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Introduction
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To this end, we really need to study the scattering of massive vector bosons

The SM Higgs boson is the most economic solution to restore unitarity 
We found a Higgs boson: is it fully or partially responsible for EWSB?

Determine EWSB dynamics and look for new physics.

Trilinear and quartic couplings can probe different aspects:
- TGC: Non-abelian gauge structure of the SM

- QGC: Mechanism of spontaneous symmetry breaking
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Electroweak production of a Z boson with di-jets
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VBF Z boson bremsstrahlung

non-resonant lljj

αew4 αew4

EW Z(→ll)jj production defined 
to include all contributions to lljj with a t-channel 

exchange of an EW gauge boson

αew4
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Inclusive Z→ll
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It is “known” that the Z→ll final state is “clean”
Then one would think observing EW Z(→ll)jj is “trivial”
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Electroweak production of a Z boson with di-jets
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strong production

di-boson initiated

αew2αs2

αew4

VBF Z boson bremsstrahlung

non-resonant lljj

αew4 αew4

EW Z(→ll)jj production defined 
to include all contributions to lljj with a t-channel 

exchange of an EW gauge boson

αew4
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Electroweak production of a Z boson with di-jets
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Modeling of EW and strong Zjj (interference neglected): 
Sherpa (Matrix Element ⊕ parton shower) 
Powheg Box (+PYTHIA)
[Diboson contribution (small) through Sherpa]
Overall normalisation to Powheg Zjj NLO prediction

Study Zjj production and “observe” EW Zjj
CMS: 5 fb-1 of 7 TeV data JHEP 10 (2013) 062
ATLAS: 20.3 fb-1 of 8 TeV data JHEP 04 (2014) 031

Jet activity both in terms of kinematics of the events, and as additional 
hadronic activity are crucial to separate EW and strong production
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Pile-up...again...
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Pile-up in jets

● Contributes to energy of reconstructed
  jets (~0.5 GeV / vertex)

● Jets from pile-up interactions

– Use reconstructed tracks to match
jets to the hard-scattering
primary vertex

Jets from pile-up interactions may pass event selection 
→ more background in our search/study

Use reconstructed tracks to associate jets to 
hard-scattering primary vertex



K. Nikolopoulos July 2nd, 2015Vector boson scattering: experimental perspective

Event Selection
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Object baseline high-mass search control high-pT

Leptons |η!| < 2.47, p!T > 25GeV

Dilepton pair 81 ≤ m!! ≤ 101GeV

— p!!T > 20GeV —

Jets |yj | < 4.4, ∆Rj,! ≥ 0.3

pj1T > 55GeV pj1T > 85GeV

pj2T > 45GeV pj2T > 75GeV

Dijet system — mjj > 1TeV mjj > 250GeV —

Interval jets — Ngap
jet = 0 Ngap

jet ≥ 1 —

Zjj system — pbalanceT < 0.15 pbalance,3T < 0.15 —

Table 1. Summary of the selection criteria that define the fiducial regions. ‘Interval jets’ refer to
the selection criteria applied to the jets that lie in the rapidity interval bounded by the dijet system.

• The normalised transverse-momentum balance between the two leptons and the two

highest transverse momentum jets, pbalanceT , is required to be less than 0.15. The

pbalanceT is defined as

pbalanceT =

∣∣∣"p !1
T + "p !2

T + "p j1
T + "p j2

T

∣∣∣
∣∣∣"p !1
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∣∣∣"p j2

T

∣∣∣
, (6.2)

where "p i
T is the transverse momentum vector of object i, and #1 and #2 label the two

leptons that define the Z-boson candidate.

The tight cut on the dilepton invariant mass is chosen to suppress backgrounds from events

that do not contain a Z-boson. The high-pT requirement on the two leading jets and the

veto on additional jet activity preferentially suppress strong Zjj production with respect

to electroweak Zjj production. The dijet invariant mass criterion removes a large fraction

of diboson events. The pbalanceT and p!!T requirements reduce the impact of those events con-

taining jets that originate from pileup interactions or multiple parton interactions. Events

with poorly measured jets are also removed by the pbalanceT requirement.

The control region criteria are chosen in order to suppress the electroweak Zjj contri-

bution, allowing the theoretical modelling of strong Zjj production to be evaluated. The

selection criteria are similar to the search region, with two modifications: (i) at least one

additional jet with pT > 25GeV must be present in the rapidity interval between the two

leading jets. (ii) the transverse-momentum balancing variable is redefined to use the two

leptons, the two highest transverse momentum jets, and the highest transverse momentum

jet in the rapidity interval bounded by the two leading jets. This variable, pbalance,3T , is

defined in an analogous way to the pbalanceT variable in eq. (6.2), but incorporating the

additional jet in the numerator and denominator.
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Two prong effort:
- Observe EWK Zjj production

- Improve modeling of strong Zjj production

Optimized for EWK 
Zjj observation

Suppress EW and 
enhance strong production
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– 8 –

Fewer selection criteria to 
study Zjj production in 

simpler topologies

JHEP04(2014)031
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Z(→ll)jj: Composition of regions

9

J
H
E
P
0
4
(
2
0
1
4
)
0
3
1

Composition (%)

Process baseline high-pT search control high-mass

Strong Zjj 95.8 94.0 94.7 96.0 85

Electroweak Zjj 1.1 2.1 4.0 1.4 12

WZ and ZZ 1.0 1.3 0.7 1.4 1

tt̄ 1.8 2.2 0.6 1.0 2

Single top 0.1 0.1 < 0.1 < 0.1 < 0.1

Multijet 0.1 0.2 < 0.1 0.2 < 0.1

WW , W+jets < 0.1 < 0.1 < 0.1 < 1.1 < 0.1

Table 2. Process composition (%) for each fiducial region for the combined muon and electron
channels. The strong Zjj, electroweak Zjj, diboson, tt̄, W+jets and tW rates are estimated by
running the analysis chain over MC samples fully simulated in the ATLAS detector. The multijet
background is estimated using a data-driven technique.

unknown jet flavour.6 The uncertainty due to JES is the dominant systematic uncertainty,

ranging from 7.5% in the search region to 19% in the high-mass region. The uncertainty

due to JER is much smaller, ranging from 0.1% in the high-pT region to 5% in the high-

mass region.

The JVF cut removes a fraction of the jets associated with the primary vertex in

addition to the jets originating from pileup interactions. Any mismodelling of the JVF

distribution therefore introduces a possible bias in the shape and normalisation of the

distributions. A systematic uncertainty is determined after repeating the full analysis

using modified JVF cuts that cover possible differences in efficiency between data and

simulation. The JVF cuts are varied by ±0.03 and the uncertainty due to JVF modelling

is found to be between 0.2% and 2.8% in the baseline and control regions, respectively.

Hard jets originating from the additional (pileup) interactions are also reconstructed

in the event and any mismodelling of pileup jets in the simulation is a source of systematic

uncertainty. In the central calorimeter region, the JVF cut removes a large fraction of

these jets. In the forward calorimeter regions (outside the inner detector acceptance), no

track-based cut can be applied to remove these pileup jets. To estimate the impact of a

possible mismodelling of the jets originating from pileup, the analysis is repeated using the

simulated samples after removing pileup jets, defined as those reconstruction-level jets that

are not matched (∆R ≤ 0.3) to a particle-level jet from the hard scattering process with

pT > 10GeV. The effect of pileup on each cross section measurement is then determined

by comparing the reconstruction-level event yield obtained in simulation after applying jet

matching to that obtained with no matching applied. Studies of the central jet transverse

momentum in a pileup-enhanced sample (JVF < 0.1), and the transverse energy density in

the forward region of the detector [52], indicate that the simulation could be mismodelling

the number of pileup jets by up to 35%. The difference between the reconstruction-level

event yields obtained with and without jet matching is therefore scaled by 0.35 and taken

6The jet flavour uncertainty refers to the different calorimeter response for quark-initiated and gluon-

initiated jets.
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Common issue among VBS/VBF type of studies.
Main background arise from strong production of the 

same final state, resulting in poor S/B 
→ Modeling of this contribution is crucial

JHEP04(2014)031
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Z(→ll)jj: Data-MC comparisons
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Overall adequate description of data 
some discrepancies at high jet pT and high mjj JHEP04(2014)031
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Fiducial cross section
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Cross section measurement

● Measure fiducial cross sections in a phase space that closely mimic 
experimental selections (= fiducial regions)

Estimated using full detector simulation
Trigger efficiency
Object reconstruction efficiency
Migration in/out of fiducial phase space

● Fiducial regions includes W decay branching ratios to en, µn
– Efficiency e also corrects for t  → e,µ+X contribution

(~10% of expected signal)

● Cross section measured for each channel and combined
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Cross section measurement

● Measure fiducial cross sections in a phase space that closely mimic 
experimental selections (= fiducial regions)

Estimated using full detector simulation
Trigger efficiency
Object reconstruction efficiency
Migration in/out of fiducial phase space

● Fiducial regions includes W decay branching ratios to en, µn
– Efficiency e also corrects for t  → e,µ+X contribution

(~10% of expected signal)

● Cross section measured for each channel and combined

Measure fiducial cross sections in phase 
space that mimics experimental 

selections (fiducial regions)

Estimated with detector simulation
Accounting for experimental 

effects: trigger efficiencies, object 
reconstruction, e.t.c.

~0.80-0.92 for µµ
~0.64-0.71 for ee

depending on region
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ATLAS NOTE
ATL-PHYS-PUB-2015-013

6th June 2015

Proposal for particle-level object and observable definitions
for use in physics measurements at the LHC

The ATLAS Collaboration

Abstract

Measurements and theory predictions at the Large Hadron Collider become increasingly pre-
cise. This makes it necessary to use observables and definitions in the analyses that allow for
an accurate comparison of theoretical and experimental results. Moreover, measurements
should be defined such that they have a minimal model dependence and that future pre-
dictions can be accurately and unambiguously compared with present results with minimal
prior knowledge of experimental or model-dependent definitions of the final state objects.
A suitable measurement definition is based on the stable particles that enter in the detector
and, when appropriate, on their physical parents. This note proposes a set of definitions for
the most commonly used generator-level particles, based on information available in most
Monte Carlo event generator records, and presents examples of observables derived from
these definitions. The use of particle-level definitions common across experiments and the-
ory, such as those proposed here, would facilitate comparisons and combinations of data
between experiments.

© 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Fiducial cross section
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- “Born leptons” 
leptons “prior to QED Final State Radiation (FSR)”

[ considered at the lowest-order diagram in the αQED for the process under study ]
Here one needs to neglect, e.g., interference effects between initial and final state 

QED radiation in the case of W and Z boson production.

- “Bare” leptons
leptons “after to QED Final State Radiation (FSR)”

Implementation of QED radiation depends in the details of MC generators.

- “Dressed” leptons
A cone or jet algorithm is used to cluster all photons around the bare lepton direction, 

forming a lepton after partial QED radiation recovery.

Usually fiducial cross-sections are reported at the “Dressed” level,
to study of intermediate states (W,Z,etc) the observables are provided at the  “Born” and/or 

“Dressed” levels to facilitate comparison with prediction
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Z(→ll)jj: Fiducial cross sections
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Fiducial region σfid (pb)

baseline 5.88 ± 0.01 (stat) ± 0.62 (syst) ± 0.17 (lumi)

high-pT 1.82 ± 0.01 (stat) ± 0.17 (syst) ± 0.05 (lumi)

high-mass 0.066± 0.001 (stat) ± 0.012 (syst) ± 0.002 (lumi)

search 1.10 ± 0.01 (stat) ± 0.09 (syst) ± 0.03 (lumi)

control 0.447± 0.004 (stat) ± 0.059 (syst) ± 0.013 (lumi)

Table 3. Fiducial cross sections for inclusive Zjj production, measured in the Z → "+"− de-
cay channel.

Fiducial region σtheory (pb)

baseline 6.26 ± 0.06 (stat) +0.50
−0.60 (scale) +0.29

−0.35 (PDF) +0.19
−0.25 (model)

high-pT 1.92 ± 0.02 (stat) +0.17
−0.20 (scale) +0.09

−0.10 (PDF) +0.05
−0.07 (model)

high-mass 0.068± 0.001 (stat) +0.009
−0.009 (scale) +0.004

−0.003 (PDF) +0.004
−0.002 (model)

search 1.23 ± 0.01 (stat) +0.11
−0.13 (scale) +0.06

−0.07 (PDF) +0.03
−0.04 (model)

control 0.444± 0.005 (stat) +0.051
−0.054 (scale) +0.021

−0.025 (PDF) +0.032
−0.034 (model)

Table 4. Theory predictions for inclusive Zjj production cross sections in the Z → "+"− decay
channel. The strong Zjj and electroweak Zjj events are produced using Powheg. A small contri-
bution of ZV events, produced by Sherpa, is also included. The PDF uncertainty is estimated from
the CT10 eigenvectors using the procedure described in ref. [21]. Scale and modelling uncertainties
are each estimated from the envelope of Powheg sample variations discussed in section 4.

with their statistical and systematic uncertainties. Table 4 presents the Powheg prediction

for strong and electroweak Zjj production, combined with the Sherpa prediction for the

small contribution from diboson processes. Uncertainties on the theoretical predictions

are broken down into statistical, scale, PDF and generator modelling uncertainties. Good

agreement between data and theory is observed in all fiducial regions and a summary is

shown in figure 4.

7 Differential distributions of inclusive Zjj production

In this section, inclusive Zjj differential distributions are measured in the five fiducial re-

gions presented in the previous section. The theoretical modelling of strong Zjj production

is therefore confronted in regions with differing sensitivity to the electroweak Zjj compo-

nent. The data are fully corrected for detector effects and are provided in HEPDATA [53]

with full correlation information. The distributions sensitive to the kinematics of the two

tagging jets are:

• 1
σ · dσ

dmjj
: the normalised distribution of the dijet invariant mass of the two leading

jets, mjj .

• 1
σ · dσ

d|∆y| : the normalised distribution of the difference in rapidity between the two

leading jets, |∆y|.
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Statistical 
uncertainty 
negligible

Systematic uncertainty dominant
mostly Jet Energy Scale 

uncertainty 7.5-19%  

e.g. underlying 
event tuning

total uncertainty on 
the predictions

total uncertainty 
on measurement

Now go ahead to study differential distributions in the fiducial regions
Variables sensitive to the kinematics of the di-jet and the color flow



|jjyΔ|
0 1 2 3 4 5 6 7 8 9

Ev
en

ts

5

10

15

20

25

30
 Data 2012
 Syst. Uncertainty

jj Electroweak±W± W
jj Strong±W± W

 Prompt
 Conversions
 Other non-prompt

ATLAS
 = 8 TeVs, -120.3 fb

 > 500 GeVjjm

K. Nikolopoulos July 2nd, 2015Vector boson scattering: experimental perspective

Unfolding (1/3)

14

Often one would like to measure distribution f(x) of quantity x. 
Ideal detector: measure x in each event 
→ obtain f(x) through histogram of measured x
Real detector: 
1) Acceptance [Probability to observe an event is not 1, and depends on x]

2) Transformation [Instead of x, a related quantity y is measured (potential due to non-linear detector response)]

3) Resolution [ Measured y is smeared due to finite resolution. Only statistical relation between variable x and measured quantity y]

Also physics effects, e.g. radiation, hadronization, etc 

g(y) =

Z
R(y, x)f(x)dx

Response function
Determining f(x) given g(y) is called unfolding or deconvolution. 

If R not dominantly diagonal → Maximum Likelihood Estimators give too large variance for 
estimated f(x) to be of any use (statistical fluctuations magnified)

In unfolding one accepts a (small) bias, in exchange for a (large) reduction in variance
Several approaches to overcome this difficulty
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of the Standard Model is preserved [2]. Therefore, VBS comprises the Higgs exchange and Higgs boson206

production vertices as well as triple and quartic gauge boson vertices. The five corresponding Feynman207

diagrams for the VV ! VV process at the LHC where each colliding parton radiates a vector boson are208

shown in Figure 1. The two radiated bosons interact with each other and two new bosons emerge. At209

leading-order (LO), this process has six particles in the final state consisting of the decay products of the210

two final vector bosons as well as two outgoing partons.

+ +

+ +

Figure 1: Feynman diagrams of the vector boson scattering process at the LHC, including triple and
quartic gauge boson vertices as well as the Higgs boson exchange and Higgs boson production vertices
diagrams.

211

Independently, VBS diagrams are not gauge invariant. To ensure gauge invariance, non-VBS pro-212

cesses with the same final state must be included in the analysis. However, from the theoretical point of213

view it is possible to separate the diagrams with this final state in two main groups.214

• the first group, called “VVjj-EW” or electroweak mediated, contains purely electroweak processes215

with sixth-order electroweak coupling ↵EW (O(↵6
EW)) and contains the VBS signal under investi-216

gation. In addition to the scattering diagrams shown in Figure 1, it contains purely electroweak217

processes which give the same final state of two partons and two decaying W bosons. Processes218

with three decaying vector bosons, where one boson decays hadronically and thus create a VVjj219

signature, are also included. These processes are for example VVV and VH production or elec-220

troweak VV radiation. They can be separated gauge invariantly and are suppressed by kinematic221

cuts. Hence, they are not important in the signal region. Figure 2 illustrates the non-VBS VVjj-EW222

processes at the LHC.223

• the second group, called “VVjj-QCD” or QCD mediated, contains all processes with fourth-order224

electroweak coupling and second-order ↵s (O(↵4
EW↵
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Unfolding (2/3)
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0
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p
0

Updated estimate of g(x) in each iteration, stopping criterion (otherwise same issues as with 
MLE) decided a priori. Usually a χ2 estimate of difference wrt previous iteration.
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"
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Iterative unfolding
Initial estimate of the true distribution:
and iteratively update through:

Correction factor method
Estimators with smaller variances, based on multiplicative correction factors derived from MC:

Works well for Ci~1 (i.e. migration is small, smearing effect smaller than bin size) with a bias of : 

Regularized unfolding
Obtain a smooth result around the ML solution

regularization
parameter regularisation function 

(e.g. mean square of 2nd derivatives) 

(optional) 
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unbiased estimate 
of total entries

Ci =
µMC
i

⌫MC
i

bi =

 
µMC
i

⌫MC
i
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!
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µ̂i = Ci(ni � bkgi)

(except if the MC simulation is equivalent to Nature)
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Unfolding (3/3)
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Unfolding not always necessary 
(discovery, limit setting, parameter estimation) 

One can compare measurements and model predictions at the uncorrected distribution level
→ if measurements are reported with expected background, response matrix and 
uncertainties (which is not always practical/feasible)

Unfolding yields an estimate of the distribution we think we have measured and can be 
compared to different measurements (e.g. from different experiments).

Also, could demonstrate features which may not be recognizable in the uncorrected 
distribution (e.g. image reconstruction)

Note: Unfolded distributions come with covariance matrix 
→ needed when testing models
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Z(→ll)jj: Differential distributions
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Both distributions sensitive to the differences between EW and QCD production

Baseline region
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Z(→ll)jj: Differential distributions

18

Search region
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Z(→ll)jj: Jet Veto Efficiency

19

Overall quite good description of the data, 
Sherpa gives better description for variables related to additional jet activity
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Z(→ll)jj: Uncertainties

20

Jet Energy Scale and Resolution uncertainties dominant at high |Δyjj|
Forward region dominate by jet η response 

(studied using pT balance in di-jet event and other techniques)
Theory modeling also more important than data statistics

283rd April 2014 S. Pagan Griso, LBNL

Systematic uncertainties

● Jet energy scale and resolution dominant at high Dy(jj)

● Forward region dominated by jet h response dependence studied 

using di-jet events p
T
 balance (+ other in-situ techniques)

● Theoretical modeling also larger than statistical error

Caveat:Improved for current results
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Extracting the EW Zjj component: Templates

21

To obtain EW Zjj contribution a Maximum Likelihood fit 
is performed in mjj in the search region.

Model
EWK Zjj: Simulation (Sherpa)
Strong Zjj: Simulation (Sherpa) + data-driven
(plus the small diboson/ttbar contributions) 

From baseline region established that strong Zjj 
simulation does not describe well the data. 

Data-driven procedure:
Derive reweighting function is defined Data/MC 
in control region → Apply to simulated 
background template in the search region. 

Constrain generator modeling of mjj with data,
MC used to extrapolate from control to search regions. 

Experimental and theory systematics on the background 
templates are reduced.

(second order polynomial)
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Extracting the EW Zjj component: Template Variations

22

Modeling of mjj for strong Zjj crucial
→ Uncertainty directly impact sensitivity to EW Zjj
A number of tests performed:
- Choice of function.

Use 1st order polynomial instead of 2nd order.
Fitted signal changed <2% 

- Choice of event generator 
Reweight Sherpa to Powheg. 
Powheg much better description of mjj,and reweighting function 
becomes flatter. Result consistent within 0.8%

- Probe dependance on choice of control region
Control region split in various subregions (probing di-jet activity in the 
rapidity interval between the two leading jets). 
Fit result: maximum 5% spread between subregion, probably statistical 
in nature 
(reweighting functions statistically consistent)
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Extracting the EWK Zjj component: Fit
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J
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1

Electron Muon Electron+muon

Data 14248 17938 32186

MC predicted Nbkg 13700± 1200+1400
−1700 18600± 1500+1900

−2300 32600± 2600+3400
−4000

MC predicted NEW 602± 27± 18 731± 29± 22 1333± 50± 40

Fitted Nbkg 13351± 144± 29 17201± 161± 31 30530± 216± 40

Fitted NEW 897± 92± 27 737± 98± 28 1657± 134± 40

Table 5. The number of strong (Nbkg) and electroweak (NEW) Zjj events as predicted by the
MC simulation and obtained from a fit to the data. The number of events in data is also given.
The first and second uncertainties on the fitted yields are due to statistical uncertainties in data
and simulation, respectively. The first and second uncertainties in the MC prediction are the
experimental and theoretical systematic uncertainties, respectively.

channels for the data and for the MC templates before fitting. For the purpose of mea-

suring the fiducial cross section, the yields from the fits to electrons and muons are used.

For the purpose of determining systematic uncertainties on NEW, which are correlated be-

tween the two channels, the fractional shift in the number of events obtained from the fit

combining both channels is used.

8.2 Validation of the control region constraint procedure

The data-driven background constraint derived in the control region is an important com-

ponent of the analysis as it improves the modelling of the background mjj spectrum and

constrains the impact of experimental and theoretical uncertainties. Several cross-checks

are performed to validate the method.

The choice of polynomial used to describe the reweighting function is investigated by

using a first-order polynomial instead of a second-order polynomial. The lower panel of

figure 11(a) shows that both choices of polynomial give very similar reweighting functions

at low mjj and differ only at the highest values of mjj . The change in NEW is less than

2% if the first-order polynomial is used to reweight the background template in place of

the second-order polynomial.

The choice of event generator is examined by reweighting the simulated dijet invariant

mass distribution for strong Zjj production using the ratio of the Powheg and Sherpa

particle-level predictions. This reweighting is carried out in the search and control regions

separately. Powheg has been shown to give a much better description of the data for

the dijet invariant mass in figure 6 for all fiducial regions. The reweighting to Powheg

improves the description of the data in the control region. The data-driven reweighting

function then becomes much flatter and repeating the full analysis procedure with the

new templates produces a result consistent at 0.8% with the analysis based on the Sherpa

samples alone.

The choice of control region is studied by splitting it into six subregions that probe the

additional jet activity in the rapidity interval between the two leading jets. The control
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modelling can affect the correction factor due to differences in the kinematics of final-state

particles. This uncertainty is determined by reweighting the nominal MC simulation such

that the particle-level distributions match those of the dedicated Sherpa model variations

discussed in section 4. This is carried out for all kinematic distributions for which a cut is

made in defining the search region and the resulting uncertainties are added in quadrature.

A breakdown of the uncertainties on the correction factor is given in table 6. The JES and

lepton identification are the largest sources of uncertainty.

For each source of systematic uncertainty, the impact on NEW and CEW is found to

be anti-correlated, and the fractional uncertainty on the measured cross section is there-

fore obtained from a linear combination of the fractional uncertainties on NEW and CEW.

The total systematic uncertainty on the measured cross section is then taken to be the

quadrature sum of the individual sources of systematic uncertainty.

The fiducial cross sections in the electron and muon channels are

σee
EW = 67.2 ± 6.9 (stat)+12.7

−13.4 (syst) ± 1.9 (lumi) fb and

σµµ
EW = 45.6 ± 6.1 (stat) +9.1

−9.6 (syst) ± 1.3 (lumi) fb.

These measurements are consistent at the 1.7σ level, accounting for only those uncertainties

that are uncorrelated between the two channels. The channels are then combined using

a weighted average, with the weight of each channel defined as the squared inverse of the

uncorrelated uncertainties. The combined fiducial cross section is

σEW = 54.7 ± 4.6 (stat)+9.8
−10.4 (syst) ± 1.5 (lumi) fb.

The theoretical prediction from Powheg for the electroweak Zjj cross section is

46.1± 0.2 (stat)+0.3
−0.2 (scale) ± 0.8 (PDF) ± 0.5 (model) fb, which is in good agreement with

the data.

A detector-corrected fiducial cross section for electroweak Zjj production is also de-

termined for the search region with mjj > 1TeV, using the integral of the fitted signal

template. In this region, electroweak production accounts for approximately 35% of the

events. The region at large dijet invariant mass is therefore the part of the spectrum that is

most sensitive to the electroweak Zjj component and the least sensitive to the background

normalisation. The measured cross section for electroweak Zjj production in the search

region with mjj > 1TeV is

σEW (mjj > 1TeV) = 10.7± 0.9 (stat) ± 1.9 (syst) ± 0.3 (lumi) fb,

which is again in good agreement with the theoretical prediction from Powheg,

9.38± 0.05 (stat)+0.15
−0.24 (scale) ± 0.24 (PDF) ± 0.09 (model) fb.

8.5 Estimate of signal significance

The significance of the measurement is estimated using pseudo-experiments. Pseudo-data

are created for the search and control regions from the constrained background templates,

after scaling the simulation such that the integral of the template in the control region
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Powheg EW Zjj

Fiducial cross section measurement for EW Zjj production in the search region:

Observed significance well above 5σ
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Back to QGC
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of the Standard Model is preserved [2]. Therefore, VBS comprises the Higgs exchange and Higgs boson206

production vertices as well as triple and quartic gauge boson vertices. The five corresponding Feynman207

diagrams for the VV ! VV process at the LHC where each colliding parton radiates a vector boson are208

shown in Figure 1. The two radiated bosons interact with each other and two new bosons emerge. At209

leading-order (LO), this process has six particles in the final state consisting of the decay products of the210

two final vector bosons as well as two outgoing partons.

+ +

+ +

Figure 1: Feynman diagrams of the vector boson scattering process at the LHC, including triple and
quartic gauge boson vertices as well as the Higgs boson exchange and Higgs boson production vertices
diagrams.

211

Independently, VBS diagrams are not gauge invariant. To ensure gauge invariance, non-VBS pro-212

cesses with the same final state must be included in the analysis. However, from the theoretical point of213

view it is possible to separate the diagrams with this final state in two main groups.214

• the first group, called “VVjj-EW” or electroweak mediated, contains purely electroweak processes215

with sixth-order electroweak coupling ↵EW (O(↵6
EW)) and contains the VBS signal under investi-216

gation. In addition to the scattering diagrams shown in Figure 1, it contains purely electroweak217

processes which give the same final state of two partons and two decaying W bosons. Processes218

with three decaying vector bosons, where one boson decays hadronically and thus create a VVjj219

signature, are also included. These processes are for example VVV and VH production or elec-220

troweak VV radiation. They can be separated gauge invariantly and are suppressed by kinematic221

cuts. Hence, they are not important in the signal region. Figure 2 illustrates the non-VBS VVjj-EW222

processes at the LHC.223

• the second group, called “VVjj-QCD” or QCD mediated, contains all processes with fourth-order224

electroweak coupling and second-order ↵s (O(↵4
EW↵

2
S )). Such processes are for example quark-225

quark or gluon-gluon scattering plus VV radiation or electroweak VV production plus radiation of226

gluons leading to jets and can be suppressed by topological selection requirements. VVjj-QCD227

processes are considered to be signal in the inclusive analysis region, and a background to VVjj-228

EW in the VBS analysis region. Figure 3 shows some examples for VVjj-QCD processes at the229

LHC.230

• Interference between QCD mediated and electroweak mediated production is expected to be con-231

structive and account for around 6 � 10% of the total cross section in our analysis regions. This is232

studied in Section 3.4.233
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gluons leading to jets and can be suppressed by topological selection requirements. VVjj-QCD227

processes are considered to be signal in the inclusive analysis region, and a background to VVjj-228
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QGC TGC Higgs-mediated
t-channel s-channel

Processes with Quartic Gauge Couplings
• QGC process: process where a QGC vertex contributes

– No reaction is ever mediated by a QGC vertex alone
– Even a gauge-invariant definition of the QGC-alone contribution is not possible! 

• Two classes of QGC processes are measurable:
– Triboson production (WWZ as one example)

– Vector boson scattering/fusion (VBS/VBF)

13

QGC TGC Fermion-mediated Higgs-mediated

QGC TGC Higgs-mediatedFermion-mediated

W

WW

W

W

W W

W

W

W W

W W

W

Z/J Z/J H

May 23, 2014 fermion-mediated

Two classes of processes give rise to VVjj final states:

VVjj-EW (electroweak mediated): exclusively electroweak processes, O(αew6), and contains 
the VBS signal under investigation. 
[processes with three decaying vector bosons, with one V→jj, can be separated gauge invariantly and are suppressed by kinematic 
requirements. Hence, not important in the signal region.]

VVjj-QCD (QCD mediated): contains processes O(αew4αs2) can be suppressed by topological 
selection requirements.
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Leading-order cross-sections calculated at √s=8 TeV using SHERPA 
[2 leptons pT>5 GeV, mll>4 GeV, ≥2 jets pT>10 GeV] 
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+ + ... + + + ...

Figure 2: Non-VBS VVjj-EW processes at the LHC consisting of diagrams with O(↵s) = 0 ⌦O(↵w) = 6
without scattering topology, two examples for diagrams which are not gauge invariantly separable from
the VBS signal (left), and two examples for diagrams with the same order of electroweak coupling but
which can be gauge invariantly separated and suppressed by topological VBS selection criteria (right).

+ + + + ...

Figure 3: Examples for VVjj-QCD background processes at the LHC containing diagrams with
O(↵s) = 2 ⌦ O(↵w) = 4.

Table 1 shows exemplary the leading-order cross-sections calculated at
p

s = 8 TeV using the sherpa234

event generator with the requirement of two generator-level leptons with pT > 5 GeV, the dilepton invari-235

ant mass M`` > 4 GeV, and at least two jets with pT > 10 GeV. The M`` > 4 GeV cut suppresses VBS236

contributions with �⇤ in the final state. The parton distribution function (PDF) cteq6l1, fragmentation237

and renormalization scales µF = µR = 2MW , and GF-scheme are used for the event generation. Because238

there is no LO gluon-gluon initial state present in the same sign W±W± scattering process, the W±W±jj-239

QCD contributions are very small. Therefore, the cross-sections for W±W±jj-EW and W±W±jj-QCD are240

roughly of the same order (19.5 fb and 18.8 fb), however for the other processes the VVjj-QCD cross-241

section is much larger (about 20 - 60 times) than the VVjj-EW cross-section1. E.g. in the opposite-sign242

W±W⌥ channel the W±W⌥jj-EW cross-section amounts to 91.3 fb, whereas the W±W⌥jj-QCD cross-243

section is ⇠30 times higher, i.e. 3030 fb.244

Final state Process VVjj-EW VVjj-QCD

`±⌫`0±⌫0 j j (same sign, arbitrary flavor) W±W± 19.5 fb 18.8 fb
`±⌫`0⌥⌫0 j j (opposite sign) W±W⌥ 91.3 fb 3030 fb
`+`�⌫0⌫0 j j ZZ 2.4 fb 162 fb
`±`⌥`0±⌫0 j j W±Z 30.2 fb 687 fb
`±`⌥`0±`0⌥ j j ZZ 1.5 fb 106 fb

Table 1: Cross sections for electroweak and QCD-mediated production for several di↵erent final states
relevant to VBS at

p
s = 8

The recent discovery of a Higgs boson at the LHC [3] gives a direct handle to study EWSB. However,245

VBS interactions at the LHC have been identified as a promising means for gaining a more thorough un-246

1with M`` > 4 GeV some channels still have a large contribution from the �⇤ (e.g. the ZZjj-QCD/ZZjj-EW ratio is ⇠ 60,
but would lower to ⇠ 30 with a tighter M`` cut)

→ No leading-order gluon-gluon initial state contributions to W±W±jj
→ Only t-channel Higgs exchange contributes to W±W±jj
→ Same-sign WW ensures small SM backgrounds (VV production, ttbar, Z+jets,...)

CMS: 19.4 fb-1 of 8 TeV data, published as PRL 114, 051801 (2015)
ATLAS: 20.3 fb-1 of 8 TeV data, published as PRL 113, 141803 (2014)
EW W±W±jj production interferes with strong W±W±jj O(10%) effect [depends on region] → SHERPA

S/B
~1
~0.03
~0.015
~0.04
~0.014

VVjj-QCD
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PRL 113, 141803 (2014)

Selection: (ATLAS as example)

• Two isolated same-sign leptons (pT>25 GeV, |η|<2.5): e±e±,e±µ±,µ±µ±

• ΜΕΤ>40 GeV
• ≥2 jets with pT>30 GeV and |η|<4.5
• veto 3rd lepton with looser pT/id/isolation requirements (WZ veto)
• |mee-mZ|>10 GeV (Ζ veto)
• reject events with b-tags (ttbar veto)
• mjj>500 GeV (inclusive region)

• mjj>500 GeV and |Δyjj|>2.4 (VBS region)
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Prompt Lepton Backgrounds: 
strong W±W±+jj

• Modeled with SHERPA
WZ/γ*+jets → l±l±l∓v+jets, where on lepton outside acceptance or failing selection

• ~ 90% of the prompt lepton background (20% of that from EWK production)
• Modeled with SHERPA taking into account both strong and EWK production

ZZ+jets and ttbar+W/Z also considered
• Modeled with MadGraph

Double parton scattering contributions (WZ/γ*⊕di-jet) found to be negligible after mjj>500GeV

Conversion backgrounds:
Wγ + jets production, including EWK Wγjj

• Modeled with simulation using ALPGEN (and SHERPA for the EWK component)
• Uncertainty of ±17%

Processes with prompt opposite charge leptons, where charge misidentification occurs
• Main sources ttbar, DY pair production
• Estimated using data

In both cases there is a γ→e+e- conversion involved 

Non-prompt Lepton backgrounds:
• Non-prompt leptons arise from hadron decays in jets 
• W+jets, ttbar, single top, multijet production
• Data-driven from events passing all selections, but a lepton is non-isolated or looser quality



Typical pattern for a mis-measured electron charge

e -e + Many events, in which the 
charge of an isolated prompt

e -

charge of an isolated prompt 
electron is mis-measured, 
show a common pattern: 

l b t hl di ti
γ

early bremsstrahlung radiation 
followed by a conversion.

Tracker x-y view

page 3
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Charge misIdentification

28

Electron charge mis-identification: typically early  bremsstrahlung 
with subsequent conversion to e+e-

To reconstruct an electron the electromagnetic cluster should be 
matched with a track in the inner detector → quality criteria applied 

(charge mis-identification rate reduced - also overall efficiency)

Charge misidentification rate estimated fro Z→ee decays, and then 
applied to events passing selection, but required to be same-charge.

Muon charge misID relates 
to mis-measurement of the 

bending direction.
Relevant for high pT muons
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Material distribution
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373rd April 2014 S. Pagan Griso, LBNL

Constraining material in the ID

● For estimates based on simulation
need to assess material modeling

● Careful estimation of material
established in the beginning...

● ...and refined with collision data

– Particularly important for local
mis-modeling in simulation

● Methods accurate to 5-10% of X
0

● ~1.8M volumes in GEANT simulation

Electron charge mis-identification rates 
sensitive in the amount of material

Simulation-based estimates involving conversions: 
careful assessment/validation of

 detector material needed
→ particularly important for local effects

[also relevant for cases like h→γγ]

Starting point is an as detailed as possible 
geometrical model of the “as-built” detector.

This is sub-sequently refined using collision data 
[γ→e+e-, hadronic interactions, e.t.c.]

Methods precise to the 5-10% level, 
but sensitive to local variations
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Data-driven background estimates
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Background modeling (normalisation/shape) checked in control-regions with similar phase 
space to Signal Region:

• Tri-lepton CR:
• Inverting third lepton veto, removing mjj and |Δyjj| requirements
• Testing modeling of prompt backgrounds

• ≤1jet CR:
• Require at most one jet
• Testing conversion and prompt backgrounds

• b-tag CR:
• Require at least one b-tagged jet
• Testing non-prompt leptons

• Overall validation of background model by inverting mjj

Control Region Trilepton ≤ 1 jet b-tagged Low mjj

e±e± exp. 36 ± 6 278 ± 28 40 ± 6 76 ± 9
data 40 288 46 78

e±µ± exp. 110 ± 18 288 ± 42 75 ± 13 127 ± 16
data 104 328 82 120

µ±µ± exp. 60 ± 10 88 ± 14 25 ± 7 40 ± 6
data 48 101 36 30
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EW W±W±jj→l±νl±νjj: Tri-lepton control region
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PRL 113, 141803 (2014)

Control Region Trilepton ≤ 1 jet b-tagged Low mjj

e±e± exp. 36 ± 6 278 ± 28 40 ± 6 76 ± 9
data 40 288 46 78

e±µ± exp. 110 ± 18 288 ± 42 75 ± 13 127 ± 16
data 104 328 82 120

µ±µ± exp. 60 ± 10 88 ± 14 25 ± 7 40 ± 6
data 48 101 36 30
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EW W±W±jj→l±νl±νjj: ≤1 jet control region
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PRL 113, 141803 (2014)
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EW W±W±jj→l±νl±νjj: b-tag control region
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PRL 113, 141803 (2014)

Control Region Trilepton ≤ 1 jet b-tagged Low mjj

e±e± exp. 36 ± 6 278 ± 28 40 ± 6 76 ± 9
data 40 288 46 78

e±µ± exp. 110 ± 18 288 ± 42 75 ± 13 127 ± 16
data 104 328 82 120

µ±µ± exp. 60 ± 10 88 ± 14 25 ± 7 40 ± 6
data 48 101 36 30
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EW W±W±jj→l±νl±νjj: Putting everything together
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“blinded” signal region

S/B ~0.4 ~0.7 ~1.1

Signal is EWK WWjj
(illustration)
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EW W±W±jj→l±νl±νjj: inclusive signal/validation region
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EW W±W±jj→l±νl±νjj: VBS signal
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S/B ~0.5 ~0.9 ~1.5 almost at the 
h→ZZ→4l level

EW same-charge WW production  
observed at 3.6σ (2.8σ expected)

CMS with a similar analysis got 
EW same-charge WW production  
observed at 1.9σ (2.9σ expected)

[PRL 114,0151801 (2015)]

PRL 113, 141803 (2014)

EW (+interference) 
component only
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Without going into the details of the CMS analysis, it worths noting:
1) structure similar for both experiments (in terms of selections/control regions)
2) similar expected sensitivity (2.8σ vs 2.9σ)
3) background composition differs

- ATLAS: lower non-prompt background component (isolation re-optimization)
- CMS: lower “WZ” component (3rd lepton veto/b-tag veto including soft-µ tag)
- CMS: (much)lower charge mis-identification contribution
- Differences discussed and understood

0.1% and 0.3% for electrons, while it is negligible
for muons.
After the full selection, about 15% of the background is

due to theWZ → 3lν process and about 75% to nonprompt
leptons. Backgrounds from opposite-sign lepton pairs
misreconstructed as same-sign (“wrong-sign background”),
WW production via double parton scattering (DPS), and
triboson production (VVV), which includes top-pair plus
boson processes, contribute less than 10%.
The expected signal and background yields are shown in

Table I for positive and negative pairs separately and for
their sum. The signal corresponds to W!W! production,
including EW and QCD contributions, and their interfer-
ence, which amounts to approximately 10%. The EW
processes constitute 85%–90% of the total signal contri-
bution. The mjj and leading-lepton pT distributions for the
signal and background processes are shown in Fig. 2. In
order to quantify the significance of the observation of the
production via VBS, a statistical analysis of the event yields
is performed in eight bins: four bins in mjj with two bins in
the lepton charge.
The signal efficiencies are estimated using simulated

samples. In the statistical analysis, shape and normalization
uncertainties are considered. The shape uncertainties are
estimated by remaking the distribution of a given observ-
able after considering the systematic variations for each
source of uncertainty. The lepton trigger, reconstruction,
and selection efficiencies are measured using Z=γ" →
lþl− events that provide an unbiased sample with high
purity. The estimated uncertainty is 2% per lepton. The
uncertainties due to the momentum scale for electrons and
muons are also taken into account and contribute 2%. The
jet energy scale and resolution uncertainties give rise to an
uncertainty in the yields of about 5%. The uncertainty in the
event selection efficiency for events with neutrinos yielding
genuine Emiss

T in the final state is assessed and leads to an
uncertainty of 2%. The uncertainty in the estimated event
yields, which is related to the top-quark veto, is evaluated
by using a Z=γ" → lþl− sample with at least two
reconstructed jets and is found to be about 2%. The
statistical uncertainty in the yield of each bin and for each
process is also taken into account. The uncertainty of 2.6%
in the integrated luminosity [31] is considered for all
simulated processes. The normalization of the processes
with misidentified leptons has a 36% systematic uncer-
tainty [26], which has two sources: the dependence on the

sample composition and the method used to estimate it. The
WZ normalization uncertainty is 35%, dominated by the
small number of events in the trilepton control region.
Theoretical uncertainties are estimated by varying the

TABLE I. Signal and background yields after the full selection. Only statistical uncertainties are reported. The signal, W!W!jj,
includes EW and QCD processes and their interference.

Nonprompt WZ VVV Wrong sign WW DPS Total bkg. W!W!jj Data

WþWþ 2.1! 0.6 0.6! 0.1 0.2! 0.1 0.1! 0.1 0.1! 0.1 3.1! 0.6 7.1! 0.1 10
W−W− 2.1! 0.5 0.4! 0.1 0.1! 0.1 $ $ $ $ $ $ 2.6! 0.5 1.8! 0.1 2
W!W! 4.2! 0.8 1.0! 0.1 0.3! 0.1 0.1! 0.1 0.1! 0.1 5.7! 0.8 8.9! 0.1 12
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FIG. 2 (color online). The distributions ofmjj (top) and leading
lepton pT , p

l;max
T , in the signal region (bottom). The hatched bars

include statistical and systematic uncertainties. The WþWþ and
W−W− candidates are combined in these distributions. The
signal, W!W!jj, includes EW and QCD processes and their
interference. The histograms for other backgrounds include the
contributions from wrong-sign events, DPS, and VVV processes.

PRL 114, 051801 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
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A word about b-tagging
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Identifying τ-leptons & Tagging b-jets

• Jets + tracks used to form τhad candidates

➡ energy from MC

➡ energy scale from isolated hadron data

• Analyses presented here use 60% 

working point - selects 60% of τhad

• selects few% of QCD jets and <1% of 

electrons 

• Exploit multivariant techniques to identify b-jets and hadronically decaying τ-leptons

b-jet tagging
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated tt̄ events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV≤ pT < 110 GeV, 110 GeV≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
! bins are 0≤ |! |< 0.6, 0.6 ≤ |! | < 1.2, 1.2 ≤ |! |< 1.8 and 1.8 ≤ |! |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |! |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prelT analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prelT (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in "R(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2

• Uses secondary & subsequent 

vertices along b-hadron line of 

flight

• Analyses presented here use 70% 

working point

➡ selects 70% of b-jets

➡ mistag rate for light jets ~1% 
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4Wednesday, 6 March 2013

cτ = 492 µmNew development: Charm Tagging
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EW W±W±jj→l±νl±νjj: aQGC

39

The two experiments followed different approaches here:
1) ATLAS used the production cross-section as observable to study aQGC

CMS used shape analysis with mll as discriminant
2) Results reported in different parametrizations: 

ATLAS: dim-4 operators (non-linear realization of effective Lagrangian) and unitarization
CMS: dim-8 operators (linear-realization of the effective Lagrangian) and no form factors 

renormalization and factorization scales up and down by a
factor of two from their nominal value in the event, and
found to be 5% for the signal normalization and 50% for the
triboson background normalization. A PDF uncertainty of
6%–8% in the normalization of the signal and WZ
processes is included. The systematic uncertainties of the
background normalizations are taken into account using
log-normal distributions.
The cross section is extracted for a fiducial signal region.

The fiducial region is defined by requiring two same-sign
leptons with pT

l > 10 GeV and jηlj < 2.5, two jets with
pT

j > 20 GeV and jηjj < 5.0, mjj > 300 GeV, and
jΔηjjj > 2.5 and is less stringent than the event selection
for our signal region. The measured cross section is
corrected for the acceptance in this region using the
MADGRAPH MC generator, which is also used to estimate
the theoretical cross section. The acceptance ratio between
the selected signal region and the fiducial region is 36%
considering generator-level jet and lepton properties only.
The overall acceptance times efficiency is 7.9%.
The MADGRAPH prediction of the same-sign W-boson

pair cross section is corrected by a next-to-leading
order to leading-order cross section ratio estimated using
VBFNLO [32–34]. The fiducial cross section is found to be
σfidðW"W"jjÞ ¼ 4.0þ2.4

−2.0ðstatÞþ1.1
−1.0ðsystÞ fb with an expect-

ation of 5.8" 1.2 fb.
In addition to the dilepton same-sign signal region, a

WZ → 3lν control region is studied by requiring an
additional lepton with pT larger than 10 GeV. This control
region allows the measurement of a fiducial cross section of
the WZjj process and is σfidðWZjjÞ ¼ 10.8" 4.0ðstatÞ "
1.3ðsystÞ fb with an expectation of 14.4" 4.0 fb. The
fiducial region is defined in the same way as for the
WW analysis, but requiring one more lepton with pT

l >
10 GeV and jηlj < 2.5. The acceptance ratio between the
selected signal region and the fiducial region is 20%
considering generator-level jet and lepton properties only.
The overall acceptance times efficiency is 3.6%.
To compute the limits and significances, the CLs [35–37]

construction is used. The observed (expected) significance
for the W"W"jj process is 2.0σ (3.1σ). Considering the
QCD component of the W"W"jj events as background
and the EW component together with the EW-QCD
interference as signal, the observed (expected) signal
significance reduces to 1.9σ (2.9σ).
Various extensions to the SM alter the couplings between

vector bosons. Reference [10] proposes nine independent
C- and P-conserving dimension-eight effective operators to
modify the quartic couplings between the weak gauge
bosons. The variable mll is more sensitive to AQGCs than
pl;max
T , mlljj, and mjj. Figure 3 (top) shows the expected

mll distribution for three values of FT;0=Λ4; Λ is the scale
of new physics and FT;0 is the coefficient of one of the nine
effective operators. The observed and expected upper and
lower limits at 95% confidence level (C.L.). on the nine

coefficients are shown in Table II, where all the results are
obtained by varying the effective operators one by one. The
effect of possible AQGCs on the WZ process in the signal
region is negligible. Some operators for anomalous quartic
gauge boson couplings may lead to tree-level unitarity
violation. We also report the values of the operator
coefficient for which unitarity is restored at the scale of
8 TeV, the unitarity limit. In addition to the limits on
individual operator coefficients, the expected and observed
two-dimensional 95% C.L. on FS;0=Λ4 and FS;1=Λ4 are
presented in Fig. 3 (bottom): a linear combination of those
operators leads to a scaling of the SM cross section.
Doubly charged Higgs bosons are predicted in models

that contain a Higgs triplet field. Some of these scenarios
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FIG. 3 (color online). The mll distributions (top) after full
selection with all SM backgrounds and FT;0=Λ4 ¼ −5.0, 0 (SM),
and 5.0 TeV−4; the last bin includes overflow events. Ob-
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of the Standard Model is preserved [2]. Therefore, VBS comprises the Higgs exchange and Higgs boson206

production vertices as well as triple and quartic gauge boson vertices. The five corresponding Feynman207

diagrams for the VV ! VV process at the LHC where each colliding parton radiates a vector boson are208

shown in Figure 1. The two radiated bosons interact with each other and two new bosons emerge. At209

leading-order (LO), this process has six particles in the final state consisting of the decay products of the210

two final vector bosons as well as two outgoing partons.

+ +

+ +

Figure 1: Feynman diagrams of the vector boson scattering process at the LHC, including triple and
quartic gauge boson vertices as well as the Higgs boson exchange and Higgs boson production vertices
diagrams.

211

Independently, VBS diagrams are not gauge invariant. To ensure gauge invariance, non-VBS pro-212

cesses with the same final state must be included in the analysis. However, from the theoretical point of213

view it is possible to separate the diagrams with this final state in two main groups.214

• the first group, called “VVjj-EW” or electroweak mediated, contains purely electroweak processes215

with sixth-order electroweak coupling ↵EW (O(↵6
EW)) and contains the VBS signal under investi-216

gation. In addition to the scattering diagrams shown in Figure 1, it contains purely electroweak217

processes which give the same final state of two partons and two decaying W bosons. Processes218

with three decaying vector bosons, where one boson decays hadronically and thus create a VVjj219

signature, are also included. These processes are for example VVV and VH production or elec-220

troweak VV radiation. They can be separated gauge invariantly and are suppressed by kinematic221

cuts. Hence, they are not important in the signal region. Figure 2 illustrates the non-VBS VVjj-EW222

processes at the LHC.223

• the second group, called “VVjj-QCD” or QCD mediated, contains all processes with fourth-order224

electroweak coupling and second-order ↵s (O(↵4
EW↵

2
S )). Such processes are for example quark-225

quark or gluon-gluon scattering plus VV radiation or electroweak VV production plus radiation of226

gluons leading to jets and can be suppressed by topological selection requirements. VVjj-QCD227

processes are considered to be signal in the inclusive analysis region, and a background to VVjj-228

EW in the VBS analysis region. Figure 3 shows some examples for VVjj-QCD processes at the229

LHC.230

• Interference between QCD mediated and electroweak mediated production is expected to be con-231

structive and account for around 6 � 10% of the total cross section in our analysis regions. This is232

studied in Section 3.4.233

Processes with Quartic Gauge Couplings
• QGC process: process where a QGC vertex contributes

– No reaction is ever mediated by a QGC vertex alone
– Even a gauge-invariant definition of the QGC-alone contribution is not possible! 

• Two classes of QGC processes are measurable:
– Triboson production (WWZ as one example)

– Vector boson scattering/fusion (VBS/VBF)
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SM Higgs boson production and decay at the LHC
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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mH~125 GeV gives access to several decay channels
Gauge bosons: γγ, ΖΖ*, WW*, Zγ

Fermions: bb, ττ, µµ
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Η→ZZ(*)→4l
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- Two same-flavor opposite-sign di-leptons (e/µ)
- pT1,2,3,4 > 20, 15, 10, 7 GeV (6 GeV for µ)
- Single lepton and di-lepton triggers

µ+µ-

- Tracking and calorimeter isolation
- Impact Parameter (IP) significance

50 GeV < m12 < 106 GeV, 
mthr(m4l)<m34<115GeV mthr=12-50GeV (140-190 GeV)
→ same-flavour opposite-sign pairs mll>5 GeV
→ ∆Rl,l′>0.10(0.20) for (not-)same-flavour
→ Recover Final State Radiation photons 
(~3% improvement in resolution)
→ mZ constraint to improve resolution 
(~15% improvement in resolution)

e+e-

H→ZZ(*)→4l (l=e,µ)
Peak in m4l spectrum:
• S/B~1.7 @ mH=125 GeV
• Mass resolution~1.6-2.2 GeV

Backgrounds: ZZ(*)→4l, 
Z+jets and ttbar
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Η→ZZ(*)→4l: Backgrounds
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Background-dominated Control Region
[Remove isolation/impact parameter 

requirements on sub-leading di-lepton]

July 2012 ZZ background estimated using MC 
simulation and NLO cross section

Backgrounds with fake/non-prompt 
leptons (ttbar, Z+heavy flavour, 
Z+jet, WZ) estimated from data:

ll+µµ : Simultaneous fit using 4 
exclusive Control Regions
- inverted d0 significance

- inverted isolation
- eµ+µµ

- Same-sign sub-leading

ll+ee : 3 data-driven methods 
- 3l+X

- transfer factors
- truth/reco categories

Overall uncertainties ~20%
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Η→ZZ(*)→4l: Selected Events
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Event Categorization
→ probe production mechanisms

2D fit: (m4l,BDTVBF)

1D fit: m4l 
[selection using BDTVH ]

1D fit: m4l 

2D fit: (m4l,BDTZZ)

The VBF enriched category is defined by events with
two high-pT jets. The kinematic requirements for jets are
pT > 25ð30Þ GeV for jηj < 2.5 (2.5 < jηj < 4.5). If more
than two jets fulfill these requirements, the two highest-pT
jets are selected as VBF jets. The event is assigned to the
VBF enriched category if the invariant mass of the dijet
system, mjj, is greater than 130 GeV, leading to a signal
efficiency of approximately 55%. This category has a
considerable contamination from ggF events, with 54%
of the expected events in this category arising from
production via gluon fusion.
Events that do not satisfy the VBF enriched criteria are

considered for the VH-hadronic enriched category. The

same jet-related requirements are applied but with
40 < mjj < 130 GeV, as presented in Fig. 3. Moreover,
the candidate has to fulfill a requirement on the output
weight of a specific multivariate discriminant, presented in
Sec. VII B. The signal efficiency for requiring two jets is
48% for VH and applying the multivariate discriminant
brings the overall signal efficiency to 25%.
Events failing to satisfy the above criteria are next

considered for the VH-leptonic enriched category. Events
are assigned to this category if there is an extra lepton (e or
μ), in addition to the four leptons forming the Higgs boson
candidate, with pT > 8 GeV and satisfying the same lepton
requirements. The signal efficiency for the extra vector
boson for the VH-leptonic enriched category is around 90%
(100%) for the W (Z), where the Z has two leptons which
can pass the extra lepton selection.
Finally, events that are not assigned to any of the above

categories are associated with the ggF enriched category.
Table II shows the expected yields for Higgs boson
production and ZZ# background events in each category
from each of the production mechanisms, for mH ¼
125 GeV and 4.5 fb−1 at

ffiffiffi
s

p
¼ 7 TeV and 20.3 fb−1

at
ffiffiffi
s

p
¼ 8 TeV.

VI. Background Estimation

The rate of the ZZ# background is estimated using
simulation normalized to the SM cross section as described
in Sec. III, while the rate and composition of the reducible
llþ jets and tt̄ background processes are evaluated with
data-driven methods. The composition of the reducible
backgrounds depends on the flavor of the subleading
dilepton pair, and different approaches are taken for the
llþ μμ and the llþ ee final states. These two cases are
discussed in Secs. VI A and VI B, respectively, and the
yields for all reducible backgrounds in the signal region are
summarized in Tables V and VII. Finally, the small
contribution from the WZ reducible background is
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FIG. 3 (color online). Distributions of the dijet invariant mass
for the events with at least two jets for the data (filled circles), the
expected signal (solid and dot-dot-dashed histograms) and the
backgrounds (filled histograms). The WH and ZH hadronic
signals are scaled by a factor 50 and the ZH distribution is added
on top of the WH distribution.

TABLE II. The expected number of events in each category (ggF enriched, VBF enriched, VH-hadronic enriched
and VH-leptonic enriched), after all analysis criteria are applied, for each signal production mechanism
(ggF=bb̄H=tt̄H, VBF, VH) at mH ¼ 125 GeV, for 4.5 fb−1 at

ffiffiffi
s

p
¼ 7 TeV and 20.3 fb−1 at

ffiffiffi
s

p
¼ 8 TeV. The

requirement m4l > 110 GeV is applied.

Category gg → H, qq̄=gg → bb̄H=tt̄H qq0 → Hqq0 qq̄ → W=ZH
ffiffiffi
s

p
¼ 7 TeV

ggF enriched 2.06& 0.25 0.114& 0.005 0.067& 0.003
VBF enriched 0.13& 0.04 0.137& 0.009 0.015& 0.001
VH-hadronic enriched 0.053& 0.018 0.007& 0.001 0.038& 0.002
VH-leptonic enriched 0.005& 0.001 0.0007& 0.0001 0.023& 0.002

ffiffiffi
s

p
¼ 8 TeV

ggF enriched 12.0& 1.4 0.52& 0.02 0.37& 0.02
VBF enriched 1.2& 0.4 0.69& 0.05 0.10& 0.01
VH-hadronic enriched 0.41& 0.14 0.030& 0.004 0.21& 0.01
VH-leptonic enriched 0.021& 0.003 0.0009& 0.0002 0.13& 0.01

G. AAD et al. PHYSICAL REVIEW D 91, 012006 (2015)
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Η→ZZ(*)→4l: BDT category
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Need to be careful to select variables that are reasonably described by simulation
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Η→ZZ(*)→4l: Systematic Uncertainties in categorisation
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Η→ZZ(*)→4l: Results
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110 < m4l < 140 GeV 
event yields

VBF-enriched: 5
VH-hadronic: 0
VH-leptonic: 0



K. Nikolopoulos July 2nd, 2015Vector boson scattering: experimental perspective

Η→ZZ(*)→4l: Coupling Results
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µggF+bbH+ttH = 1.66+0.45-0.41(stat)+0.25-0.15(syst)
µVBF+VH = 0.26+1.60-0.91(stat)+0.36-0.23(syst)

µVBF+VH/µggF+bbH+ttH = 0.2+1.2-0.5

~40% improvement
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Η→ZZ(*)→4l: Coupling Results
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µVBF+VH/µggF+bbH+ttH = 0.2+1.2-0.5

Some way to go still before observation...

1.5+0.8-0.5
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LHC Higgs boson: Combining all the channels
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LHC/HL-LHC Plan
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QGC in Run II and beyond
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The increased energy and integrated luminosity at 
LHC Run II/III and beyond would allow access to 
various processes:
- VBS ZZ→4l, WZ→lvll,W±W±→l±vl±v,...
- Tri-bosons Zγγ→llγγ,...
Each of them sensitive to different operators in the 
Effective Field Theory approach.
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.
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with cφW to illustrate this complementarity between vector boson scattering and Higgs boson coupling

measurements, there is another dimension-6 operator with the same characteristics but involving the B

gauge field. Differentiating between these operators using the combination of triboson production, vector

boson scattering and Higgs coupling measurements would be a very interesting program of exploration

of non-SM couplings in the gauge-Higgs sector.

The fS 0 parameter is studied as its associated linear operator can be related to the non-linear operator

with coefficient a4 in the Electroweak Chiral Lagrangian, which has been probed in previous studies [7].

The fS 0 dimension-8 operator again involves gauge and Higgs fields but with different gauge and tensor

structure and dimensionality as compared to dimension-6 operator discussed above. We will illustrate the

differences in kinematic distributions induced by this operator in vector boson scattering, demonstrating

the ability to probe deeper into the gauge-Higgs interaction with such studies.

Finally, the fTn set of coefficients are associated with dimension-8 operators only involving the gauge

fields and therefore do not directly affect the Higgs boson couplings. Their gauge and tensor structure

are again different from the other operators discussed above, potentially yielding further differentiation

power using rates and kinematics of triboson production and VBS. None of the dimension-8 operators can

affect diboson production and are therefore unconstrained by previous studies at LEP and the Tevatron.

They are uniquely studied in triboson production and VBS at the LHC.

The higher-dimension operators ultimately violate unitarity at sufficiently high energy since they

represent an approximation of the underlying UV-safe BSM theory by expanding in inverse mass di-

mension. For individual studies we have checked the unitarity bounds [8, 9, 10] and study the events

within the generated kinematic range, where unitarity is satisfied, using the truth information of the full

event kinematics.

3 Monte Carlo Simulation

SM and BSM predictions were generated using Monte Carlo (MC) techniques. Events were simulated

using the Madgraph generator [11]. Leading-order cross sections are used; ignoring the QCD k-factor

is expected to be conservative. Particle showers were simulated using Pythia version 6.426 [12]. The

leading-order PDF set CTEQ6L1 is used [13]. Outgoing truth-level electrons, photons, and hadrons were

clustered into anti-kT jets with R = 0.4 [14] unless otherwise noted.

The sensitivity to new physics in vector boson scattering and triboson production depends on jet,

lepton and missing energy reconstruction in the high-pileup regime. Fully simulated events under high-

pileup conditions have been produced, and efficiencies and resolutions have been estimated for the var-

ious objects. These parameterizations of detector performance have been used to smear particle-level

outputs for various new-physics scenarios.

4 VBS ZZ → """"

In this channel, the following new analysis has been performed since the European Strategy Submis-

sion [15], based on the dimension-6 operator

LφW =
cφW

Λ2
Tr(WµνWµν)φ

†φ (1)

The fully-leptonic ZZ j j → """" j j channel has a small cross section but provides a clean, fully

reconstructible ZZ final state. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production.

2

affects H→VV couplings 
(i.e. triboson and VBS studies) 

but not di-boson production
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Higgs in Run II and beyond
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The LHC is a Higgs Factory Production cross section 
(mH=125 GeV)

17.4 pb @ 7 TeV
22.1 pb @ 8 TeV

57.02 pb @ 14 TeV

• Run II ×5-6 more integrated luminosity compared to Run I
• ×2.3 - 3.9 increase in Higgs production cross section from 8TeV to 13TeV
• ×3.4-5 improvement in statistical sensitivity
In Run II several Higgs analysis may become systematics limited

need to work on reducing those

Several open topics in the Higgs 
sector for future studies:

- Rare decays & Couplings 
- CP studies

- BSM Higgs boson searches  
- Higgs boson pair production

ATL-PHYS-PUB-2013-014

ATL-PHYS-PUB-2013-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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Summary
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We just begin to explore the dynamics of 
Electro-Weak Symmetry Breaking

Within the Standard Model this is purely due to the 
Higgs non-zero vacuum expectation value. 

But new physics could contribute, 
without contradicting current experimental limits!

New physics may be lurking there!

With the LHC Run II/III and beyond, these 
are major questions to be answered!

Intensive dialogue/collaboration between 
theory and experiment is needed to reduce 

modeling uncertainties and to optimally 
benefit from the wealth of information
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EW Zjj vs strong Zjj
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Jet activity both in terms of kinematics of the events, and as additional 
hadronic activity are crucial to separate EW and strong production
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W±W±jj→l±νl±νjj:Systematic Uncertainties
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Overview of rate measurements

59



K. Nikolopoulos July 2nd, 2015Vector boson scattering: experimental perspective

Η→γγ: Couplings
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Lo
os

e

Ti
gh

t

2 × VBF enriched categories
Employing a BDT selection

4 × WH/ZH enriched categories

2 × ttH enriched categories

4 × untagged (ptT and η)

couplings optimized categories 
[min expected δµprod for SM Higgs inc. systematics]
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H→γγ: Fiducial/Differential cross sections
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5  measurements + 2 upper limits 
on fiducial cross sections

12 differential cross sections
a) kinematics (pTγγ,|yγγ|)
b) associated jet activity (Nj, |yj|, ...)
c) spin-CP-sensitive (|cosθ*|, ...)
d) VBF-sensitive (|Δyjj|,...)

Extraction procedure
γγ dataset binned in variable of interest
Simultaneous unbinned maximum likelihood fit of mγγ in each bin
Bin-by-bin acceptance, efficiency and resolution correction(“unfolding”)

mjj>400GeV,|Δyjj|>2.8, |Δφγγ,jj|>2.6

95%CLs

95%CLs


