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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.

The non-abelian gauge nature of the standard model predicts the existence of: 
- trilinear couplings (TGC)
- quartic couplings (QGC)

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

- QGC: Mechanism of spontaneous symmetry breaking

In the QGC studies, one tries to constrain “genuine” quartic couplings, 
i.e. operators that not contribute in TGCs and are thus constrained. 

[By assuming unitarity combined with the precisely known weak boson coupling to leptons, one is 
led to the gauge value for TGCs. This does not extend to QGC in massive non-abelian theories.]

[e.g. heavy scalar singlet interacting strongly with the Higgs sector, may evade the current 
constraints and still induce a stronger WWWW vertex than in the SM]
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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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QGC process → a process where QGC diagrams contribute
→ No reaction is mediated solely by a QGC vertex

→ Gauge invariant definition of the QGC contribution is not possible

Two classes of QGC processes are measurable

QGC TGC Higgs-mediated

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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Vector boson scattering/fusion
(VBS/VBF)

Triple vector boson  production

t-channel s-channel
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Only makes sense to study the whole electro-weak production!
(including interference)



p now at The University of Melbourne, Victoria, Australia
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1 Introduction

In the Standard Model (SM) self-interactions of the vector boson fields arise due to the
−1

4
Wµν ·Wµν term in the electroweak Lagrangian. In addition to the tri-linear couplings,

this term leads to quartic gauge couplings (QGCs) of the form WWWW, WWZZ, WWγγ
and WWZγ. The strength of the coupling at these vertices is specified by the SU(2) × U(1)
gauge invariant form of the electroweak sector. Studying processes to which these QGCs can
contribute may therefore yield further confirmation of the non-Abelian structure of the SM or
signal the presence of new physics at as yet unprobed energy scales. At LEP energies it is only
possible to probe quartic gauge couplings which produce at most two massive vector bosons in
the final state. The processes at LEP which are sensitive to possible anomalous quartic gauge
couplings (AQGCs) are shown in Figure 1.
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Figure 1: The diagrams sensitive to possible anomalous quartic couplings in the e+e− →
W+W−γ, e+e− → ννγγ and e+e− → qq̄γγ final states.

The formalism for the extra genuine quartic terms relevant at LEP has been discussed
widely in the literature [1–7]. Genuine quartic terms refer to those that are not associated with
any tri-linear couplings, which are already constrained by analyses using the e+e− → W+W−

process. In the parametrisation first introduced in [1] the two lowest dimension terms that give
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Table 1
Geometric parameters of LEP.

Parameter Symbol Value

Effective bending radius ρ 3026.42 m

Revolution frequency frev 11245.5 Hz

Length of circumference, L = c/frev L 26658.9 m

Geometric radius (L/ 2π) R 4242.9 m

Radio frequency harmonic number h 31320

Radio frequency of the RF -system, fRF = h frev fRF 352 209 188 Hz

Table 2
Overview of LEP performance from 1989 to 2000.
∫

Ldt is the luminosity integrated per experiment
over each year and Itot is the total beam cur-
rent 2kbIb. The luminosity L is given in units of
1030cm−2 s−1.
Year

∫

Ldt Eb kb Itot L

(pb−1) (GeV/c2) (mA)

1989 1.74 45.6 4 2.6 4.3

1990 8.6 45.6 4 3.6 7

1991 18.9 45.6 4 3.7 10

1992 28.6 45.6 4/8 5.0 11.5

1993 40.0 45.6 8 5.5 19

1994 64.5 45.6 8 5.5 23.1

1995 46.1 45.6 8/12 8.4 34.1

1996 24.7 80.5 - 86 4 4.2 35.6

1997 73.4 90 - 92 4 5.2 47.0

1998 199.7 94.5 4 6.1 100

1999 253 98 - 101 4 6.2 100

2000 233.4 102 - 104 4 5.2 60

number of emitted photons. Consequently par-
ticles no longer lock on higher-order resonances
driven by the non-linear beam-beam force and
beam size blow up is reduced allowing the use of
higher bunch currents. Record beam-beam tune
shifts of about 0.08 were achieved.

The actually achieved performances are com-
pared to the LEP design parameters [5,14]. It
is noted, that the design beam energy for LEP1

was 55 GeV, significantly above the operational
LEP1 energy of around 45.6 GeV, as dictated by
the Z-mass. The design parameters used here are
taken from [5,14] and were not adjusted for this
discrepancy, as the changes would be small [15].
The design and achieved values for a number of
crucial LEP performance parameters are summa-
rized in Table 3. It is seen that LEP clearly sur-
passed all design expectations. In particular the
peak luminosity at LEP2 was almost a factor of 4
above design. The achieved emittance ratio was
ten times smaller than expected.

The achieved instantaneous luminosity is
shown in Figure 1 for each year of LEP operation.
The design luminosities are indicated for both
LEP1 and LEP2. It is seen that the LEP1 design
luminosity was reached and surpassed in the fifth
year at 45.6 GeV, exploiting the Pretzel scheme
with an increased number of bunches per beam.
Highest luminosity at 45.6 GeV was achieved with
bunch train operation in the seventh year, when
the LEP1 peak luminosity reached 210% of its
design value. The highest LEP2 luminosities
reached about 400% of the LEP2 design value.
In the last year of LEP, peak luminosity was vol-
untarily reduced in order to maximize the beam
energy [16–18].

The integrated luminosity that was delivered
to the experiments was a function of the instan-
taneous (peak) luminosity and the accelerator ef-
ficiency. The efficiency in an accelerator is re-
duced due to the time required to diagnose and re-
pair problems, to set-up luminosity conditions, to
turn-around the fills (machine cycling, injection,
ramping, setting up of collisions), etc. The LEP
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Figure 8 Cross section measurements for final states containing hadrons performed
by the L3 experiment over 11 years of LEP operation.

processes by the L3 experiment over 11 years of LEP operation. The hadronic Z
peak at

p

s ⇡ MZ is clearly visible. Above theZ peak, only 20% of this e+e�
! q  q

cross section produces full-energy q  q jets in the detector. The remaining 80% con-
tains one or more high-energy photons radiated in the initial state, and the e+e�

annihilation occurs at the Z mass. Figure 9 shows the background processes for
Higgs boson production at LEP.
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Data are found consistent with the SM 
expectations (contributions from ISR/FSR)
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Figure 5: Invariant mass of the hadronic system, Mqq, in selected qq̄γγ events. The arrows
indicate the cuts used to select the final qq̄γγ sample. The singly hatched histogram indicates
the background from qqγ events and the doubly hatched histogram (barely visible) indicates
the small four-fermion and tau-pair backgrounds.
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1 Introduction

In the Standard Model (SM) self-interactions of the vector boson fields arise due to the
−1

4
Wµν ·Wµν term in the electroweak Lagrangian. In addition to the tri-linear couplings,

this term leads to quartic gauge couplings (QGCs) of the form WWWW, WWZZ, WWγγ
and WWZγ. The strength of the coupling at these vertices is specified by the SU(2) × U(1)
gauge invariant form of the electroweak sector. Studying processes to which these QGCs can
contribute may therefore yield further confirmation of the non-Abelian structure of the SM or
signal the presence of new physics at as yet unprobed energy scales. At LEP energies it is only
possible to probe quartic gauge couplings which produce at most two massive vector bosons in
the final state. The processes at LEP which are sensitive to possible anomalous quartic gauge
couplings (AQGCs) are shown in Figure 1.
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Figure 1: The diagrams sensitive to possible anomalous quartic couplings in the e+e− →
W+W−γ, e+e− → ννγγ and e+e− → qq̄γγ final states.

The formalism for the extra genuine quartic terms relevant at LEP has been discussed
widely in the literature [1–7]. Genuine quartic terms refer to those that are not associated with
any tri-linear couplings, which are already constrained by analyses using the e+e− → W+W−

process. In the parametrisation first introduced in [1] the two lowest dimension terms that give
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the e+e− → Zγγ signal and the “non-resonant” background, d), the background
from direct radiation of a photon from the quarks, e), the background from pho-
tons, misidentified electrons or unresolved π0’s originating from hadrons and, f), the
anomalous QGC diagram.
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The parametrization of aTGC started by imposing the custodial global SU(2)  
(to keep ρ-parameter near 1) and U(1)em for the operators involving photons.

(symmetry non-linearly realized)

There are two dim-4 operators giving interactions:
- WWWW α4 parameter (not possible through tri-boson production at e+e-)

- WWZZ α5 parameter (WWZ production - limited by available phase-space at LEP)

- ZZZZ (not present in SM - limited by available phase-space at LEP)

2 Anomalous quartic gauge-boson couplings

Since we consider the class of e+e− → 4fγ processes in this paper, we restrict our anal-
ysis to anomalous quartic gauge-boson couplings (AQGC) that involve at least one photon.
Moreover, we consider only genuine AQGC, i.e. we omit all operators that contribute also
to triple gauge-boson couplings, such as the quadrilinear part of the well-known opera-
tor F µνW+,ρ

ν W−
ρµ. Imposing in addition a custodial SU(2)c invariance [ 14] to keep the

ρ parameter close to 1, we are left with operators of dimension 6 or higher. Following
Refs. [ 7, 15, 16, 17] we consider dimension-6 operators for genuine AQGC that respect
local U(1)em invariance and global custodial SU(2)c invariance. These symmetries reduce
the set of such operators to a phenomelogically accessible basis. More general AQGC
were discussed in Ref. [ 18].

In order to construct the relevant AQGC, it is convenient to introduce the triplet of
massive gauge bosons

Wµ =
(

W
1

µ, W
2

µ, W
3

µ

)

=

(

1√
2
(W+ + W−)µ,

i√
2
(W+ − W−)µ,

1

cw

Zµ

)

, (2.1)

where W±
µ and Zµ are the fields of the W± and Z bosons, and the (abelian) field-strength

tensors

F µν = ∂µAν − ∂νAµ,

W
i,µν

= ∂µW
i,ν − ∂νW

i,µ
, (2.2)

where Aµ is the photon field. The parameter cw is the cosine of the electroweak mixing
angle. The quartic dimension-6 operators are obtained upon contracting two factors of
Wµ with two field-strength tensors. Under the explained symmetry assumptions there
are five independent AQGC operators of dimension 6. We choose the following basis:

L0 = −
e2

16Λ2
a0 F µνFµνWαW

α
,

Lc = −
e2

16Λ2
ac F µαFµβW

β
Wα,

Ln = −
e2

16Λ2
an εijkF

µνW
i
µαW

j
νW

k,α
,

L̃0 = −
e2

16Λ2
ã0 F µνF̃µνWαW

α
,

L̃n = −
e2

16Λ2
ãn εijk F̃ µνW

i
µαW

j
νW

k,α
, (2.3)

where

F̃µν =
1

2
εµνρσF ρσ (ε0123 = +1) (2.4)

is the dual electromagnetic field-strength tensor, and e is the electromagnetic coupling.
The scale Λ is introduced to keep the coupling constants ai dimensionless. The operators

2

The following dim-6 operators involving at least one photon:

C and P-conserving 
[can parametrize exchange of heavy neutral scalar]

C and P-conserving

P-conserving

C-conserving  

CP-conserving but violates both C and P

Scale of New Physics



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

aQGC at LEP

7

1.92

@Tevatron 
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at high-energies; 
a form factor is added
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FIG. 1: Diagrams contributing to W boson pair production
via photon exchange, with (a) triple WWγ and (b) quartic
WWγγ couplings.

.

− 0.020GeV−2 < aW0 /Λ2 < 0.020GeV−2

−0.052GeV−2 < aWC /Λ2 < 0.037GeV−2.

(2)

The pp̄ → pp̄W+W− cross section via photon ex-
change rises quickly at high energies when the anomalous
coupling parameters are non-zero, and manifests itself in
particular with the production of boosted W boson pairs.
In the SM, the γγ → WW cross section is constant in the
high-energy limit due to the cancellation between the rel-
evant diagrams. When the new quartic terms are added,
the cancellation does not hold and the cross section will
grow to violate unitarity at high energies. This increase
of the cross section can be regularized with a form factor
that reduces the values of aW0 and aWC at high energy
while not modifying them at lower energies. Following a
standard approach, we introduce the following form fac-
tor [6]:

aWi →
aWi

(1 +M2
γγ/Λ

2
cutoff)

2
, (3)

where Mγγ is the invariant mass of the two photons, and
Λcutoff is chosen to be either 0.5 or 1 TeV, following the
prescription of, e.g., Ref. [6]. In the following, we provide
limits on anomalous couplings with and without form
factors.

II. DATA AND MONTE CARLO SAMPLES

The full Run II set of data recorded by the D0 detec-
tor is considered in this analysis, representing 9.7 fb−1 of
pp̄ collisions at

√
s = 1.96TeV delivered by the Tevatron

between 2002 and 2011, after the relevant data quality re-
quirements are invoked. The D0 detector used for Run II
is described in detail in Ref. [17]. The innermost part of
the detector is composed of a central tracking system
with a silicon microstrip tracker (SMT) and a central
fiber tracker embedded within a 2 T solenoidal magnet.

The tracking system is surrounded by a central preshower
detector and a liquid-argon/uranium calorimeter with
electromagnetic, fine, and coarse hadronic sections. The
central calorimeter (CC) covers pseudorapidity [18] |ηd|
! 1.1. Two end calorimeters (EC) extend the coverage to
1.4 ! |ηd| ! 4.2. Energy sampling in the region between
the ECs and CC is improved by the addition of scintil-
lating tiles. A muon spectrometer, with pseudorapidity
coverage of |ηd| ! 2, resides outside the calorimetry and
is comprised of drift tubes, scintillation counters, and
toroidal magnets. Trigger decisions are based on informa-
tion from the tracking detectors, calorimeters, and muon
spectrometer. Details on the reconstruction and identifi-
cation criteria for electrons, jets, and missing transverse
energy, E/T , can be found elsewhere [19]. In this paper
we call both electrons and positrons “electrons,” with the
charge of the particle determined from the curvature of
the associated tracks in the central tracking system.
The background where, like the signal, the proton and

the antiproton are intact in the final state, originates
from photon exchange and double pomeron exchange
(DPE) processes [20]. Both these backgrounds and the
AQGC signals are modeled using the fpmc [21] genera-
tor, followed by a detailed geant3-based [22] simulation
of the D0 detector. Data from random beam crossings
are overlaid on the MC events to account for detector
noise and additional pp̄ interactions. The predictions of
the fpmc generator, which are made assuming that the
proton and antiproton are left intact after the interac-
tion, are consistent with those of the lpair [23] genera-
tor, which in turn are consistent with the measurement
of the cross section for exclusive e+e− production by the
CDF Collaboration [24].
Diffractive and photon exchange backgrounds to this

search are exclusive e+e− and τ+τ− production through
t-channel photon exchange (Drell-Yan) and inclusive
W+W−, e+e−, and τ+τ− production through DPE.
Since the outgoing intact proton and antiproton are

not detected in this measurement, we also need to con-
sider non-diffractive backgrounds. These backgrounds
are Z/γ∗+jets, tt̄ and diboson (W+W−, W±Z and ZZ)
production, and processes in which jets are misidentified
as electrons: W+jets and multijet production. The sim-
ulated samples used to model them are identical to those
described in Ref. [19]. All of these backgrounds, except
multijet production, are modeled using the pythia [25]
or alpgen [26] generator, with pythia providing show-
ering and hadronization in the latter case, using the
CTEQ6L1 [27] parton distribution functions (PDFs).
The multijet background is determined from the data by
inverting some electron selection criteria, as described in
Ref. [19].
Single diffractive (SD) processes, for which either the

incoming proton or antiproton is intact after the inter-
action while the other is destroyed, have similar features
to non-diffractive (ND) processes in the direction of the
broken proton or antiproton, contrary to DPE processes
where both the proton and antiproton are intact. Since
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while not modifying them at lower energies. Following a
standard approach, we introduce the following form fac-
tor [6]:

aWi →
aWi

(1 +M2
γγ/Λ

2
cutoff)

2
, (3)

where Mγγ is the invariant mass of the two photons, and
Λcutoff is chosen to be either 0.5 or 1 TeV, following the
prescription of, e.g., Ref. [6]. In the following, we provide
limits on anomalous couplings with and without form
factors.

II. DATA AND MONTE CARLO SAMPLES

The full Run II set of data recorded by the D0 detec-
tor is considered in this analysis, representing 9.7 fb−1 of
pp̄ collisions at

√
s = 1.96TeV delivered by the Tevatron

between 2002 and 2011, after the relevant data quality re-
quirements are invoked. The D0 detector used for Run II
is described in detail in Ref. [17]. The innermost part of
the detector is composed of a central tracking system
with a silicon microstrip tracker (SMT) and a central
fiber tracker embedded within a 2 T solenoidal magnet.

The tracking system is surrounded by a central preshower
detector and a liquid-argon/uranium calorimeter with
electromagnetic, fine, and coarse hadronic sections. The
central calorimeter (CC) covers pseudorapidity [18] |ηd|
! 1.1. Two end calorimeters (EC) extend the coverage to
1.4 ! |ηd| ! 4.2. Energy sampling in the region between
the ECs and CC is improved by the addition of scintil-
lating tiles. A muon spectrometer, with pseudorapidity
coverage of |ηd| ! 2, resides outside the calorimetry and
is comprised of drift tubes, scintillation counters, and
toroidal magnets. Trigger decisions are based on informa-
tion from the tracking detectors, calorimeters, and muon
spectrometer. Details on the reconstruction and identifi-
cation criteria for electrons, jets, and missing transverse
energy, E/T , can be found elsewhere [19]. In this paper
we call both electrons and positrons “electrons,” with the
charge of the particle determined from the curvature of
the associated tracks in the central tracking system.
The background where, like the signal, the proton and

the antiproton are intact in the final state, originates
from photon exchange and double pomeron exchange
(DPE) processes [20]. Both these backgrounds and the
AQGC signals are modeled using the fpmc [21] genera-
tor, followed by a detailed geant3-based [22] simulation
of the D0 detector. Data from random beam crossings
are overlaid on the MC events to account for detector
noise and additional pp̄ interactions. The predictions of
the fpmc generator, which are made assuming that the
proton and antiproton are left intact after the interac-
tion, are consistent with those of the lpair [23] genera-
tor, which in turn are consistent with the measurement
of the cross section for exclusive e+e− production by the
CDF Collaboration [24].
Diffractive and photon exchange backgrounds to this

search are exclusive e+e− and τ+τ− production through
t-channel photon exchange (Drell-Yan) and inclusive
W+W−, e+e−, and τ+τ− production through DPE.
Since the outgoing intact proton and antiproton are

not detected in this measurement, we also need to con-
sider non-diffractive backgrounds. These backgrounds
are Z/γ∗+jets, tt̄ and diboson (W+W−, W±Z and ZZ)
production, and processes in which jets are misidentified
as electrons: W+jets and multijet production. The sim-
ulated samples used to model them are identical to those
described in Ref. [19]. All of these backgrounds, except
multijet production, are modeled using the pythia [25]
or alpgen [26] generator, with pythia providing show-
ering and hadronization in the latter case, using the
CTEQ6L1 [27] parton distribution functions (PDFs).
The multijet background is determined from the data by
inverting some electron selection criteria, as described in
Ref. [19].
Single diffractive (SD) processes, for which either the

incoming proton or antiproton is intact after the inter-
action while the other is destroyed, have similar features
to non-diffractive (ND) processes in the direction of the
broken proton or antiproton, contrary to DPE processes
where both the proton and antiproton are intact. Since

with Λ=500 GeV
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FIG. 2: [color online] The (a) leading electron pT at the preselection level, (b) the transverse mass of the E/T and the two
electrons after the final selection, and (c) the output of the final BDT discriminant after the final selection. In (a) and (b), the
last bin includes all events above the upper bound of the histogram. The hatched bands show the total systematic uncertainty
on the background prediction, and the signal distributions are those expected for aW

0 /Λ2 = 5×10−4 GeV−2 and no form factor.

TABLE I: Observed and expected numbers of events after the preselection and the final selection for data, signal (aW
0 /Λ2 =

5× 10−4 GeV−2 and no form factor), and the different backgrounds considered in the analysis (“Diff” stands for the diffractive
backgrounds).

Data Total background Signal Z/γ! → ee Z/γ! → ττ tt W+jets Diboson Multijet Diff.
Preselection: 572700 576576 ± 11532 12.2 566800 4726 15 623 517 2716 1180

Final selection: 946 983 ± 108 11.6 291 22 8 370 287 5.4 0.2

AQGCs, where the test statistic is a log-likelihood ratio
(LLR) for the background-only and signal+background
hypotheses. The LLR is obtained by summing the LLR
values of the bins of the final BDT output. In the
LLR calculation, the signal and background rates are
functions of the systematic uncertainties that are taken
into account as nuisance parameters with Gaussian pri-
ors. Their degrading effect is reduced by fitting the
expected contributions to the data by maximizing the
profile likelihood function for the background-only and
signal+background hypotheses separately, appropriately
taking into account all correlations between the system-
atic uncertainties [32].
The 95% C.L. allowed ranges for the anomalous param-

eter aW0 (aWC ) can be found in Table II (III), assuming aWC
(aW0 ) is zero. The limits are quoted both without a form
factor and for a form factor with Λcutoff = 1 or 0.5TeV (as
advised, e.g., in Ref. [6]). The two-parameter limits are
shown in Fig. 3 for different assumptions about the sig-
nal, namely if no form factor is used and if a form factor
is used with Λcutoff = 1 or 0.5TeV. The two-parameter
68% C.L. (95% C.L.) limits define the range of values
of the anomalous coupling parameters for which the the-
oretical cross section is lower than the upper 68% C.L.
(95% C.L.) limit on the signal cross section, obtained in
the single parameter limits. The effect of the presence
of a Higgs boson with MH = 125GeV is not accounted
for, but is expected to contribute less than 4 events af-
ter the final selection, having kinematic distributions dis-

tinct from signal, and to broaden the allowed ranges for
the anomalous parameters by a negligible amount.

V. CONCLUSION

We have searched for anomalousWWγγ quartic gauge
boson couplings by analyzing 9.7 fb−1 of integrated lu-
minosity in the W+W− → e+νe−ν̄ final state using the
D0 detector. No excess above the background expecta-
tion has been found. When a form factor with Λcutoff =
0.5TeV is used, the observed upper limits at 95% C.L. are
|aW0 /Λ2| < 0.0025 GeV−2 and |aWC /Λ2| < 0.0092 GeV−2.
These are a factor 4 to 8 more stringent constraints on
aW0 and aWC than the previous limits [16], and the only
published limits to date from a hadron collider.

We thank the staffs at Fermilab and collaborating in-
stitutions, and acknowledge support from the DOE and
NSF (USA); CEA and CNRS/IN2P3 (France); MON,
NRC KI and RFBR (Russia); CNPq, FAPERJ, FAPESP
and FUNDUNESP (Brazil); DAE and DST (India); Col-
ciencias (Colombia); CONACyT (Mexico); NRF (Ko-
rea); FOM (The Netherlands); STFC and the Royal So-
ciety (United Kingdom); MSMT and GACR (Czech Re-
public); BMBF and DFG (Germany); SFI (Ireland); The
Swedish Research Council (Sweden); and CAS and CNSF
(China).

In the combination, 
couplings associated to 

WWγγ and ΖΖγγ vertices are 
assumed to be different. 

Only results for ZZγγ were combined 
(vvγγ and Zγγ final states)
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FIG. 2: [color online] The (a) leading electron pT at the preselection level, (b) the transverse mass of the E/T and the two
electrons after the final selection, and (c) the output of the final BDT discriminant after the final selection. In (a) and (b), the
last bin includes all events above the upper bound of the histogram. The hatched bands show the total systematic uncertainty
on the background prediction, and the signal distributions are those expected for aW

0 /Λ2 = 5×10−4 GeV−2 and no form factor.

TABLE I: Observed and expected numbers of events after the preselection and the final selection for data, signal (aW
0 /Λ2 =

5× 10−4 GeV−2 and no form factor), and the different backgrounds considered in the analysis (“Diff” stands for the diffractive
backgrounds).

Data Total background Signal Z/γ! → ee Z/γ! → ττ tt W+jets Diboson Multijet Diff.
Preselection: 572700 576576 ± 11532 12.2 566800 4726 15 623 517 2716 1180

Final selection: 946 983 ± 108 11.6 291 22 8 370 287 5.4 0.2

AQGCs, where the test statistic is a log-likelihood ratio
(LLR) for the background-only and signal+background
hypotheses. The LLR is obtained by summing the LLR
values of the bins of the final BDT output. In the
LLR calculation, the signal and background rates are
functions of the systematic uncertainties that are taken
into account as nuisance parameters with Gaussian pri-
ors. Their degrading effect is reduced by fitting the
expected contributions to the data by maximizing the
profile likelihood function for the background-only and
signal+background hypotheses separately, appropriately
taking into account all correlations between the system-
atic uncertainties [32].
The 95% C.L. allowed ranges for the anomalous param-

eter aW0 (aWC ) can be found in Table II (III), assuming aWC
(aW0 ) is zero. The limits are quoted both without a form
factor and for a form factor with Λcutoff = 1 or 0.5TeV (as
advised, e.g., in Ref. [6]). The two-parameter limits are
shown in Fig. 3 for different assumptions about the sig-
nal, namely if no form factor is used and if a form factor
is used with Λcutoff = 1 or 0.5TeV. The two-parameter
68% C.L. (95% C.L.) limits define the range of values
of the anomalous coupling parameters for which the the-
oretical cross section is lower than the upper 68% C.L.
(95% C.L.) limit on the signal cross section, obtained in
the single parameter limits. The effect of the presence
of a Higgs boson with MH = 125GeV is not accounted
for, but is expected to contribute less than 4 events af-
ter the final selection, having kinematic distributions dis-

tinct from signal, and to broaden the allowed ranges for
the anomalous parameters by a negligible amount.

V. CONCLUSION

We have searched for anomalousWWγγ quartic gauge
boson couplings by analyzing 9.7 fb−1 of integrated lu-
minosity in the W+W− → e+νe−ν̄ final state using the
D0 detector. No excess above the background expecta-
tion has been found. When a form factor with Λcutoff =
0.5TeV is used, the observed upper limits at 95% C.L. are
|aW0 /Λ2| < 0.0025 GeV−2 and |aWC /Λ2| < 0.0092 GeV−2.
These are a factor 4 to 8 more stringent constraints on
aW0 and aWC than the previous limits [16], and the only
published limits to date from a hadron collider.
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Large Hadron Collider Run I

8

7.73×10333.65×10332.07×1032

Peak Luminosity [ cm-2s-1 ]
1232 superconducting dipoles with B field of  (up to) 8.3T 

1.9K → the coolest place in the universe!
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Pile-up

9

Z→µµ candidate with 25 reconstructed vertices from the 2012 run.
Only good quality tracks with pT>0.4GeV are shown

This is just the “in-time” pile-up
Need to account also for the “out-of-time” pile-up 

[due to interaction in earlier and later bunch-crossings]
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The LHC experiments

10

ATLAS

CMS

LHC

ALICE

LHCb

ATLAS Collaboration: 38 countries, 177 
institutions, ~2900 scientific authors



ATLAS

Magnets 2T solenoid, 3 air-core 
toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling LAr technology

Hadron 
Calorimetry

plastic scintillator (barrel) 
LAr technology (endcap)

Muon independent system
with trigger capabilities

Trigger 3 Level Implementation 
from 40 MHz to 400 Hz
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A Toroidal LHC ApparatuS

11

⇒ General purpose detector designed for the harsh LHC environment
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“Physics Objects”
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The  Electrons  “Challenge” 

Christos Anastopoulos 18 

Reminder : Electrons are identified by a track 
matched to an electromagnetic cluster . 
 
The challenge :  
An electron interacts with the material and radiates 
photons as it travels through the inner detector. 
It’s  curvature  is  changing. 
 
The ATLAS electron reconstruction was not 
accounting for such effects !  
This was degrading the electron efficiency! 
 
Big effort in early 2012  to improve: 
 
Usage of a dedicated track fitter (Gaussian Sum 
Filter)  that accounts for radiative energy losses. 
Change the way we match tracks to clusters.  
 

19 The ATLAS detector
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Figure 2.2: Two-dimensional view of a quarter-section of the ATLAS inner detector showing each of the
major detector elements with the dimensions of the active regions and envelopes. The region very close to
the interaction point is shown enlarged at the bottom of the picture [34].

Figure 2.3: Drawing showing the sensors and structural elements crossed by a charged track in the barrel
ID [34].

Electron Performance  

Christos Anastopoulos 19 

New electron reconstruction  substantial improvement !  
Used by the ATLAS collaboration for the Higgs boson discovery! 
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Electron Reconstruction

13

PERF-2013-03

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-032/

Electrons suffer bremsstrahlung, 
complicating reconstruction 

→ Pattern recognition and track-fitting 
algorithms need to account for this

e.g. track reconstruction using GaussianSumFilter

γ
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Electron Identification  
The ATLAS calorimeter due to its design provides information about the shower shapes  to 
the analysers.   
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Electron/Photon Identification

14
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Electron Identification  
The ATLAS calorimeter due to its design provides information about the shower shapes  to 
the analysers.   
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Electron/Photon Identification

15

The detector provides us with several pieces of information 
(shower shapes, tracking, cluster-tracking matching)

Need to decide:
→ how to best exploit the info (simple “rectangular” selections, MVAs, ...)

→ what is the optimal trade-off between efficiency and “fake”-rate for the given analysis
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Electron/Photon Identification: Pile-up... again

16

For electron identification algorithms, 
a lot of attention needs to go in the 

choice/handling of input variables and 
their dependence on pile-up

[e.g. Rη is sensitive to pile-up]
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Muon Reconstruction/Identification

17

NEW
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An unfair comparison

18

This comparison is completely “unfair”; 
made in the region where the muons have the absolute advantage

[and not the latest reconstruction is used - but this is 2nd order effect]

One cannot assume that in the detector
electrons and muons are the same 

(let alone tau-leptons)
For each object dedicated work to make the most out 

of the detector capabilities is required



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

Photons

19

Stable photon reconstruction vs pile-up (within 1%)

Unconverted Photon Converted Photon

π0→γγ peak from LHC Run II

Ideally, the photon in the detector is:
a cluster of electromagnetic energy without 

any associated track

Reality is richer!
Photons may convert to e+e- pair 

in the detector material

NEW
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Missing transverse momentum

20

CMS-PAS-JME-12-002

Detector operation 
conditions should be 
constantly monitored
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Snapshot of cross section measurements

21



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

Snapshot of cross section measurements
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Search for WWγ/WZγ→lv(qq)γ

23

Search for triboson production WVγ
CMS: ~19.3 fb-1 of 8 TeV data, published as PRD90, 032008 (2014)

Signature: W(V)γ→lv(qq)γ, WWγ and WZγ treated together
Main background Wγ+jets, then WV+jets

Selection:
• Trigger: muon pT>24 GeV, electron pT>27 GeV
• Lepton selection

• one isolated muon pT>25 GeV, |η|<2.1, or
• one isolated electron pT>30 GeV, |η|<2.5 (excluding 1.44-1.57)

• Veto events with additional muons (electrons) pT>10 (20) GeV
• MET>35 GeV
•                                  >30 GeV 
• Photon ET>30 GeV and |η|<1.44
• ≥ 2 jets anti-kT R=0.4 pT>30 GeV and |η|<2.4

• Two highest pT are forming the V→qq candidate
• Δφ(highest pT jet, MΕΤ)>0.4
• 70 < mjj <100 GeV, |Δηjj|<1.4
• b-tag veto veto 
• Z veto |mZ-meγ|>10 GeV

mT =
q

pT` 6 ET [��`, 6ET ]

W→µv candidate
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Δφ(highest pT jet, MΕΤ)>0.4

24

mjj=2.55 TeV.
pT,eta1: 420 GeV,-1.51, 
pT,eta2: 320 GeV,2.32
No other jets with pT>20 GeV. Event 
collected on 4 July 2010
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mjj resolution

25

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)

012006-8

Jet energy, E, resolution 
scales ∝A/sqrt(E)

Typical values of A~50-100% 
For energies relevant for this search 

typical δmjj/mjj ~ 10%

Caveat: expected mjj resolution for 
another analysis in another experiment, 

for illustration only
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Pile-up contributes to energy of reconstructed jets  ~0.5 GeV/interaction

ATLAS-CONF-2013-083
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The azimuthal separation between the highest pT jet and
the ET direction is required to be larger than 0.4 radians.
This criterion reduces the QCD multijet background where
the ET can arise from a mismeasurement of the leading jet
energy. To reduce the background from Wγ þ jets events,
requirements on the dijet invariant mass 70 < mjj <
100 GeV, and on the separation between the jets of
jΔηjjj < 1.4, are imposed. In order to reject top-quark
backgrounds, the two jets are also required to fail a b quark
jet tagging requirement. The combined secondary vertex
algorithm [51] is used, with a discriminator based on the
displaced vertex expected from b hadron decays. This
algorithm selects b hadrons with about 70% efficiency,
and has a 1% misidentification probability. The anti-b tag
requirement suppresses approximately 7% of the WWγ and
10%of theWZγ signal via theW → cs̄,Z → bb̄ andZ → cc̄
decays. These effects are taken into account in the analysis.
Muon candidates are reconstructed by combining infor-

mation from the silicon tracker and from the muon detector
by means of a global track fit. The muon candidates are
required to pass the standard CMS muon identification and
the track quality criteria [52]. The isolation variables used in
the muon selection are based on the PF algorithm and are
corrected for the contribution from pileup. The muon
candidates have a selection efficiency of approximately 96%.
Electrons are reconstructed from clusters [27,53–55] of

ECAL energy deposits matched to tracks in the silicon
tracker within the ECAL fiducial volume, with the exclu-
sion of the transition region between the barrel and the end
caps previously defined. The electron candidates are
required to be consistent with a particle originating from
the primary vertex in the event. The isolation variables used
in the electron selection are based on the PF algorithm and
are corrected for the contribution from pileup. The electron
selection efficiency is approximately 80%. To suppress the

Z → eþe− background in the electron channel, where one
electron is misidentified as a photon, a Z boson mass veto of
jMZ −meγj > 10 GeV is applied. The impact on the signal
efficiency from applying such a suppression is negligible.
Photon candidates are reconstructed from clusters of

cells with significant energy deposition in the ECAL. The
candidates are required to be within the ECAL barrel
fiducial region (jηj < 1.44). The observables used in the
photon selection are isolation variables based on the PF
algorithm and they are corrected for the contribution due to
pileup, the ratio of hadronic energy in the HCAL that is

TABLE II. Expected number of events for each process. The
predicted number of events for the Wγ þ jets and WV þ jet
processes, where the jet is reconstructed as a photon, are derived
from data. The “Total prediction” item represents the sum of all
the individual contributions.

Process
Muon channel

number of events
Electron channel
number of events

SM WWγ 6.6" 1.5 5.0" 1.1
SM WZγ 0.6" 0.1 0.5" 0.1

Wγ þ jets 136.9" 10.5 101.6" 8.5
WV þ jets, jet → γ 33.1" 4.8 21.3" 3.3
MC tt̄γ 12.5" 3.0 9.1" 2.2
MC single top quark 2.8" 0.8 1.7" 0.6
MC Zγ þ jets 1.7" 0.1 1.5" 0.1
Multijets # # # 7.2" 5.1

Total prediction 194.2" 11.5 147.9" 10.7

Data 183 139
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FIG. 2 (color online). Comparison of predicted and observed
photon ET distributions in the (left) muon and (right) electron
channels. The rightmost bin includes the integral of events above
450 GeV for each process. The solid black line depicts a
representative signal distribution with anomalous coupling
parameter aW0 =Λ

2 ¼ 50 TeV−2.
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95% CL upper limit σ(WVγ):
3.4×SM (4.4×SM expected)

→ WVγ is “Signal”, 
all other processes are “Background”. 

→ Counting experiment 
total observed events lower than 

expected (“downward” fluctuation) 
thus limit tighter than expected

Total Background Prediction ~187 ~142
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The azimuthal separation between the highest pT jet and
the ET direction is required to be larger than 0.4 radians.
This criterion reduces the QCD multijet background where
the ET can arise from a mismeasurement of the leading jet
energy. To reduce the background from Wγ þ jets events,
requirements on the dijet invariant mass 70 < mjj <
100 GeV, and on the separation between the jets of
jΔηjjj < 1.4, are imposed. In order to reject top-quark
backgrounds, the two jets are also required to fail a b quark
jet tagging requirement. The combined secondary vertex
algorithm [51] is used, with a discriminator based on the
displaced vertex expected from b hadron decays. This
algorithm selects b hadrons with about 70% efficiency,
and has a 1% misidentification probability. The anti-b tag
requirement suppresses approximately 7% of the WWγ and
10%of theWZγ signal via theW → cs̄,Z → bb̄ andZ → cc̄
decays. These effects are taken into account in the analysis.
Muon candidates are reconstructed by combining infor-

mation from the silicon tracker and from the muon detector
by means of a global track fit. The muon candidates are
required to pass the standard CMS muon identification and
the track quality criteria [52]. The isolation variables used in
the muon selection are based on the PF algorithm and are
corrected for the contribution from pileup. The muon
candidates have a selection efficiency of approximately 96%.
Electrons are reconstructed from clusters [27,53–55] of

ECAL energy deposits matched to tracks in the silicon
tracker within the ECAL fiducial volume, with the exclu-
sion of the transition region between the barrel and the end
caps previously defined. The electron candidates are
required to be consistent with a particle originating from
the primary vertex in the event. The isolation variables used
in the electron selection are based on the PF algorithm and
are corrected for the contribution from pileup. The electron
selection efficiency is approximately 80%. To suppress the

Z → eþe− background in the electron channel, where one
electron is misidentified as a photon, a Z boson mass veto of
jMZ −meγj > 10 GeV is applied. The impact on the signal
efficiency from applying such a suppression is negligible.
Photon candidates are reconstructed from clusters of

cells with significant energy deposition in the ECAL. The
candidates are required to be within the ECAL barrel
fiducial region (jηj < 1.44). The observables used in the
photon selection are isolation variables based on the PF
algorithm and they are corrected for the contribution due to
pileup, the ratio of hadronic energy in the HCAL that is

TABLE II. Expected number of events for each process. The
predicted number of events for the Wγ þ jets and WV þ jet
processes, where the jet is reconstructed as a photon, are derived
from data. The “Total prediction” item represents the sum of all
the individual contributions.

Process
Muon channel

number of events
Electron channel
number of events

SM WWγ 6.6" 1.5 5.0" 1.1
SM WZγ 0.6" 0.1 0.5" 0.1

Wγ þ jets 136.9" 10.5 101.6" 8.5
WV þ jets, jet → γ 33.1" 4.8 21.3" 3.3
MC tt̄γ 12.5" 3.0 9.1" 2.2
MC single top quark 2.8" 0.8 1.7" 0.6
MC Zγ þ jets 1.7" 0.1 1.5" 0.1
Multijets # # # 7.2" 5.1

Total prediction 194.2" 11.5 147.9" 10.7
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FIG. 2 (color online). Comparison of predicted and observed
photon ET distributions in the (left) muon and (right) electron
channels. The rightmost bin includes the integral of events above
450 GeV for each process. The solid black line depicts a
representative signal distribution with anomalous coupling
parameter aW0 =Λ

2 ¼ 50 TeV−2.
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The azimuthal separation between the highest pT jet and
the ET direction is required to be larger than 0.4 radians.
This criterion reduces the QCD multijet background where
the ET can arise from a mismeasurement of the leading jet
energy. To reduce the background from Wγ þ jets events,
requirements on the dijet invariant mass 70 < mjj <
100 GeV, and on the separation between the jets of
jΔηjjj < 1.4, are imposed. In order to reject top-quark
backgrounds, the two jets are also required to fail a b quark
jet tagging requirement. The combined secondary vertex
algorithm [51] is used, with a discriminator based on the
displaced vertex expected from b hadron decays. This
algorithm selects b hadrons with about 70% efficiency,
and has a 1% misidentification probability. The anti-b tag
requirement suppresses approximately 7% of the WWγ and
10%of theWZγ signal via theW → cs̄,Z → bb̄ andZ → cc̄
decays. These effects are taken into account in the analysis.
Muon candidates are reconstructed by combining infor-

mation from the silicon tracker and from the muon detector
by means of a global track fit. The muon candidates are
required to pass the standard CMS muon identification and
the track quality criteria [52]. The isolation variables used in
the muon selection are based on the PF algorithm and are
corrected for the contribution from pileup. The muon
candidates have a selection efficiency of approximately 96%.
Electrons are reconstructed from clusters [27,53–55] of

ECAL energy deposits matched to tracks in the silicon
tracker within the ECAL fiducial volume, with the exclu-
sion of the transition region between the barrel and the end
caps previously defined. The electron candidates are
required to be consistent with a particle originating from
the primary vertex in the event. The isolation variables used
in the electron selection are based on the PF algorithm and
are corrected for the contribution from pileup. The electron
selection efficiency is approximately 80%. To suppress the

Z → eþe− background in the electron channel, where one
electron is misidentified as a photon, a Z boson mass veto of
jMZ −meγj > 10 GeV is applied. The impact on the signal
efficiency from applying such a suppression is negligible.
Photon candidates are reconstructed from clusters of

cells with significant energy deposition in the ECAL. The
candidates are required to be within the ECAL barrel
fiducial region (jηj < 1.44). The observables used in the
photon selection are isolation variables based on the PF
algorithm and they are corrected for the contribution due to
pileup, the ratio of hadronic energy in the HCAL that is

TABLE II. Expected number of events for each process. The
predicted number of events for the Wγ þ jets and WV þ jet
processes, where the jet is reconstructed as a photon, are derived
from data. The “Total prediction” item represents the sum of all
the individual contributions.

Process
Muon channel

number of events
Electron channel
number of events

SM WWγ 6.6" 1.5 5.0" 1.1
SM WZγ 0.6" 0.1 0.5" 0.1

Wγ þ jets 136.9" 10.5 101.6" 8.5
WV þ jets, jet → γ 33.1" 4.8 21.3" 3.3
MC tt̄γ 12.5" 3.0 9.1" 2.2
MC single top quark 2.8" 0.8 1.7" 0.6
MC Zγ þ jets 1.7" 0.1 1.5" 0.1
Multijets # # # 7.2" 5.1

Total prediction 194.2" 11.5 147.9" 10.7
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FIG. 2 (color online). Comparison of predicted and observed
photon ET distributions in the (left) muon and (right) electron
channels. The rightmost bin includes the integral of events above
450 GeV for each process. The solid black line depicts a
representative signal distribution with anomalous coupling
parameter aW0 =Λ

2 ¼ 50 TeV−2.
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aTGC search uses 
photon ET as discriminant

The background from misidentified photons arises
mainly from the W þ 3 jets process, where one jet passes
the photon identification criteria. The total contribution
frommisidentified photons is estimated using a data control
sample, where all selection criteria except for the isolation
requirement are applied. The shower shape distribution is
then used to estimate the total rate of misidentified photons.
Details on the method can be found in Ref. [56]. The
fraction of the total background from misidentified photons
decreases with photon ET from a maximum of 23%
(pT ¼ 30 GeV) to 8% (pT > 135 GeV).
The multijet background is due to misidentified leptons

from jets that satisfy the muon or electron selection
requirements. It is estimated by using a two component
fit to the ET distribution in data. The procedure is described
in [3], and was repeated for the 8 TeV data. The multijet
contribution is estimated to be 6.2% for the electron
channel, with a 50% uncertainty, and is negligible for
the muon channel.
Other background contributions arise from top-quark

pair production, single-top-quark production, and
Zγ þ jets. These are taken from simulation and are fixed
to their SM expectations, with the central values and
uncertainties listed in Table I. The top-quark pair process
contribution comes from the presence of two W bosons in
the decays. The Zγ þ jets background can mimic the signal
when the Z decays leptonically and one of the leptons is
lost, resulting in ET. The sum of the top-quark pair, single-
top-quark, and Zγ þ jets backgrounds represent about 8%
of the expected SM background rate.

VII. SYSTEMATIC UNCERTAINTIES

The uncertainties contributing to the measured rate of
misidentified photons arise from two sources. First, the
statistical uncertainty is taken from pseudo experiments
drawn from the data control sample described in Sec. VI
and is estimated to be 5.6% rising to 37% with increasing
photon ET. The second arises from a bias in the shower
shape ofW þ 3 jets simulation due to the inverted isolation
requirements. This uncertainty is estimated to be less than
11%. The combined uncertainty on the photon misidenti-
fication rate, integrated over the ET spectrum, is 14%.

The uncertainty in the measured value of the luminosity
[24] is 2.6% and it contributes to the signal and those
backgrounds that are taken from the MC prediction. Jet
energy scale uncertainties contribute via selection thresh-
olds on the jet pT and dijet invariant mass by 4.3%. The
small difference in ET resolution [46] between data and
simulation affects the signal selection efficiency by less
than 1%. Systematic uncertainties due to the trigger
efficiency in the data (1%) and lepton reconstruction and
selection efficiencies (2%) are also accounted for. Photon
reconstruction efficiency and energy scale uncertainties
contribute to the signal selection efficiency at the 1% level.
The uncertainty from the b jet tagging procedure is 2% on
the data/simulation efficiency correction factor [51]. This
has an effect of 11% on the tt̄γ background, 5% on the
single-top-quark background, and a negligible effect on the
signal. The theoretical uncertainty in the tt̄γ and Zγ þ jets
production is 20%.
The theoretical uncertainties in the WWγ, WZγ, and

AQGC signal cross sections are evaluated using
AMC@NLO samples. We vary the renormalization and
factorization scales each by factors of 1=2 and 2, and
require μR ¼ μF, as described in Ref. [43]. We find that the
scale-related uncertainties are 23%, and that the uncertainty
due to the choice of PDF is 3.6%.

TABLE III. The 95% C.L. exclusion limits for each AQGC
parameter from the combination of the muon and electron
channels.

Observed limits Expected limits

−21 < aW0 =Λ
2 < 20 TeV−2 −24 < aW0 =Λ

2 < 23 TeV−2

−34 < aWC =Λ
2 < 32 TeV−2 −37 < aWC =Λ

2 < 34 TeV−2

−25 < fT;0=Λ4 < 24 TeV−4 −27 < fT;0=Λ4 < 27 TeV−4

−12 < κW0 =Λ
2 < 10 TeV−2 −12 < κW0 =Λ

2 < 12 TeV−2

−18 < κWC =Λ
2 < 17 TeV−2 −19 < κWC =Λ

2 < 18 TeV−2

TABLE IV. The 95% C.L. exclusion limits for each dimension-
eight AQGC parameter from the combination of the muon and
electron channels.

Observed limits (TeV−4) Expected limits (TeV−4)

−77 < fM;0=Λ4 < 81 −89 < fM;0=Λ4 < 93
−131 < fM;1=Λ4 < 123 −143 < fM;1=Λ4 < 131
−39 < fM;2=Λ4 < 40 −44 < fM;2=Λ4 < 46
−66 < fM;3=Λ4 < 62 −71 < fM;3=Λ4 < 66
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The LEP aTGC results in terms of dim-6 operators, 
with non-linear realisation of SU(2)×U(1) in effective Lagrangian

Post-Higgs boson discovery: linear realization a la SM more appropriate, 
quartic couplings involving photons appear as dim-8 operators.

For some operators similar Lorentz structure between the two realization - can be 
expressed in terms of each other - whereas others cannot. 

4 parameters with analogues between the two realizations, 
as well as one which is unique to the linear realization, presented.

Also at the same time the form factor was dropped.
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Search for triboson production Wγγ
ATLAS: ~20.3 fb-1 of 8 TeV data, published as arXiv:1503.03243

Signature: Wγγ→lvγγ
Main background Wγ+jets, then Wjj, Zγ, γγ+jets
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Figure 1: Diphoton invariant mass distribution in the electron (left) and muon (right) channels. The expected signal
based on the SHERPA prediction is shown. The hashed areas show the total systematic and statistical uncertainty
on the background estimate.

The fiducial cross sections �fid
W�� are obtained from a maximum-likelihood fit, similarly to Ref. [5], for the

electron channel, the muon channel, and the combination of the two assuming lepton universality to de-
termine the W(`⌫)�� cross section for a single lepton flavor. They are measured in a phase space, defined
in Table 2, close to that of the experimentally selected region. Here p

⌫
T is the transverse momentum of

the neutrino and ✏ph is the fractional energy carried by the closest particle-level jet in a cone of �R = 0.4
around each photon direction.

Definition of the fiducial region
p

`
T > 20 GeV, p

⌫
T > 25 GeV, |⌘`| < 2.5

mT > 40 GeV
E

�
T > 20 GeV, |⌘�| < 2.37, iso. fraction ✏ph < 0.5
�R(`, �) > 0.7, �R(�, �) > 0.4, �R(`/�, jet) > 0.3

Exclusive: no anti-k
t

jets with p

jet
T > 30 GeV, |⌘jet| < 4.4

Table 2: Definition of the fiducial region for which the cross section is evaluated.

The e�ciency of the signal selection and the small acceptance correction due to the extrapolation over
the calorimeter transition region and to |⌘| = 2.5 for the leptons are taken into account in the procedure.
The acceptance correction factors are 0.83 and 0.90 in the electron and muon channel, respectively. The
combined e�ciency and acceptance correction amounts to (19.6±0.5)% and (40.4±0.7)% in the electron
and muon channels in the inclusive case, and to (15.1±0.7)% and (39.7±1.0)% in the exclusive case. The
given uncertainties are statistical only. Corrections are applied to account for small di↵erences between
data and MC simulation in lepton, photon, and jet e�ciencies, momentum scale and resolution, additional
pp interactions, and beam-spot position.

Systematic uncertainties on the cross section are accounted for by introducing nuisance parameters in the
likelihood which modify the signal and background expected yields. Correlations between systematic
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pp interactions, and beam-spot position.

Systematic uncertainties on the cross section are accounted for by introducing nuisance parameters in the
likelihood which modify the signal and background expected yields. Correlations between systematic

4
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Search for Wγγ→lvγγ

30

Significance in inclusive production cross-section >3σ
First evidence for triple-gauge boson production
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Search for Wγγ→lvγγ: aQGC

31

Three dim-8 operators (linear realisation) are constrained, 
and translated to match definitions used by LEP and CMS. 

Results with and without form factor given

(no form factor)

For aQGC require additional selection mγγ>300GeV on top 
of the exclusive selection

0.01±0.03(stat)±0.20(syst)

0.02±0.05(stat)±0.46(syst)
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Exclusive VBS at LHC: γγ→WW
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Figure 1. Quartic gauge coupling (a) and t- (b) and u-channel (c) W-boson exchange diagrams
contributing to the �� ! W+W� process at leading order in the SM.

the azimuthal angle � is measured, in radians, in the (x, y) plane relative to the x axis. The

silicon tracker covers a range of |⌘| < 2.4, where ⌘ = � ln[tan(✓/2)], and consists of three

layers made of 66 million 100⇥150µm2 pixels followed by ten microstrip layers, with strips

of pitch between 80 and 180µm. Muons are measured in the |⌘| < 2.4 range, with detection

planes made of three technologies: drift tubes, cathode strip chambers, and resistive-plate

chambers. The 3.8T magnetic field, and the high granularity of the silicon tracker, allow

the transverse momentum of the muons matched to tracks in the silicon detector to be

measured with a resolution better than ⇠1.5% for p

T

smaller than 100GeV. The ECAL

provides coverage in a range of |⌘| < 1.479 in the barrel region and 1.479 < |⌘| < 3.0 in

the two endcap regions. The first level of the CMS trigger system, composed of custom

hardware processors, uses information from the calorimeters and muon detectors to select

(in less than 3µs) the most interesting events. The high-level trigger (HLT) processor farm

further decreases the event rate from 100 kHz to a few hundred Hz before data storage.

3 Theory and simulation

The electroweak sector of the SM [18–20] predicts 3- and 4-point vertices with the gauge

bosons, which are represented in the SM Lagrangian by the following terms for the quartic

WW�� and triple WW� couplings:

L

WW� = �ie (@µA⌫ � @⌫Aµ)W
+µ

W

�⌫

L

WW�� = �e

2

�
W

+

µ W

�µ
A⌫A

⌫ �W

+

µ W

�
⌫ A

µ
A

⌫
� (3.1)

where A

µ is the photon field and W

µ is the W-boson field. As a result, the diagrams that

represent the WW�� interaction at lowest order in the perturbation series consist of both

quartic gauge coupling (figure 1(a)) and t- and u-channel W-boson exchange diagrams

(figure 1(b,c)).

Measurements of the quartic WW�� coupling can be used to look for any deviation

from the SM predictions, which would reveal a sign of new physics [6]. One has to take

into account more generic couplings in order to study the possibility of such deviations

in high-energy collisions. Considering models with the anomalous triple gauge couplings,

the quartic WW�� and triple WW� couplings can be associated with a single anomalous

dimension-six operator [16]. The genuine anomalous quartic gauge couplings considered
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represent the WW�� interaction at lowest order in the perturbation series consist of both

quartic gauge coupling (figure 1(a)) and t- and u-channel W-boson exchange diagrams
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Measurements of the quartic WW�� coupling can be used to look for any deviation

from the SM predictions, which would reveal a sign of new physics [6]. One has to take

into account more generic couplings in order to study the possibility of such deviations
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First VV→VV analysis at the LHC : γγ→WW 
CMS using 5.2 fb-1 of 7 TeV data, published as JHEP 07 (2013) 216

Signature is exclusive or quasi-exclusive W+W- production: 
pp→p(*)γγp(*) →p(*) W+W- p(*)→p(*) e+νe-νp(*)

both very-forward scattered protons escape detection

Distinct signature: In the interaction only e±µ∓ produced, nothing else
Main backgrounds: γγ/DY→ττ, diffractive WW and W+jets

Selection: 
• Leptons with pT>20 GeV and |η|<2.4
• e-µ pair with opposite charge and compatible with a common vertex 
• mll>20 GeV  
• zero additional tracks in vertex 
→ Underlying Event for non-exclusive pp interactions

• pT(eµ) > 30 GeV
→ suppress γγ/DY→ττ

• veto events passing µ±µ∓ selection
→ suppress DY events with µ mis-identified as e, due to brem

• for aQGC studies pT(eµ) > 100 GeV

QGC

TGC
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γγ→WW

33

This is the kind of events we look for!

JHEP 07 (2013) 216
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γγ→WW

34

This is the kind of events we see...
striking difference in the activity in the detector

JHEP 07 (2013) 216
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Pile-up (again)

35

Z→µµ candidate with 25 reconstructed vertices from the 2012 run.
Only good quality tracks with pT>0.4GeV are shown

Our handle to separate different pp interactions within the same bunch crossing

Δz
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Figure 2. E�ciency of the zero extra tracks selection vs. distance to closest track computed with
the artificial vertex method in zero-bias data. The points correspond to events with 0, 1, 2, and 8
real vertices in the event. Events to the right of the vertical dashed line are selected. The vertical
error bars are negligible.
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error bars are negligible.
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Δz requirement

36

Veto eµ reconstructed vertices which have another track within 2mm 
Trade-off between signal efficiency and background rejection:
wide Δz to “capture” tracks accompanying DY events, but narrow enough to suppress pile-up

JHEP 01 (2012) 052

“zero-bias” events, triggered only by presence of colliding 
bunches. Artificial dimuon vertex added in each event as proxy 

for an exclusive dimuon interaction. 
Signal efficiency deteriorates rapidly when µ increases → challenging analysis for 8 TeV data?

7 TeV datasample <µ>=9 interactions/bc → 40% signal inefficiency
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Vertex Track Multiplicity

37

Extra tracks multiplicity
0 2 4 6 8 10 12 14
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tt W+jets
-τ+τ → γγElastic -τ+τ → γγInelastic 

 (SM)-W+ W→ γγ

-1 = 7 TeV, L = 5.05 fbsCMS, 

JHEP 07 (2013) 216
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Estimating the SM expectation

38
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Figure 1. Schematic diagrams for the exclusive and semi-exclusive two-photon production of
muon pairs in pp collisions for the elastic (left), single dissociative (center), and double dissociative
(right) cases. The three lines in the final state of the center and right plots indicate dissociation of
the proton into a low-mass system N .

process, like the extremely small pair transverse momentum and acoplanarity (defined as

1� |��(µ+
µ

�)/⇡|), stem from the very small virtualities of the exchanged photons.

At the Tevatron, the exclusive two-photon production of electron [4, 5] and muon [5, 6]

pairs in pp collisions has been measured with the CDF detector. Observations have been

made of QED signals, leading to measurements of exclusive charmonium photoproduc-

tion [6] and searches for anomalous high-mass exclusive dilepton production [5]. However,

all such measurements have very limited numbers of selected events because the data

samples were restricted to single interaction bunch crossings. The higher energies and

increased luminosity available at the Large Hadron Collider (LHC) will allow significant

improvements in these measurements, if this limitation can be avoided. As a result of the

small theoretical uncertainties and characteristic kinematic distributions in �� ! µ

+
µ

�,

this process has been proposed as a candidate for a complementary absolute calibration of

the luminosity of pp collisions [1–3].

Unless both outgoing protons are detected, the semi-exclusive two-photon production,

involving single or double proton dissociation (figure 1, middle and right panels), becomes

an irreducible background that has to be subtracted. The proton-dissociation process is

less well determined theoretically, and in particular requires significant corrections due to

proton rescattering. This e↵ect occurs when there are strong-interaction exchanges between

the protons, in addition to the two-photon interaction. These extra contributions may alter

the kinematic distributions of the final-state muons, and may also produce additional low-

momentum hadrons. As a result, the proton-dissociation process has significantly di↵erent

kinematic distributions compared to the pure exclusive case, allowing an e↵ective separation

of the signal from this background.

In this paper, we report a measurement of dimuon exclusive production in pp collisions

at
p
s = 7TeV for the invariant mass of the pair above 11.5GeV, with each muon having

transverse momentum pT(µ) > 4GeV and pseudorapidity |⌘(µ)| < 2.1 (where ⌘ is defined

as � ln(tan(✓/2))). This measurement is based on data collected by the Compact Muon

Solenoid (CMS) experiment during the 2010 LHC run, including beam collisions with

multiple interactions in the same bunch crossing (event pileup), and corresponding to an

integrated luminosity of 40 pb�1 with a relative uncertainty of 4% [7].
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all such measurements have very limited numbers of selected events because the data
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improvements in these measurements, if this limitation can be avoided. As a result of the
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this process has been proposed as a candidate for a complementary absolute calibration of

the luminosity of pp collisions [1–3].

Unless both outgoing protons are detected, the semi-exclusive two-photon production,

involving single or double proton dissociation (figure 1, middle and right panels), becomes

an irreducible background that has to be subtracted. The proton-dissociation process is

less well determined theoretically, and in particular requires significant corrections due to

proton rescattering. This e↵ect occurs when there are strong-interaction exchanges between

the protons, in addition to the two-photon interaction. These extra contributions may alter

the kinematic distributions of the final-state muons, and may also produce additional low-

momentum hadrons. As a result, the proton-dissociation process has significantly di↵erent

kinematic distributions compared to the pure exclusive case, allowing an e↵ective separation

of the signal from this background.

In this paper, we report a measurement of dimuon exclusive production in pp collisions

at
p
s = 7TeV for the invariant mass of the pair above 11.5GeV, with each muon having

transverse momentum pT(µ) > 4GeV and pseudorapidity |⌘(µ)| < 2.1 (where ⌘ is defined

as � ln(tan(✓/2))). This measurement is based on data collected by the Compact Muon

Solenoid (CMS) experiment during the 2010 LHC run, including beam collisions with

multiple interactions in the same bunch crossing (event pileup), and corresponding to an

integrated luminosity of 40 pb�1 with a relative uncertainty of 4% [7].
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pairs in pp collisions has been measured with the CDF detector. Observations have been

made of QED signals, leading to measurements of exclusive charmonium photoproduc-

tion [6] and searches for anomalous high-mass exclusive dilepton production [5]. However,

all such measurements have very limited numbers of selected events because the data

samples were restricted to single interaction bunch crossings. The higher energies and

increased luminosity available at the Large Hadron Collider (LHC) will allow significant

improvements in these measurements, if this limitation can be avoided. As a result of the

small theoretical uncertainties and characteristic kinematic distributions in �� ! µ

+
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this process has been proposed as a candidate for a complementary absolute calibration of

the luminosity of pp collisions [1–3].

Unless both outgoing protons are detected, the semi-exclusive two-photon production,

involving single or double proton dissociation (figure 1, middle and right panels), becomes

an irreducible background that has to be subtracted. The proton-dissociation process is

less well determined theoretically, and in particular requires significant corrections due to

proton rescattering. This e↵ect occurs when there are strong-interaction exchanges between

the protons, in addition to the two-photon interaction. These extra contributions may alter

the kinematic distributions of the final-state muons, and may also produce additional low-

momentum hadrons. As a result, the proton-dissociation process has significantly di↵erent

kinematic distributions compared to the pure exclusive case, allowing an e↵ective separation

of the signal from this background.

In this paper, we report a measurement of dimuon exclusive production in pp collisions

at
p
s = 7TeV for the invariant mass of the pair above 11.5GeV, with each muon having

transverse momentum pT(µ) > 4GeV and pseudorapidity |⌘(µ)| < 2.1 (where ⌘ is defined

as � ln(tan(✓/2))). This measurement is based on data collected by the Compact Muon

Solenoid (CMS) experiment during the 2010 LHC run, including beam collisions with

multiple interactions in the same bunch crossing (event pileup), and corresponding to an

integrated luminosity of 40 pb�1 with a relative uncertainty of 4% [7].

– 2 –

exclusive/elastic inelastic/
proton dissociative

inelastic/
proton dissociative

γγ→WW produced in: 
• “elastic” pp collisions 
• “inelastic” pp collisions → one or both protons are breaking up
Proton dissociative processes difficult to estimate from “first principles” → soft-QCD

Absorption effects caused by strong interactions between the protons usually result in smaller 
dissociative contribution 

Employ a data-driven estimate using the clean “γγ→µ+µ-” process,
also can be used to check the pile-up rejection (track veto) requirement
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the γγ→µµ control region

39
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Figure 3. Invariant mass distribution of the muon pairs for the elastic selection with no additional
track on the dimuon vertex. The dashed lines indicate the Z-peak region. The hatched bands
indicate the statistical uncertainty in the simulation.

Region Data Simulation Data/Simulation

Elastic 820 906± 9 0.91± 0.03

Dissociation 1312 1830± 17 0.72± 0.02

Total 2132 2736± 19 0.78± 0.02

Table 1. Total number of data events compared to the sum of all the background events expected in
the two control regions, after trigger and preselection criteria. The uncertainties are statistical only.

µ

+

µ

� production vertex, good agreement is observed between data and simulation. This

confirms that pileup e↵ects and low-multiplicity fluctuations of the inclusive Drell-Yan

processes are well modeled. The hatched bands indicate the statistical uncertainty. In

figure 5 the dimuon pair invariant mass is plotted for the dissociation selection with zero

extra tracks.

Table 1 lists the number of events with zero extra tracks seen in the data and expected

from simulation in the µ

+

µ

� sample after trigger and preselection criteria. In the elastic

region, the sum of all contributions in simulation using the lpair generator is ⇠10% greater

than the yield observed in data. In the dissociation region, which is expected to be most

a↵ected by rescattering corrections [43], an overall deficit of 28% is observed in the data.

As seen in figure 6, this deficit is particularly large at high p

T

(µ+

µ

�).

The suppression due to rescattering corrections is particularly significant in the case of

quasi-exclusive production when one or both incident protons dissociate. This suppression

is practically impossible to calculate from first principles as it involves very soft interactions

and only phenomenological models are available. Therefore, using the low-background

sample of dimuons produced via two-photon interactions, we use the data to determine

an e↵ective, observed “luminosity” of two-photon interactions at high energies relevant for

W-pair production. For this purpose, the number of detected dimuon events with invariant

– 8 –

Observed events compared to total expected events in the two control regions, 
after trigger and preselection criteria. 

(statistical 
uncertainties only)
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the γγ→µµ control region: elastic-region
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Table 1 lists the number of events with zero extra tracks seen in the data and expected
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� sample after trigger and preselection criteria. In the elastic

region, the sum of all contributions in simulation using the lpair generator is ⇠10% greater

than the yield observed in data. In the dissociation region, which is expected to be most

a↵ected by rescattering corrections [43], an overall deficit of 28% is observed in the data.

As seen in figure 6, this deficit is particularly large at high p

T
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�).

The suppression due to rescattering corrections is particularly significant in the case of

quasi-exclusive production when one or both incident protons dissociate. This suppression

is practically impossible to calculate from first principles as it involves very soft interactions

and only phenomenological models are available. Therefore, using the low-background

sample of dimuons produced via two-photon interactions, we use the data to determine

an e↵ective, observed “luminosity” of two-photon interactions at high energies relevant for

W-pair production. For this purpose, the number of detected dimuon events with invariant
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This is the region we have the better understanding of, and can use 
the Z peak to cross-check the Drell-Yan contributions
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Figure 4. Kinematic distributions for the elastic selection, for the Z region only
(70GeV< m(µ+

µ

�) <106GeV, left panel) and with the Z region removed (right panel). The acopla-
narity (above) and p

T

of µ+

µ

� pairs with zero extra tracks (below) are shown. The hatched bands
indicate the statistical uncertainty in the simulation.

mass over 160GeV, corrected for the DY contribution, is divided by the prediction for the

fully exclusive, elastic production predicted by lpair,

F =
Nµµ data

�N

DY

N

elastic

����
m(µ+µ�

)>160GeV

,

F = 3.23± 0.53.

(5.1)

This factor F is then be applied to scale the CalcHEP signal prediction and obtain

the total cross section for two-photon W+W� production including elastic and proton

dissociative contributions. This assumes the dilepton kinematics are the same in elastic and

proton dissociative production, with the di↵erence in e�ciency arising from the requirement

of zero extra tracks originating from the W+W� production vertex.

A total uncertainty of 16% on this factor F is assigned, which has two independent

sources. The first source is a 15.5% statistical uncertainty in the determination of this

factor from the high-mass dimuon data. The second source is due to applying the scale
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Figure 4. Kinematic distributions for the elastic selection, for the Z region only
(70GeV< m(µ+

µ

�) <106GeV, left panel) and with the Z region removed (right panel). The acopla-
narity (above) and p

T

of µ+

µ

� pairs with zero extra tracks (below) are shown. The hatched bands
indicate the statistical uncertainty in the simulation.

mass over 160GeV, corrected for the DY contribution, is divided by the prediction for the

fully exclusive, elastic production predicted by lpair,

F =
Nµµ data

�N

DY

N

elastic

����
m(µ+µ�

)>160GeV

,

F = 3.23± 0.53.

(5.1)

This factor F is then be applied to scale the CalcHEP signal prediction and obtain

the total cross section for two-photon W+W� production including elastic and proton

dissociative contributions. This assumes the dilepton kinematics are the same in elastic and

proton dissociative production, with the di↵erence in e�ciency arising from the requirement

of zero extra tracks originating from the W+W� production vertex.

A total uncertainty of 16% on this factor F is assigned, which has two independent

sources. The first source is a 15.5% statistical uncertainty in the determination of this

factor from the high-mass dimuon data. The second source is due to applying the scale
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Figure 7. Data compared to simulation in control region 1. The µ

±e⌥ invariant mass (above
left) and acoplanarity (above right) are shown for events with 1–6 extra tracks on the µ

±e⌥ vertex
and p

T

(µ±e⌥) > 30GeV. The number of additional tracks on the electron-muon primary vertex
is shown for events with p

T

(µ±e⌥) > 30GeV (below). The shaded bands indicate the statistical
uncertainty in the background estimation. The signal (open histogram) is shown stacked on top of
the backgrounds.

sponding control region with 1–6 extra tracks and p

T

(µ±e⌥) < 30GeV. Given this, and

the agreement with data in the W+W� control region with 1–6 extra tracks and the ⌧+⌧�

region with zero extra tracks, no additional rescaling of the backgrounds is performed. The

estimated background is 0.84 ± 0.15 events, including the systematic uncertainty on the

backgrounds.

7 Systematics and cross-checks

The systematic uncertainties a↵ecting the signal are summarized in table 5. The uncer-

tainty on the delivered 2011 luminosity is 2.2% [49]. The lepton trigger and selection
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J
H
E
P
0
7
(
2
0
1
3
)
1
1
6

Selection step Signal ✏⇥A Visible cross section (fb) Events in data

Trigger and preselection 28.5% 1.1 9086

m(µ±
e

⌥
) > 20GeV 28.0% 1.1 8200

Muon ID and Electron ID 22.6% 0.9 1222

µ±
e

⌥
vertex with zero extra tracks 13.7% 0.6 6

p
T

(µ±
e

⌥
) > 30GeV 10.6% 0.4 2

Table 2. Product of the signal e�ciency and the acceptance, visible cross section, and number
of events selected in data at each stage of the selection. The preselection requires a reconstructed
muon and electron of opposite charge, each having p

T

> 20GeV and |⌘| < 2.4, matched to a
common primary vertex with fewer than 15 additional tracks.

Region Background process N

extra tracks

p

T

(µ±e⌥)

1 Inclusive W+W� 1  N

extra tracks

 6 >30GeV

2 Inclusive Drell-Yan ⌧

+

⌧

� 1  N

extra tracks

 6 <30GeV

3 �� ! ⌧

+

⌧

�
N

extra tracks

= 0 <30GeV

Table 3. Definitions for the three independent control regions.

sample to account for the additional proton dissociation contribution, the total predicted

cross section times branching fraction is:

�

theory

(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 4.0± 0.7 fb.

The acceptance for the SM signal in the fiducial region |⌘(µ, e)| < 2.4, p
T

(µ, e) > 20GeV

is determined to be 55% using the CalcHEP generator.

The predicted visible cross section at each stage of the selection, defined as the pre-

dicted cross section multiplied by the e�ciency and acceptance, is shown in table 2, together

with the e�ciency and acceptance for the signal, and the corresponding number of events

selected from the data sample. The signal ine�ciency introduced by the requirement of zero

extra tracks on the µ

±e⌥ vertex reflects the e↵ect of pileup. As described in ref. [14], with

increasing pileup there is a higher probability of finding tracks from a pileup interaction in

close proximity to the dilepton signal vertex. The incorrect assignment of these tracks to

the signal vertex by the vertex clustering algorithm will lead to signal events being rejected.

In the 2011 data sample with an average of 9 interactions per bunch crossing, this results

in the rejection of ⇠40% of signal events that would pass other selection requirements.

To check the modelling of the individual background contributions, we define three

independent control regions based on the number of tracks associated to the µ

±e⌥ vertex

and the p

T

of the µ

±e⌥ pair, as defined in table 3. To study the inclusive backgrounds,

we select two control regions with 1–6 extra tracks associated to the µ

±e⌥ vertex. The

first region has p

T

(µ±e⌥) < 30GeV and is dominated by inclusive Drell-Yan production

of ⌧

+

⌧

� and the second, with p

T

(µ±e⌥) > 30GeV, is dominated by inclusive W+W�

production. In order to select a sample with a significant fraction of �� ! ⌧

+

⌧

� events,

we define a third control region having zero extra tracks, but p
T

(µ±e⌥) < 30GeV.

– 11 –

J
H
E
P
0
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(
2
0
1
3
)
1
1
6

Region Background process Data Sum of backgrounds �� ! W+W� signal

1 Inclusive W+

W

� 43 46.2± 1.7 1.0

2 Inclusive Drell-Yan ⌧

+

⌧

� 182 256.7± 10.1 0.3

3 �� ! ⌧

+

⌧

� 4 2.6± 0.8 0.7

Table 4. Background event yields for the three independent control regions.

We first compare the data to the expected backgrounds from simulation in the inclusive

W+W� region. The predicted pompyt di↵ractive W+W� contribution is, very conserva-

tively, added to the other backgrounds, without accounting for any survival probabilities

or overlap with the inclusive W+W� sample. To study the W + jets backgrounds, for

which the contribution is mainly from misidentified leptons or non-prompt leptons in jets,

we select a control sample of events with p

T

(µ±e⌥) > 30GeV, where at least one of the

two lepton candidates fails the nominal o✏ine identification criteria. This sample is then

normalized to the simulation in the high-multiplicity (more than 6 extra tracks) region

and used to estimate the W+jets background in the signal and inclusive W+W� control

regions. Figure 7 shows the distribution of the number of extra tracks for the W+W�

region with p

T

(µ±e⌥) > 30GeV, together with the invariant mass and acoplanarity of the

events with 1–6 extra tracks. In general the data are consistent with the sum of simulated

backgrounds in this region.

In the Drell-Yan ⌧

+

⌧

�-dominated region with p

T

(µ±e⌥) < 30GeV and 1–6 tracks we

find general agreement in the dilepton kinematic distributions, but an overall deficit in the

data sample compared to simulation, with 256.7 ± 10.1 background events expected and

182 observed. Figure 8 shows the distribution of the number of extra tracks for the events

with with p

T

(µ±e⌥) < 30GeV, together with the invariant mass and acoplanarity of the

events with 1–6 extra tracks.

In the ⌧

+

⌧

� sample with zero extra tracks, we find four events in the data sample,

compared to a background expectation of 2.5 events from simulation, plus 0.9 events from

the �� ! W+W� signal. The expected contribution to the background from �� ! ⌧

+

⌧

�

is approximately 0.7 events. The invariant mass and acoplanarity distributions are shown

in figure 9.

Table 4 summarizes the observed and expected background event yields for the three

independent control regions. Tracks from pileup vertices may be wrongly associated to

the µ

±e⌥ vertex from a �� ! W+W� event, resulting in signal events being classified

as 1–6 tracks events. This signal contamination, as well as that from signal events with

p

T

(µ±e⌥) < 30GeV, is estimated from simulation to be approximately one event or less in

any of the control regions.

We use the simulated background sample, corrected for trigger and lepton identifica-

tion e�ciencies, to estimate the backgrounds in the signal region. The W+jets contribution

to the background is estimated from the control sample of events with lepton identification

inverted, while the �� ! ⌧

+

⌧

� contribution is normalized using the factor derived from

the high-mass �� ! µ

+

µ

� data sample. No simulated Drell-Yan ⌧

+

⌧

� events survive all

selection criteria, and a deficit of data compared to simulation is observed in the corre-
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Figure 8. Data compared to simulation in control region 2. The µ

±e⌥ invariant mass (above
left) and acoplanarity (above right) are shown for events with 1–6 extra tracks on the µ

±e⌥ vertex
and p

T

(µ±e⌥) < 30GeV. The number of additional tracks on the electron-muon primary vertex
is shown for events with p

T

(µ±e⌥) < 30GeV (below). The shaded bands indicate the statistical
uncertainty in the background estimation. The signal (open histogram) is shown stacked on top of
the backgrounds.

e�ciency corrections are varied by their ±1� statistical uncertainties, with the direction

of the variation within each p

T

and ⌘ bin correlated. The largest variation in the expected

signal (when varying the e�ciency scale factors by +1�) is 4.2%, which is taken as a sys-

tematic uncertainty on the signal yield. The variation in the sum of backgrounds expected

from simulation due to the trigger and lepton selection is 3.7%, which is taken as a com-

ponent of the systematic uncertainty on the background estimate. The uncertainty on the

e�ciency for reconstructing vertices with two tracks is estimated to be 1.0%, based on the

data vs. simulation di↵erence obtained from the method described in ref. [50].

The e�ciency of the exclusivity selection, including e↵ects from pileup, is checked us-

ing the �� ! µ

+

µ

� control sample. Using the elastic control region, where the theoretical
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Figure 9. Data compared to simulation for control region 3. The µ

±e⌥ invariant mass (left)
and acoplanarity (right) are displayed for events with zero extra tracks on the µ

±e⌥ vertex and
p

T

(µ±e⌥) < 30GeV. The shaded bands indicate the statistical uncertainty in the background
estimation. The signal (open histogram) is shown stacked on top of the backgrounds.

uncertainties are smallest, we assign a 10% systematic uncertainty based on the level of

agreement between data and simulation. In addition, we check the stability of the agree-

ment between data and simulation as a function of pileup, using samples ranging from a

minimum of 1-5 reconstructed vertices to a maximum of 11–20.

The predictions for both the �� ! W+W� signal and the �� ! ⌧

+

⌧

� background are

rescaled to reflect the contribution of proton dissociation, as derived from the high-mass

�� ! µ

+

µ

� sample. As described in section 5, a total uncertainty of 16% is assigned to

this factor scale factor F , based on the statistical uncertainty of the high-mass �� ! µ

+

µ

�

control sample and the di↵erence between the matrix-element and EPA approaches.

As a cross-check we perform several alternative estimates and tests of the nominal

background contribution of 0.84 ± 0.15 events. To check the sensitivity to the simulation

of the dominant W+W� background, we replace the default MadGraph sample with

a pythia sample normalized to the NLO cross section. The agreement with data in

the control region is similar to that of MadGraph and results in a total background

estimate of 0.71 ± 0.21 (stat.) events in the signal region. Scaling the inclusive W+W�

background to the central value of the CMS cross section measurement [30], rather than

the NLO prediction, would change the total background estimate to 0.88 ± 0.15 events.

This change is smaller than the uncertainty on the nominal estimate. The sensitivity

to the di↵ractive component of the W+W� background is further tested by varying the

cross section between 0% and 200% of the nominal value. This results in a variation of

±0.03 events in the total background estimate. The contribution from vector boson fusion

(VBF), WW ! WW, is estimated using the vbfnlo event generator. No VBF events

survive all selections, corresponding to an upper limit of ⇠0.1 events at 95% Confidence

Level (CL). The contribution of VBF in the 1–6 tracks control region is estimated to be

approximately 0.1 events.
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Figure 10. The µ

±e⌥ invariant mass (top left), acoplanarity (top right), and missing transverse
energy (bottom) distributions, for events in the signal region with zero extra tracks on the µ

±e⌥

vertex and p

T

(µ±e⌥) > 30GeV. The backgrounds (solid histograms) are stacked with statistical
uncertainties indicated by the shaded region, the signal (open histogram) is stacked on top of the
backgrounds.

8 Results

Examining the SM �� ! W+W� signal region, we find two events passing all the selection

criteria, compared to the expectation of 2.2± 0.4 signal events and 0.84± 0.15 background

events, including the systematic uncertainties listed in table 5.

We convert the observed results into a cross section and upper limit for events with

zero extra tracks within |⌘| < 2.4, using the expression � = N/(✏ ⇥ A ⇥ L), where N is

the number of events observed, and ✏ ⇥ A is the e�ciency times acceptance for a SM-like

signal. Correcting for e�ciency, acceptance, and backgrounds, the best fit signal cross

section times branching fraction is:

�(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) = 2.2+3.3
�2.0 fb,

– 17 –

After applying the full selection, 2 events are observed 
Expected background: 0.84 ± 0.15 events 

Significance : ~1σ
Cross-section × Branching ratio: 

Cross section predicted 4.0 ± 0.7 fb
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Figure 11. The p

T

(µ±e⌥) distribution for events with zero extra tracks (left) and multiplicity of
extra tracks for events with p

T

(µ±e⌥) > 100GeV (right). The backgrounds (solid histograms) are
stacked with statistical uncertainties indicated by the shaded region, the signal (open histogram)
is stacked on top of the backgrounds. The expected signal is shown for the SM �� ! W+W�

signal (solid lines) and for two representative values of the anomalous couplings aW
0

/⇤2 and a

W

C /⇤2

(dotted and dashed lines).

with a significance of ⇠1�. With statistical uncertainties only, the resulting value of the

cross section times branching fraction is 2.2+3.2
�2.0 (stat.) fb.

The observed upper limit is estimated using the Feldman-Cousins method [52] to be

2.6 times the expected SM yield at 95% CL. The median expected limit in the absence

of signal is 1.5+1.0
�0.6 times the expected SM yield. Converting this to a limit on the cross

section we find at 95% CL:

�(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) < 10.6 fb.

The SM prediction is 4.0 ± 0.7 fb, including the uncertainty in the contribution of proton

dissociation. The dilepton invariant mass, acoplanarity, and missing transverse energy in

the two selected events are consistent with the expectation for the sum of backgrounds and

SM �� ! W+W� signal (figure 10).

The p

T

(µ±e⌥) distribution for events with zero extra tracks, and the extra tracks

multiplicity for events with p

T

(µ±e⌥) > 100GeV, are shown in figure 11. In the anomalous

quartic gauge coupling search region p

T

(µ±e⌥) > 100GeV, zero events are observed in data,

which is consistent with the SM expectation of 0.14, dominated by pp ! p(⇤)W+W�p(⇤).

We find that the selection e�ciency does not vary strongly between the simulated SM

and anomalous quartic gauge coupling samples within the detector acceptance (table 6)

and, therefore, set an upper limit on the partial cross section times branching fraction for

�� ! W+W� ! µ

±e⌥ with p

T

(µ, e) > 20GeV, |⌘(µ, e)| < 2.4 (for single leptons), and

p

T

(µ±e⌥) > 100GeV for the pair. We treat the residual SM pp ! p(⇤)W+W�p(⇤) signal as

a background, resulting in a total of 0.14±0.02 expected events, and include an additional

systematic uncertainty of 10% based on the maximum relative variation of the e�ciency

– 18 –

95% CL upper limit:
In terms of 95% CL upper limit: 2.6(1.0+0.5-0.6) × SM 
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Figure 11. The p

T

(µ±e⌥) distribution for events with zero extra tracks (left) and multiplicity of
extra tracks for events with p

T

(µ±e⌥) > 100GeV (right). The backgrounds (solid histograms) are
stacked with statistical uncertainties indicated by the shaded region, the signal (open histogram)
is stacked on top of the backgrounds. The expected signal is shown for the SM �� ! W+W�

signal (solid lines) and for two representative values of the anomalous couplings aW
0

/⇤2 and a

W

C /⇤2

(dotted and dashed lines).

with a significance of ⇠1�. With statistical uncertainties only, the resulting value of the

cross section times branching fraction is 2.2+3.2
�2.0 (stat.) fb.

The observed upper limit is estimated using the Feldman-Cousins method [52] to be

2.6 times the expected SM yield at 95% CL. The median expected limit in the absence

of signal is 1.5+1.0
�0.6 times the expected SM yield. Converting this to a limit on the cross

section we find at 95% CL:

�(pp ! p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤)) < 10.6 fb.

The SM prediction is 4.0 ± 0.7 fb, including the uncertainty in the contribution of proton

dissociation. The dilepton invariant mass, acoplanarity, and missing transverse energy in

the two selected events are consistent with the expectation for the sum of backgrounds and

SM �� ! W+W� signal (figure 10).

The p

T

(µ±e⌥) distribution for events with zero extra tracks, and the extra tracks

multiplicity for events with p

T

(µ±e⌥) > 100GeV, are shown in figure 11. In the anomalous

quartic gauge coupling search region p

T

(µ±e⌥) > 100GeV, zero events are observed in data,

which is consistent with the SM expectation of 0.14, dominated by pp ! p(⇤)W+W�p(⇤).

We find that the selection e�ciency does not vary strongly between the simulated SM

and anomalous quartic gauge coupling samples within the detector acceptance (table 6)

and, therefore, set an upper limit on the partial cross section times branching fraction for

�� ! W+W� ! µ

±e⌥ with p

T

(µ, e) > 20GeV, |⌘(µ, e)| < 2.4 (for single leptons), and

p

T

(µ±e⌥) > 100GeV for the pair. We treat the residual SM pp ! p(⇤)W+W�p(⇤) signal as

a background, resulting in a total of 0.14±0.02 expected events, and include an additional

systematic uncertainty of 10% based on the maximum relative variation of the e�ciency
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Currently in a transient state, moving from the “old” formalism of 
chiral Lagrangians (non-linear realisation of the symmetries) to a la SM effective 

Lagrangians (linear realisation of the symmetry)
Also the form factor approach is slowly being abandoned
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