region,

defined using MC generator quantities by requiring two
same-sign leptons fromW boson decayswithpl

T > 20 GeV
and jηlj < 2.5, two jets with pj

T > 30 GeV and jηjj < 5.0,
mjj > 500 GeV, and jΔηjjj > 2.5. In this definition, the
leptons are defined at particle level postfinal state radiation
and W → τν → lννν decays are excluded. The measured
cross section is corrected for the acceptance in this region
using the MADGRAPH5_aMC@NLO generator, which is also
used to estimate the theoretical cross section at LO. The
fiducial cross section is measured to be σfidðW!W!jjÞ ¼
3.83! 0.66 ðstatÞ ! 0.35 ðsystÞ fb. The predicted theoreti-
cal cross section at LO is 4.25! 0.27 fb, in agreement with
the measurement. The uncertainty in the theoretical cross

TABLE I. Estimated signal and background yields after the
selection. The statistical and systematic uncertainties are added in
quadrature. The processes contributing to less than 1% of the total
background are not listed, but included in the total background
yield.

Data 201

Signal þ total background 205! 13
Signal 66.9! 2.4
Total background 138! 13
Nonprompt 88! 13
WZ 25.1! 1.1
QCD WW 4.8! 0.4
Wγ 8.3! 1.6
Triboson 5.8! 0.8
Wrong sign 5.2! 1.1
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Observation @CMS in 2017 (5.5σ observed, 
5.7σ expected) 
Measured fiducial cross section:  
 
 
in agreement with LO prediction: 
MADGRAPH5_aMC@NLO: 4.25 ± 0.27fb 

σ(fid)~4 fb 
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1st observation @ ATLAS
(5.6σ observed, 3.3σ expected)

characteristic signature: 
2 jets w. large rapidity 
separation

Search @ CMS
(1.9σ observed, 2.7σ expected)

1. Introduction 1

1 Introduction

The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2

S
). This class of processes is referred to as QCD-induced WZjj

production (or QCD WZ), and is distinguishable from the EW-induced component via kine-
matic variables.
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-

• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)
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σ(fid)~1 fb

WZjj EW σfid: 0.57±14(stat)±0.05(sys)± 0.04(th.) fb 
What about predictions? 

Sherpa v2.2.2: 0.32 ± 0.03 fb 
Only LO predictions exist for WZjj EW production. 

• higher-order calculations of diboson EW production, 
existing to-date only for same-sign WW EW production

• 1st observation + differential 
measurements of EW processes in the 
WZ final state 
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leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.
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leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-
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The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-
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The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-
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The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-
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The discovery of a scalar boson with couplings consistent with the standard model (SM) Higgs
boson by the ATLAS and CMS collaborations [1, 2] provides evidence that the W and Z bosons
acquire mass through the Higgs mechanism. Given the mass of the Higgs boson, the couplings
of the massive vector bosons to the Higgs and their triple and quartic self-interactions are ex-
actly predicted in the SM. Physics beyond the standard model (BSM) in the electroweak (EW)
sector is expected to include interactions with the Higgs and vector bosons, modifying their
effective couplings. Characterizing the self-interactions of the vector bosons is thus of great
importance.

The total WZ production cross section in proton–proton collisions has been measured in the
leptonic decay modes by the CMS and ATLAS collaboration at 7, 8 and 13 TeV [3–6], and limits
on anomalous triple gauge couplings were presented in Refs. [4, 6]. Constraints on anomalous
quartic gauge couplings (aQGC) were presented by the ATLAS collaboration at 8 TeV [6]. At the
LHC, quartic WZ interactions are accessible through triple vector boson production or through
vector boson scattering (VBS), in which vector bosons are radiated from the incoming quarks
before interacting. These interactions include WZ quartic couplings, as shown in Fig. 1 (a).
Vector boson scattering processes form a distinct experimental signature characterized by two
forward and high momentum jets in addition to the vector bosons. They are part of an im-
portant subclass of processes contributing to WZ plus two jet (WZjj) production that proceeds
entirely via the EW interaction at tree level, O(a4

), which we refer to as EW-induced WZjj pro-
duction, or simply EW WZ production. An additional contribution to the WZjj state proceeds
via QCD radiation of partons from the incoming quark or gluon lines, shown in Fig. 1 (b), lead-
ing to contributions at O(a2a2
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Figure 1: Representative Feynman diagrams for WZjj production in the SM and BSM. EW-
induced WZ production includes quartic interactions (a) of the vector bosons. This is distin-
guishable from QCD-induced production (b) through kinematic variables. New physics in the
EW sector modifying the quartic coupling can be parameterized in terms of dimension-eight
effective field theory operators (c). Specific models modifying this interaction include those
predicting charged Higgs bosons (d).

This measurement selects events with exactly three leptons, moderate missing transverse mo-
mentum, and two jets at high pseudorapidity with large dijet system invariant mass. These
kinematic selections are used to distinguish the EW-induced WZjj component from the dom-
inant QCD-induced process, which is considered as background. Measurements of EW WZ
production and the total WZjj production cross section in a phase space with enhanced contri-
butions from EW processes, without separating by production mechanism, are presented.

An excess of events with respect to the SM prediction could indicate contributions from addi-
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].

Approaching sensitivity 
to EW ZZ @ CMS

(2.7σ excess, 1.6σ expected)
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Figure 2: Distribution of the dijet pseudorapidity separation (left) and dijet invariant mass
(right) for events passing the ZZjj selection, which requires mjj > 100 GeV. Points represent
the data, filled histograms the expected signal and background contributions. No data beyond
|Dhjj| > 7 (left) and mjj > 1600 GeV (right) is observed.

The determination of the signal strength for the EW production, i.e., the ratio of the mea-
sured cross section to the SM expectation µ = s/sSM, employs a multivariate discriminant
to optimally separate the signal and the QCD background. The scikit-learn framework [49]
is used to train and optimize a boosted decision tree (BDT) on simulated events to exploit
the kinematic differences between the EW signal and the QCD background. Seven observ-
ables are used in the BDT, including mjj, |Dhjj|, mZZ, as well as the Zeppenfeld variables [8]
h⇤

Zi
= hZi

� (hjet 1 + hjet 2)/2 of the two Z bosons, and the ratio between the pT of the tagging
jet system and the scalar pT sum of the tagging jets. The BDT also exploits the event balance
Rp

hard
T , which is defined as the transverse component of the vector sum of the Z bosons and

tagging jets momenta, normalized to the scalar pT sum of the same objects [50].

A total of 36 discriminating variables including observables sensitive to parton emissions be-
tween the tagging jets, the production and decay angles of the leptons, Z bosons, and tagging
jets as well as quark-gluon tagging information are considered in the BDT training. Observ-
ables that do not improve the area under the signal-versus-background efficiency curve (AUC)
are removed from the BDT. The observables sensitive to extra parton emissions provide lit-
tle marginal AUC increase and are not retained because of the limited modelling accuracy in
the simulation. The tunable hyper-parameters of the BDT training algorithm are optimized
via a grid-search algorithm. Finally, the BDT performance is checked using a matrix element
approach [51–53] that provides a similar separation between the signal and background pro-
cesses.

To validate the modeling of the backgrounds in the search, a QCD-enriched control region is
defined by selecting events with mjj < 400 GeV or |Dhjj| < 2.4. Good agreement is observed
between the data and SM expectation in this control region, as shown in Fig. 3 (left). The
classifier output distribution for all events in the ZZjj selection including the high signal purity
contribution at large BDT output values is shown in Fig. 3 (right).

The BDT distribution of the events in the ZZjj selection is used to extract the significance of
the EW signal via a maximum-likelihood fit. The expected distributions for the signal and
the irreducible backgrounds are taken from the simulation while the reducible background is
estimated from the data. The shape and normalization of each distribution are allowed to vary
in the fit within the respective uncertainties. This approach constrains the yield of the QCD-
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characteristic signature: 
2 jets w. large rapidity 
separation

• Vector-boson scattering (VBS) processes
✦ Key test of EWSB
✦ Sensitive to anomalous QGC

• Enhanced in beyond-SM scenarios (e.g. 
modified Higgs sector or new resonances)
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].

Approaching sensitivity 
to EW ZZ @ CMS

(2.7σ excess, 1.6σ expected)

8 7 Search for EW ZZjj production
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Figure 2: Distribution of the dijet pseudorapidity separation (left) and dijet invariant mass
(right) for events passing the ZZjj selection, which requires mjj > 100 GeV. Points represent
the data, filled histograms the expected signal and background contributions. No data beyond
|Dhjj| > 7 (left) and mjj > 1600 GeV (right) is observed.

The determination of the signal strength for the EW production, i.e., the ratio of the mea-
sured cross section to the SM expectation µ = s/sSM, employs a multivariate discriminant
to optimally separate the signal and the QCD background. The scikit-learn framework [49]
is used to train and optimize a boosted decision tree (BDT) on simulated events to exploit
the kinematic differences between the EW signal and the QCD background. Seven observ-
ables are used in the BDT, including mjj, |Dhjj|, mZZ, as well as the Zeppenfeld variables [8]
h⇤

Zi
= hZi

� (hjet 1 + hjet 2)/2 of the two Z bosons, and the ratio between the pT of the tagging
jet system and the scalar pT sum of the tagging jets. The BDT also exploits the event balance
Rp

hard
T , which is defined as the transverse component of the vector sum of the Z bosons and

tagging jets momenta, normalized to the scalar pT sum of the same objects [50].

A total of 36 discriminating variables including observables sensitive to parton emissions be-
tween the tagging jets, the production and decay angles of the leptons, Z bosons, and tagging
jets as well as quark-gluon tagging information are considered in the BDT training. Observ-
ables that do not improve the area under the signal-versus-background efficiency curve (AUC)
are removed from the BDT. The observables sensitive to extra parton emissions provide lit-
tle marginal AUC increase and are not retained because of the limited modelling accuracy in
the simulation. The tunable hyper-parameters of the BDT training algorithm are optimized
via a grid-search algorithm. Finally, the BDT performance is checked using a matrix element
approach [51–53] that provides a similar separation between the signal and background pro-
cesses.

To validate the modeling of the backgrounds in the search, a QCD-enriched control region is
defined by selecting events with mjj < 400 GeV or |Dhjj| < 2.4. Good agreement is observed
between the data and SM expectation in this control region, as shown in Fig. 3 (left). The
classifier output distribution for all events in the ZZjj selection including the high signal purity
contribution at large BDT output values is shown in Fig. 3 (right).

The BDT distribution of the events in the ZZjj selection is used to extract the significance of
the EW signal via a maximum-likelihood fit. The expected distributions for the signal and
the irreducible backgrounds are taken from the simulation while the reducible background is
estimated from the data. The shape and normalization of each distribution are allowed to vary
in the fit within the respective uncertainties. This approach constrains the yield of the QCD-
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latest WZ final state results
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Figure 7: The decay angles cos ✓`,W (Z ) of negatively (positively for W+) charged leptons produced in the decay of
the W (Z) boson as seen in the W (Z) rest frame with respect to the direction of the W Z centre-of-mass frame.

observable using this reconstruction of the neutrino momentum, a “transverse helicity” observable intro-492

duced in Ref. [91] was tested, but a similar or lower sensitivity for the measurement of the f0 helicity493

fraction for W was obtained, so it was not pursued further.494

For the polarisation measurements, all four decay channels, eee, eµµ, µee, and µµµ, are added together.495

The measurements of W and Z boson polarisation are performed separately for W±Z , W+Z and W�Z496

events. To allow the datasets of both W boson charges to be combined for the measurement in W±Z497

events, cos ✓`,W is multiplied by the sign of the lepton charge q`. Figures 9(a) and (b) present the recon-498

structed distributions for W±Z events of q` · cos ✓`,W for the W bosons and of cos ✓`,Z for Z bosons. The499

MC predictions provide a good description of the shapes of the data distributions.500

The helicity parameters f0 and fL� fR are measured in W±Z events separately for W and Z bosons using501

a binned profile-likelihood fit [92] of templates of the three helicity states to the q` · cos ✓`,W and cos ✓`,Z502

distributions. The q` · cos ✓`,W and cos ✓`,Z distributions for each of the three helicity states of the W and503

Z bosons are extracted from the Powheg+PythiaMC sample by reweighing it in the total phase space to504

the angular distributions expected from each polarisation state [91]. The equation f0+ fR+ fL = 1 is used505

to constrain the independent parameters of the fit to f0, fL � fR and the integrated fiducial cross section.506

The three helicity templates are corrected in the fit for detector e�ciencies and QED final-state radiation507

e↵ects. The measured helicity fractions are thus reported for a fiducial phase space as defined in Section 3508

but using leptons at the Born level. Experimental systematic e↵ects detailed in Section 9 are considered509

and treated as nuisance parameters with an assumed Gaussian distribution. Theoretical systematic uncer-510

tainties due to the modelling in the event generator used to evaluate the helicity templates are considered.511

The e↵ects of PDF and QCD scale uncertainties are estimated as detailed in Section 9. An additional512

modelling uncertainty is considered and estimated by comparing predictions from the Powheg+Pythia513

and MC@NLO MC event generators for the shape of helicity template distributions.514

11.2 Results515

The final measurements of f0 and fL � fR are summarised in Table 5 where they are compared to the pre-516

dictions from Powheg+Pythia. The Powheg+PythiaMC sample was generated at LO in the electroweak517

formalism using the Gµ scheme. This choice impacts the predicted fL � fR values which depend on the518
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• Measurements in EW sectors are keys in 
continuing testing the SM & searching for 
new physics.

• Outstanding SM results using LHC Run1 data but vey 
impressing new results using LHC Run2 data @13TEV!
• Approaching LEP single experiment sensitivity for weak 

mixing angle measurement 
• First LHC measurement of  W mass reach an accuracy of 

20 MeV 
• On the road of detailed vector-boson scattering studies in 

different channel
• Great potential in the future !
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impact of LHC data on modern global pdf fits
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.
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!
 NNPDF3.1 NNLO: includes jet data using NNLO 

evolution and NLO matrix elements, with scale 
variations as additional TH systematic error!

 The jet pT is always used as central scale choice!

 Also tried variants where ATLAS and CMS 2011 7 
TeV data included using exact NNLO theory!

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

 Only central bin of ATLAS data included - the large 
χ2  once all bins are included remains there once exact 
NNLO theory is used

Figure 55: Left: comparison of the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the
Z pT , top quark, or inclusive jet data have been removed. Right: same, now comparing with the NNPDF3.1 NNLO
fit where the ATLAS and CMS 7 TeV inclusive jet data have been treated using exact NNLO theory, from [169].

It is worth emphasising that until recently, the gluon at large-x was only constrained in the PDF fit by
inclusive jet production data, and to a lesser extent by DIS data via scaling violations. However, there are
now at least three datasets available with which constrain the large-x gluon, namely inclusive jets, the pT
distribution of Z bosons, and top quark di↵erential distributions. In all cases, NNLO calculations are now
available. To illustrate the robustness of the resulting gluon, in Fig. 55 (Left) we show a comparison of
the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the Z pT , top quark,
or inclusive jet data have been removed. We observe that the four fits agree within PDF uncertainties,
highlighting that these three families of processes have statistically consistent pulls on the large-x gluon.

Another consideration that is relevant for the determination of the large-x gluon in a PDF analysis are
the settings for the theoretical calculations used for the inclusive jet cross sections. Until 2016, only the
NLO calculation was available, and di↵erent groups treated jet data in di↵erent ways, either adding the
NLO scale errors as additional systematic uncertainties as in CT14 and NNPDF3.1, using the threshold
approximation to the full NNLO result as in MMHT14, or excluding jet data altogether as advocated by

106

NNPDF3.1

effect of  LHC jet+top+ZPt

EPJ C77 (2017), 663

global pdf fitters actively including LHC 
data from ATLAS, CMS and LHCb

many measurements shown in this talk 
are yet to be included

much more still to come…

MMHT

EPJ C78 (2018), 248
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• profiling exercise to study impact of ATLAS inclusive W,Z 

(4.6 pb-1) differential cross sections on global pdf fits

strange pdf

dv

improved valence; enhanced strange, consistent with ATLAS QCD fit
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LHC data has extensive and growing portfolio of pdf-sensitive 
measurements. 
measurements of same process at different CM energies, and 
ratio measurements (EG. of different processes, or same 
process at different energies) with partially cancelling 
systematics can provide significant pdf constraints 
NNLO QCD calculations available for important physics 
processes – developments in grid technology (APPLfast) mean 
these data should be useable in rigorous NNLO pdf fits in the 
near future
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constraining PDFs with LHC data
impact of LHC data on modern global pdf fits
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.
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!
 NNPDF3.1 NNLO: includes jet data using NNLO 

evolution and NLO matrix elements, with scale 
variations as additional TH systematic error!

 The jet pT is always used as central scale choice!

 Also tried variants where ATLAS and CMS 2011 7 
TeV data included using exact NNLO theory!

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

 Only central bin of ATLAS data included - the large 
χ2  once all bins are included remains there once exact 
NNLO theory is used

Figure 55: Left: comparison of the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the
Z pT , top quark, or inclusive jet data have been removed. Right: same, now comparing with the NNPDF3.1 NNLO
fit where the ATLAS and CMS 7 TeV inclusive jet data have been treated using exact NNLO theory, from [169].

It is worth emphasising that until recently, the gluon at large-x was only constrained in the PDF fit by
inclusive jet production data, and to a lesser extent by DIS data via scaling violations. However, there are
now at least three datasets available with which constrain the large-x gluon, namely inclusive jets, the pT
distribution of Z bosons, and top quark di↵erential distributions. In all cases, NNLO calculations are now
available. To illustrate the robustness of the resulting gluon, in Fig. 55 (Left) we show a comparison of
the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the Z pT , top quark,
or inclusive jet data have been removed. We observe that the four fits agree within PDF uncertainties,
highlighting that these three families of processes have statistically consistent pulls on the large-x gluon.

Another consideration that is relevant for the determination of the large-x gluon in a PDF analysis are
the settings for the theoretical calculations used for the inclusive jet cross sections. Until 2016, only the
NLO calculation was available, and di↵erent groups treated jet data in di↵erent ways, either adding the
NLO scale errors as additional systematic uncertainties as in CT14 and NNPDF3.1, using the threshold
approximation to the full NNLO result as in MMHT14, or excluding jet data altogether as advocated by
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NNPDF3.1

effect of  LHC jet+top+ZPt

EPJ C77 (2017), 663

global pdf fitters actively including LHC 
data from ATLAS, CMS and LHCb

many measurements shown in this talk 
are yet to be included

much more still to come…

MMHT

EPJ C78 (2018), 248

a strange story

7

EPJ C77 (2017) 367

consistent with previous ATLAS results
PRL 109 (2012) 012001 (W,Z inclusive, 36 pb-1)

JHEP05 (2014) 068 (W+c analysis)
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Figure 31: Determination of the relative strange-to-down sea quark fractions rs (left) and Rs (right). Bands: Present
result and its uncertainty contributions from experimental data, QCD fit, and theoretical uncertainties, see text;
Closed symbols with horizontal error bars: predictions from di↵erent NNLO PDF sets; Open square: previous
ATLAS result [38]. The ratios are calculated at the initial scale Q2

0 = 1.9 GeV2 and at x = 0.023 corresponding to
the point of largest sensitivity at central rapidity of the ATLAS data.

• To test the sensitivity to assumptions about the low-x behaviour of the light-quark sea, the constraint
on ū = d̄ as x ! 0 is removed by allowing Ad̄ and Bd̄ to vary independently from the respective
Aū and Bū. The resulting ū is compatible with d̄ within uncertainties of ' 8% at x ⇠ 0.001 and Q2

0,
while s + s̄ is found to be unsuppressed with rs = 1.16.

• The ATLAS-epWZ16 PDF set results in a slightly negative central value of xd̄�xū at x ⇠ 0.1, which
with large uncertainties is compatible with zero. This result is about two standard deviations below
the determination from E866 fixed-target Drell–Yan data [137] according to which xd̄ � xū ⇠ 0.04
at x ⇠ 0.1. It has been suggested that the ATLAS parameterization forces a too small xd̄ distribution
if the strange-quark PDF is unsuppressed [135]. However, the E866 observation is made at x ⇠ 0.1,
while the ATLAS W, Z data have the largest constraining power at x ⇠ 0.023. For a cross-check, the
E866 cross-section data was added to the QCD fit with predictions computed at NLO QCD. In this
fit xd̄ � xū is enhanced and nevertheless the strange-quark distribution is found to be unsuppressed
with rs near unity.

• Separate analyses of the electron and muon data give results about one standard deviation above
and below the result using their combination. If the W± and Z-peak data are used without the Z/�⇤

data at lower and higher m``, a value of rs = 1.23 is found with a relative experimental uncertainty
almost the same as in the nominal fit.

• A suppressed strange-quark PDF may be enforced by fixing rs = 0.5 and setting Cs̄ = Cd̄. The total
�2 obtained this way is 1503, which is 182 units higher than the fit allowing these two parameters to
be free. The ATLAS partial �2 increases from 108 units to 226 units for the 61 degrees of freedom.
A particularly large increase is observed for the Z-peak data, where �2/n.d.f. = 53/12 is found for
a fit with suppressed strangeness.

A final estimate of uncertainties is performed with regard to choosing the renormalization and factor-
ization scales in the calculation of the Drell–Yan cross sections. The central fit is performed using the
dilepton and W masses, m`` and mW , as default scale choices. Conventionally both scales are varied by
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A strange conundrum
 In most PDF fits, strangeness suppressed wrt up and down quark sea due to neutrino dimuon data

 On the other hand, recent collider data, in particular the ATLAS W,Z 2011 rapidity distributions, prefer 
instead a symmetric strange quark sea

Thorne, DIS2017

 The new ATLAS data can be accommodated in the global fits, and i) indeed it increases strangeness, but 
not as much as in  a collider-only fit, and ii) some tension remains between neutrino and collider data

≈ 0.5 (from neutrino, CMS W+c)

≈ 1.0 (from ATLAS W,Z)

Juan Rojo                                                                                                               POETIC8, Regensburg, 19/03/2018
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strange quark

(following HERAPDF ansatz; xFitter framework)
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diffractive and inelastic cross-section
Energy Dependence of UE Activity

Current results are compared with those
@ 1.96 TeV (CDF) & 7 TeV (CMS)
60–80% rise from 1.96 TeV to 7 TeV æ
Simulations predict a slower rise with

Ô
s

25–30% rise from 7 TeV to 13 TeV æ
Best described by Powheg+pythia8 &
powheg+herwig++

Upper cut on pµµ
T

æ UE activity mainly
from MPI
Better description: powheg+pythia8
powheg+herwig++ overestimates the
data
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1802.02613

The measured cross sectons are smaller 
than those predicted by the majority of 

models for hadron-hadron scatering.

 -6.6 < η < -3.0
   M

X
 > 4.1 GeV

 +3.0 < η < +5.2
    M

Y
 > 13 GeV

HF only

HF and CASTOR

arXiv: 1802.02613 

(arXiv:1711.04299) 

Phys. Lett. B 761 (2016) 158-178: Elastic pp → pp at 8 TeV

Energy evolution of σtot and σel

Elastic cross section from the nuclear part
of the integrated fit function

Energy evolution ofnuclear slope B
Very good agreement with TOTEM
measurement

ATLAS: σtot = 96.07 ± 0.92 mb B = 19.74 ± 0.19 GeV−2

TOTEM: σtot = 101.7 ± 2.9 mb B = 19.9 ± 0.3 GeV−2

Our measurement is 5.63 mb smaller than TOTEM’s

Corresponds to 1.9 σ, assuming uncorrelated uncertainties

7

Phys. Lett. B 761 (2016) 158-17 



L. Aperio Bella    29

D.#Froidevaux# 13#CERN#EP#seminar,##17/07/2018#

First(measurement(of(W/Z(polarisa<on(in(diboson(processes(
•  Helicity(frac<ons(f0((longitudinal(polarisa<on)(and(fL/fR((transverse(polarisa<on)(
•  Evidence(for(longitudinally(polarised(Ws(at(4.2σ((3.8σ(expected)(
•  Theory(predic<ons(are(LO(EW(with(sin2θW(=(0.23152((PDG(2016)(((
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•  Examples(of(differen<al(distribu<ons(for(WZ(EW(signal(region:((
Δyjj((leo)(and(mjj((right),(compared(to(Sherpa(predic<ons(rescaled(to(their(postEfit(
values.(

D.#Froidevaux# 11#CERN#EP#seminar,##17/07/2018#

Observa<on(of(WZ(EW(process(



L. Aperio Bella    31

W mass measurement with ATLAS
Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV

Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV

Comparison with previous results and SM
• The ATLAS measurement has the same precision of 

the previous most-precise single measurement (CDF) 
and is consistent with previous result.


• Word Combination uncertainty varies between 11 and 
14 MeV, depending on assumed correlation between 
ATLAS and Tevatron. PDG assumes 7 MeV of 
correlated uncertainty (J. Erler, Moriond 2017). A detailed 
study of this correlation (mainly PDFs) would be very 
important.


• Good agreement with predicted mW from SM EWK fit.

 16

Gfitter Group arXiv:1803.01853

PDG, April 2017
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Z VBF

Electroweak Z+2 jets

14

arXiv:1712.09814

   EWK Z + 2 Jets
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Gap veto efficiency: fraction of 
events with a measured gap activity 
below a given threshold
! Data disfavour background only 

predictions
! Bkg+Signal model with Herwig 

does much better at low gap 
activity values 

! Limits on anomalous trilinear 
gauge couplings

! No evidence for aTGC is 
found. The most stringent 
constraints on cWWW to 
date are extracted  

Physics Letters B 775 (2017) 206 Properties of EW Zjj signal events: 
well-separated jets in rapidity with large 
mjj, and central decay of Z boson 
suppressed color flow in the region 
between the two jets (low hadronic 
activity in the rapidity interval)

Simultaneous fit of EW and 
QCD component in the signal 

and control regions 

arXiv:1712.09814 

https://www.sciencedirect.com/science/article/pii/S0370269317308523

