
•  In	
  the	
  Standard	
  Model,	
  the	
  quar1c	
  gauge	
  boson	
  couplings	
  originate	
  from	
  non-­‐Abelian	
  
nature	
  of	
  the	
  theory.	
  
–  Allowed	
  couplings:	
  WWWW,	
  WWZZ,	
  WWZγ,	
  WWγγ	
  

•  Measuring	
  the	
  effect	
  of	
  quar1c	
  couplings	
  is	
  challenging	
  
–  The	
  cross	
  sec1on	
  is	
  at	
  the	
  order	
  of	
  femto	
  barn.	
  
–  The	
  quar1c	
  coupling	
  diagrams	
  can	
  not	
  be	
  separated	
  from	
  other	
  diagrams	
  due	
  to	
  
gauge	
  invariance	
  requirement.	
  

•  Vector	
  boson	
  scaGering	
  and	
  triboson	
  processes	
  are	
  sensi1ve	
  to	
  quar1c	
  couplings	
  effects	
  
–  Low	
  energy	
  effect	
  from	
  new	
  physic	
  phenomena	
  can	
  result	
  in	
  anomalous	
  quar1c	
  
couplings	
  (aQGC)	
  à	
  new	
  physics	
  evidences	
  if	
  devia1ons	
  from	
  SM	
  are	
  observed.	
  

Introduc1on	
  

aQGC	
  Sensi1vity	
  Studies	
  at	
  High	
  Luminosity	
  LHC	
  

Vector	
  Boson	
  ScaGering	
  in	
  WWjj	
  Final	
  State	
  

•  The	
  VBS	
  WWjj	
  process	
  is	
  ideal	
  for	
  QGC	
  at	
  WWWW	
  
vertex	
  studies:	
  
–  The	
  SM	
  backgrounds	
  are	
  controlled	
  by	
  tagging	
  
two	
  jets	
  with	
  large	
  rapidity	
  gap.	
  	
  

–  Use	
  same-­‐sign	
  leptonic	
  WW	
  channel	
  to	
  further	
  
reduce	
  SM	
  backgrounds.	
  

•  The	
  quar1c	
  couplings	
  contribu1on	
  are	
  measured	
  
together	
  with	
  other	
  EWK	
  and	
  strong	
  diagrams	
  
resul1ng	
  in	
  the	
  same	
  final	
  states.	
  

•  VBS	
  signal	
  region:	
  Mjj	
  >	
  500	
  GeV	
  and	
  Δyjj	
  >	
  2.4	
  

The scattering of two massive vector bosons (VBS), VV → VV with V = W,Z, is a key process to

probe the nature of electroweak symmetry breaking. In the absence of a Standard Model (SM) Higgs

boson, the longitudinally-polarized VBS amplitude increases as a function of the center-of-mass en-

ergy
√

s and violates unitarity at energies around 1 TeV [1, 2, 3]. The recent discovery of a 125 GeV

SM-like Higgs boson at the Large Hadron Collider (LHC) [4, 5] suggests what mechanism could unita-

rize this process. However, many physics scenarios predict enhancements in VBS either from additional

resonances or if the observed SM-like Higgs boson only partially unitarizes this amplitude [6, 7]. Up

to now no process involving a VVVV vertex has been measured. This lack of experimental data makes

studies of VBS processes particularly interesting.

At hadron colliders VBS can be conceptualized as an interaction of gauge bosons radiated from

incoming quarks yielding a final state with two bosons and two jets (VV j j). It is well known that VBS

diagrams are not separately gauge invarant and must be studied in conjunction with additional Feynman

graphs leading to the same VVjj final state [8]. Two classes of physical processes give rise to these final

states. The first class, which includes VBS contributions, involves exclusively weak interactions at Born

level and is referred to as electroweak production (Figure 1). The second class involves both strong and

electroweak interactions at Born level and is referred to as strong production (Figure 2). In the case of

same electric charge WW production (W±W± j j), the strong production cross section does not dominate

the electroweak cross section, making this channel an ideal choice for initial studies on VBS.

Figure 1: Representative Feynman diagrams for electroweak W±W± j j production. The upper three

diagrams represent VBS contributions, while the lower two diagrams represent non VBS contribution.

Figure 2: Representative Feynman diagrams for strong W±W± j j production.

This note presents the first evidence for electroweak W±W± j j production, where both W bosons

decay leptonically (W± → �±ν, � = e, µ), using pp collision data at
√

s = 8 TeV collected by the

ATLAS detector at the LHC. Cross sections are measured in two fiducial phase space regions (“fiducial

regions”) respectively for the sum of electroweak and strong W±W± j j production and for the electroweak

W±W± j j process alone. The distinct experimental signature is two same electric charge leptons and two

jets. Dominant backgrounds come from events with three or more leptons where one or more leptons

are not reconstructed, asymmetric photon conversion in association with another lepton, and non-prompt

production of same sign leptons.

Two fiducial regions are defined which closely mimic the experimental acceptance selections. The

first region or “inclusive region” is defined to study the combination of electroweak and strong production
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derstanding of the EWSB mechanism, regardless of the underlying physics. For example VBS processes247

can be used to determine the couplings of a Higgs boson to gauge bosons and fermions, as well as its248

CP properties. The energy dependence of the VV scattering above the Higgs mass scale will tell us if249

the Higgs boson unitarizes this process fully or only partially. These detailed studies will help in a more250

detailed study of the EWSB mechanism and may also be sensitive to signatures of physics beyond the251

SM.252

1.2 Same sign W±W± scattering and topology253

Same sign W±W± scattering where both W bosons decay leptonically (into eν or µν) is expected to be254

a very promising process for observing VBS. The final state consists of two leptons of the same charge,255

two neutrinos, and two forward partons. Despite its smaller cross-section compared to the opposite sign256

(W±W∓) final state, the same sign W±W± channel has the advantage of much lower background from257

diboson production, tt̄ and Z+jets. On the other hand, the s-channel Zγ and Higgs contributions are not258

present in W±W± scattering, while the t-channel Higgs contribution is allowed guaranteeing unitarity for259

the VBS process.260

The characteristic signature of W±W± processes is the presence of two high energy forward jets261

(tagging jets) in opposite hemispheres with large invariant mass, and the presence of a same sign lepton262

pair. Together these two signatures can efficiently reduce most SM backgrounds, making the W±W±263

process one of the most promising channels for first observations of VBS processes. Events from VBS264

processes show typical kinematic properties to be used for the signal selection: due to the emission of265

a vector boson from each initial quark line, the resulting quarks tend to be at high absolute values of266

rapidity, and have a rather large momentum. The two jets tend to be separated in rapidity and their267

invariant mass m j j is rather large. Figure 4 shows a typical event topology for vector boson scattering.268

tagging jet (3)

tagging jet (4)

∆y

l± (1)

l± (2)

ν

ν

Figure 4: VBS event topology: two hard, forward tagging jets (3,4) encompass the charged leptons (1,2),
visible decay products of the scattered W bosons.

Generator level studies of this event topology are shown in Fig. 5, comparing the W±W±jj-EW and269

W±W±jj-QCD contributions after very loose selections. The tagging jets are defined as the two jets270

with highest transverse momentum. The above mentioned VBS topology can be seen clearly in these271

kinematic distributions. Due to the tagging jet kinematics, both jets tend to have a larger rapidity in272

W±W±jj-EW events than in W±W±jj-QCD events. Moreover, the W±W±jj-EW sample has tagging jets273

with higher invariant mass and difference in rapidity. For additional kinematic comparisons between274

WWjj-EWK and WWjj-QCD, as well as for a detailed descriptions of the selections, see App. C.275

ee	
   eμ	
   μμ	
  
Total	
  
backgrounds	
  

5.0	
  ±	
  0.9	
   8.3	
  ±	
  1.6	
   2.6	
  ±	
  0.5	
  

EWK	
  WWjj	
   2.55	
  ±	
  0.25	
   7.3	
  ±	
  0.6	
   4.0	
  ±	
  0.4	
  
Total	
  predicted	
   7.6	
  ±	
  1.0	
   15.6	
  ±	
  2.0	
   6.6	
  ±	
  0.8	
  
Data	
   6	
   18	
   10	
  

4!

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

5
!

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
ATLAS Preliminary

 = 8 TeVs, -120.3 fb
 jj± W± W"pp 

K-matrix unitarization

68% CL
95% CL
expected 95% CL
Standard Model

confidence intervals

Figure 4: Limits on (α4,α5). Points outside of the solid light blue ellipse are excluded by the data at 95%
confidence level. Points outside the inner dark blue ellipse are excluded at the 68% confidence level. The
expected exclusion is given by the solid line.

however the effect is small when compared to the increase of the fiducial cross sections in the same
parameter space. The expected and observed 95% confidence intervals derived from the profile likeli-
hood function are shown in Figure 4. The one-dimensional projection at α5,4 = 0 is respectively found
to be −0.14 < α4 < 0.16 and −0.23 < α5 < 0.24 compared to an expected −0.10 < α4 < 0.12 and
−0.18 < α5 < 0.20.

In conclusion, a significant excess of events over background predictions is found using 20.3 fb−1 of
pp collision data at

√
s = 8 TeV recorded by the ATLAS detector. This excess is consistent with SM

W±W± j j production, and two fiducial cross sections are measured in regions with different sensitivities
to the electroweak W±W± j j and strong W±W± j j processes. The measured cross sections are found to
be in good agreement with SM predictions. In addition, the first limits on the α4,α5 aQGC parameters
are set.
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11 Anomalous quartic gauge couplings1987

While the primary goal of this analysis is to establish evidence of W±W± j j production, this measurement1988

also provides the first constraints on beyond the SM physics in VBS processes. Due to the close relation1989

of the longitudinal W and Z modes to the Higgs sector, this directly probes the electroweak symmetry1990

breaking mechanism (EWSB).1991

VBS processes are sensitive to deviations from the SM EWSB mechanism and to additional reso-1992

nances coupling to vector bosons at larger mass scales. In an effective theory ansatz, low energy effects1993

from new physics at scales beyond the current kinematic reach of the LHC are parametrized by an ef-1994

fective Lagrangian. This study is based on an effective electroweak chiral Lagrangian with a non-linear1995

realization of the symmetry breaking [2].1996

This SM Lagrangian is extended by additional operators of increasing dimension d, L(d)
i :

Le f f = LSM + β1L�(2)
0 +

�

i

α(4)
i L

(4)
i +

1
Λ

�

i

α(5)
i L

(5)
i +

1
Λ2

�

i

α(6)
i L

(6)
i + ... (39)

where αi are the dimensionless anomalous coupling parameters containing effects of new physics and Λ1997

is the assumed scale of new physics, as described in [45],[2].1998

In this effective Lagrangian, the β1L�0 term is highly suppressed due to the observation of custodial1999

symmetry of weak isospin S U(2)C . The lowest dimensional operators contributing to the quartic gauge2000

vertex and conserving CP and custodial symmetry are therefore the dimension-4 operators L4 and L52001

which are considered in this study. The aQGC parameters can be converted depending on the process2002

into parameters for higher (e.g. 6 and 8) dimensional operators as introduced by [46].2003

The two operators have the form:

α4L4 = α4
�
tr
�
VµVν

��2
and α5L5 = α5

�
tr
�
VµVµ

��2
(40)

with anomalous couplings parameters α4 and α5.2004

In general, an effective Lagrangian does not ensure unitarity. The introduction of a SM Higgs ensures2005

unitarity of the SM VBS process, which is destroyed if anomalous couplings or additional resonances2006

are added.2007

As a consequence, a unitarization scheme has to be applied in order to avoid non-physical results. In2008

the case of VBS with aQGC, the unitarization has a large impact on differential and total cross sections. It2009

essentially becomes a part of the model and should be chosen carefully. A conversion between different2010

unitarization schemes is not only process dependent but also highly phase-space dependent. Therefore,2011

a conversion relation in the fiducial analysis phase space could only be determined based on showered2012

MC events for sufficient number of aQGC parameter configurations with both methods of unitarization2013

applied.2014

In this analysis, the K-matrix unitarization scheme is applied [2, 47, 48]. In this method, the elastic2015

scattering Eigenamplitude is projected on the Argand circle |A(s) − i
2 | = 1

2 following from the optical2016

theorem, which forces it to exactly meet the unitarity condition. Thus, the cross section saturizes at the2017

maximum value allowed by unitarity. Cross sections and events with aQGC and K-matrix unitarization2018

are generated at LO using the Wʜɪ��ʀ�MC generator [12, 13].2019

11.1 Samples2020

The multi-purpose event generator Wʜɪ��ʀ� [12], [13] is used to simulate events for the purely elec-2021

troweak process pp→ �±��±νν� j j for different aQGC parameter points. All samples use the parametriza-2022

tion in terms of α4, α5 and are unitarized with K-matrix unitarization. The invariant di-boson mass mWW2023

is used for the renormalization and factorization scale, µR = µF = mWW , with m2
WW = (p�1 + p�2 +2024
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maximum value allowed by unitarity. Cross sections and events with aQGC and K-matrix unitarization2018

are generated at LO using the Wʜɪ��ʀ�MC generator [12, 13].2019

11.1 Samples2020

The multi-purpose event generator Wʜɪ��ʀ� [12], [13] is used to simulate events for the purely elec-2021

troweak process pp→ �±��±νν� j j for different aQGC parameter points. All samples use the parametriza-2022
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WW = (p�1 + p�2 +2024

Process σ BR (fb)

tt̄ 43.0 × 103

a4 = 0 2.21

a4 = 0.003 3.33

a4 = 0.01 7.11

a4 = 0.03 18.7

Table 2: Summary of WW production cross sections at
√

s = 14 GeV, with a5 = 0.

model 300 fb−1 1 ab−1 3 ab−1

a4 0.066 0.025 0.016

Table 3: Summary of expected upper limits for a4 at the 95% confidence level using the pp → WW +

2 j→ eµ + 2 j search at pp collision center-of-mass energy of 14 TeV.

6.3 Event Selection

Events are considered VBS WW candidates provided they meet the following criteria:

• Exactly one selected muon and one selected electron with opposite charges

• At least one selected lepton must fire the trigger.

• At least two selected jets

• At least 50 GeV of Emiss
T

6.4 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for backgrounds

plus WW signal at different values of a4. Here mll j j is the 4-body invariant mass of the two leading

leptons and the two leading jets in the event, which we found to be a robust and sensitive variable

since calculating the true WW invariant mass is not possible when two neutrinos are present. At each

value of a4, the likelihood function of the floated signal cross section is defined as the Poisson probability

product over all mll j j bins for the pseudo-data given the expectation in each bin. The diboson background

normalization is given by the theory cross section, while the tt̄ background is floated and is effectively

constrained by the low-mll j j region. The WW scattering background in the absence of new physics is

included in this analysis by considering the case a4 = 0. The expected upper limits on a4, which we

quote as a measure of sensitivity, are shown in Table 1. The distribution of mll j j and a representative

limit curve as a function of a4 are shown in Figure 1.

7 ZZ in the Four Lepton Final State

This analysis is new since the Cracow submission [1].

7.1 Introduction

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

structible ZZ resonance peak. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production. Figure 2 shows the jet-jet invariant mass distribution

4

•  Perform	
  sensi1vity	
  studies	
  in	
  probing	
  anomalous	
  quar1c	
  gauge	
  boson	
  couplings	
  
via	
  VBS	
  and	
  triboson	
  channels	
  at	
  14	
  TeV	
  high	
  luminosity	
  scenarios	
  (300	
  and	
  
3000	
  g-­‐1).	
  

•  The	
  processes	
  of	
  interests	
  are:	
  VBS	
  fully	
  leptonic	
  ZZ,	
  WZ	
  and	
  triboson	
  Zgg	
  
•  Simula1ons:	
  	
  

– LO	
  MADGRAPH	
  generator,	
  CTEQ6L1	
  PDF.	
  Par1cle	
  showers	
  are	
  simulated	
  by	
  
PYTHIA	
  

– Jets	
  are	
  reconstructed	
  using	
  an1-­‐kT	
  R=0.4	
  algorithm	
  from	
  truth	
  level	
  par1cles.	
  
– Use	
  parameteriza1on	
  of	
  ATLAS	
  detector	
  performance	
  at	
  high	
  pile-­‐up	
  
condi1ons	
  to	
  smear	
  par1cle-­‐level	
  output.	
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

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

5σ 95% CL 5σ 95% CL

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

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

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

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

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

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

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

luminosity.
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon

pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZγγ is used for hypotheses testing by comparing the sum of the SM and background

processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in

Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Zγγ production

while the fake background Zγ j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-

nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

triboson production using higher dimension operators to parameterize BSM contributions. All heavy

gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented

for 300 fb−1 and 3000 fb−1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients by more than a factor of two, and almost a factor of three

for the T9 operator, from 2.0 TeV−4 to 0.7 TeV−4. Optimization of the analyses with 3000 fb−1 would

lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-

ered with 300 fb−1, the coefficients can be measured with a precision of 5% or better with 3000 fb−1 of

integrated luminosity, enabling a precision study of this BSM sector.
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Figure 1: In the pp → ZZ + 2 j → !!!! + 2 j process, the reconstructed 4-lepton mass (m4!) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → !ν!! + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [10]. MadGraph 1.5.9
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with cφW to illustrate this complementarity between vector boson scattering and Higgs boson coupling

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

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

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

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

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

with coefficient a4 in the Electroweak Chiral Lagrangian, which has been probed in previous studies [6].

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

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

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

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

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

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

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

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

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

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

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

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

mension. For individual studies we have checked the unitarity bounds [7, 8, 9] and study the events

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

event kinematics.

3 Monte Carlo Simulation

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

using the Madgraph generator [10]. Leading-order cross sections are used; ignoring the QCD k-factor

is expected to be conservative. Particle showers were simulated using Pythia version 6.426 [11]. The

leading-order PDF set CTEQ6L1 is used [12]. Outgoing truth-level electrons, photons, and hadrons were

clustered into anti-kT jets with R = 0.4 [13] unless otherwise noted.

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

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

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

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

outputs for various new-physics scenarios.

4 VBS ZZ → """"

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

sion [14], based on the dimension-6 operator

LφW =
cφW

Λ2
Tr(WµνWµν)φ

†φ (1)

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

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

jets accompanying non-VBS diboson production.
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4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [15] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [10] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4! spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4! signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → !ν!!

This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → !ν!! j j channel has a larger cross section than ZZ j j → !!!! j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.
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model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → "±ν"±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)

6

•  	
  5-­‐sigma	
  discovery	
  values	
  and	
  95%	
  CL	
  limits	
  

•  Effec1ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  

2 Study of Electroweak Interactions at the Energy Frontier

a renormalizable Quantum Field Theory. The SM successfully describes all presently observed electroweak
and strong interactions of matter particles (quarks and leptons) and of the mediators of the fundamental
forces (photon, W and Z bosons, and the gluon). Despite this enormous success of the SM, it is generally
accepted that the SM is merely a low-energy approximation to a more fundamental theory, which is expected
to reveal itself at the LHC or at future high-energy experiments, in the form of the emergence of new, non-
SM particles and interactions. A promising candidate for a theory beyond the SM, which also provides a
dark matter candidate, is Supersymmetry (SUSY), an additional symmetry connecting fermions and bosons.
The LHC is presently searching for signals of SUSY, and already succeeded in excluding a range of possible
manifestations of SUSY. While direct signals of new particles (i.e., the on-mass shell production of non-SM
particles) may require collider energies not yet accessible, it is possible that new physics manifests itself
first in form of small deviations between measurements and equally precise predictions of properties of SM
particles. The deviations can arise due to the virtual presence of new particles in quantum loops and in new
amplitudes generated by their exchange at tree-level.

This is the realm of precision electroweak physics, where well-defined electroweak precision observables
(EWPO) are being measured in the interactions of W and Z bosons and are equally well predicted by
complex quantum-field theoretical calculations of these quantum loop effects of SM and beyond-the-SM
(BSM) particles. The powerful concept of precision physics not only tests the SM as a full-fledged Quantum
Field Theory, but also provides indirect access to currently unobserved sectors of the SM and beyond.
Examples of successful applications of precision physics in the recent past include the test of the electroweak
sector of the SM at the 0.1% level at LEP and the SLC [1], an indirect prediction of the mass of the top quark
and the SM Higgs boson prior to their discovery respectively in pp̄ collisions at the Tevatron and pp collisions
at the LHC, and exclusion of, or severe constraints on, various extensions of the SM (e. g. Technicolor). In
this report, in Sec. 1.2, we will study the potential of EWPOs measured at future high-energy colliders for
revealing signals of new physics, constraining the parameter space of BSM models, or providing additional
information about the underlying model once a new particle is discovered.

Apart from UV-complete theories such as SUSY, an alternate way to indirectly search for signals of BSM
physics is based on Effective Field Theories (EFT). If the new physics scale is well above the energies reached
in experiments, the new degrees of freedom cannot be produced directly and the new physics appears only
as new interactions between the known particles. These new interactions are included in the Lagrangian
as higher-dimensional operators which are invariant under the SM symmetries and suppressed by the new
physics scale Λ,

LEFT = LSM +
�

d>4

�

i

ci
Λd−4

Oi (1.1)

where d is the dimension of the operators. In the limit Λ → ∞, this EFT Lagrangian reduces to the SM one.
Since the ci are fixed by the complete high energy theory, any extension of the SM can be parametrized by
this Lagrangian where the coefficients of the operators are kept as free parameters. Below the new physics
scale, only the operators with lowest dimensions can give a large contribution and need to be kept (unless
the coefficient of a higher-dimension operator is substantially larger). Once truncated, the EFT Lagrangian
becomes predictive even without fixing the coefficients and parametrizes any heavy new physics scenario.
However, it should be kept in mind that this truncated Lagrangian is only valid at energies below the new
physics scale.

EFT operators are a useful method for parameterizing the predictions of various strongly-interacting light
Higgs (SILH) models [2] which describe the Higgs boson as a pseudo-Goldstone Boson arising from the
breaking of a larger symmetry. The lightness of the Higgs boson is the big question raised by the non-
stability of the SM Higgs potential under the effect of quantum loops. While SUSY offers an elegant solution
which is weakly-coupled and perturbative, EFT operators provide a starting point for exploring strongly-
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Figure 5: K matrix construction for projecting a real scattering amplitude onto the Argand
circle

This is the K-matrix unitarization scheme [42], cf. Fig. 5.
With this prescription, a LET amplitude A(s) = s/v2 becomes

Â(s) =
s/v2

1 − i
32πv2 s

s→∞−→ 32πi, (51)

so instead of rising quadratically with energy, the absolute value of Â(s) asymptotically ap-
proaches saturation, formally a resonance at infinity.

The K-matrix scheme transforms a simple-pole amplitude, A(s) = −c/(s−M2), into Breit-
Wigner form,

Â(s) =
−c

s − M2 + iMΓ
with Γ =

c

32πM
, (52)

so it is an alternate implementation of Dyson resummation for s-channel particle exchange. If
c is not a constant but depends on energy, we get a Breit-Wigner resonance with s-dependent
width. In particular, the amplitude

A(s) = −
M2

v2

s

s − M2
(53)

is transformed into

Â(s) = −
M2

v2

s

s − M2 + iMΓ s
M2

with Γ =
M2

32πv2
M. (54)

Eq. (53) has the low-energy expansion

A(s)
s→0−→

s

v2
+

s2

M2v2
= A(0)(s) + A(1)(s) (55)

An expansion of this form can also be treated by the inverse-amplitude method (IAM) for
unitarization [43]. The result is

Â(s) =
A(0)(s)2

A(0)(s) − A(1)(s) − i
32πA(0)(s)2

, (56)

which equals the (1, 1) Padé approximant, and precisely coincides with (54). We observe that,
in the present context, the IAM or Padé unitarization scheme is a special case of the K-matrix
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The pz of the neutrino is determined by imposing the W boson mass constraint on the lepton-neutrino

system. The reconstructed WW invariant mass (mWW) is the mass formed by the sum of the neutrino,

lepton, and W-jet four-momenta.

In order to reject tt events, a top quark veto is applied. The four-momentum of each anti-kt R = 0.4

jet with pT > 40 GeV is combined with that of the W-jet, and if any combination has a mass 140 GeV <

m < 240 GeV the event is discarded.

5.3 Statistical Analysis

The background is dominated by tt and diboson events. The W + 3 jets and W + 4 jets backgrounds

are not significant. The dominant backgrounds are compared to resonance hypotheses obtained from the

generalized chiral Lagrangian model; the predicted width of O(100 GeV) is determined by the (a4, a5)

values given in the table.

Quoted in Table 1 is the significance of the resonant excess over background for integrated luminosity

of 300 fb−1 and 3000 fb−1. These numbers illustrate the discovery potential for a new vector resonance

of mass ∼1 TeV, which is an interesting mass range to probe in the context of electroweak symmetry-

breaking. The increase by a factor of ten in integrated luminosity enables these searches to cross the

discovery threshold. These predictions are conservative; better sensitivity is expected with an improved

top-quark veto using b-tagged central jets.

model SM 500 GeV scalar 800 GeV vector 1150 GeV vector

(a4, a5) (0, 0) (0.01, 0.009) (0.009,−0.007) (0.004,−0.004)

S/B (3.3 ± 0.3)% (0.7 ± 0.1)% (4.9 ± 0.3)% (5.8 ± 0.3)%

S/
√

B (L = 300fb−1) 2.3 ± 0.3 0.6 ± 0.1 3.3 ± 0.4 3.9 ± 0.4

S/
√

B (L = 3000 fb−1) 7.2 ± 0.1 1.6 ± 0.1 10.4 ± 0.7 12.4 ± 0.7

Table 1: Summary of sensitivity to various resonance hypotheses in the WW lepton plus jets channel.

Monte Carlo statistical uncertainties on the sensitivity estimates are also shown.

6 WW in the Dilepton Final State

This analysis was included in the Cracow submission [1].

6.1 Introduction

The WW scattering cross section at high diboson mass is sensitive to a4 and a5. In this analysis a5 is set

to zero and the sensitivity to a4 is studied.

The two leading jets are used to tag the diboson fusion process pp → WW + 2 j → eνµν + 2 j.

The dilepton channel is relatively free of mis-dentification backgrounds from W+jets and QCD multi-jet

processes, and the eµ channel is also free from the Z+jets background. We protect against jet mis-

identification backgrounds by requiring the tagging jets to have pT > 50 GeV. The dominant background

is from tt̄ production, followed by diboson production.

6.2 Monte Carlo Predictions

Pythia8 was used to generate the SM tt̄ and SM non-VBS WW backgrounds. Pythia6 with an EWChL

extension was used to generate WW scattering events for various values of a4 (including a4 = 0). Table 2

enumerates the cross sections of various processes in the dilepton channel at
√

s = 14 TeV.
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The production of ZZ+jets is modeled with Sherpa,

while for tt̄+W/Z processes Madgraph [36]+Pythia8

is used. The theoretical uncertainties on the production

cross sections of these processes are ±19% and ±30%

respectively, dominated by the jet multiplicity modeling

and the scale uncertainties.

Contributions from Wγ production, including elec-

troweak production of Wγjj, where the photon converts

to an electron–positron pair inside the detector is in-

cluded in “conversion background”. It is estimated us-

ing Alpgen[37]+Herwig/Jimmy and Sherpa (for elec-

troweak Wγjj) MC samples with a total theory uncer-

tainty of ±17%.

The remaining conversion background originates from

processes that produce oppositely charged prompt lep-

tons where one lepton’s charge is misidentified, primarily

because one electron has undergone hard bremsstrahlung

and subsequent photon conversion. This background is

estimated from data. The dominant origins of this back-

ground are tt → �ν�νbb and Drell–Yan production. The

electron charge misidentification rate is measured using

Z/γ∗ → ee events. The muon charge misidentification

rate is found to be negligible. The background is es-

timated by applying the electron charge misidentifica-

tion rate to data selected using all signal selection crite-

ria except for the electric charges of the leptons, which

are instead required to be opposite sign. The dominant

systematic uncertainties arise from possible method bias

(studied in simulation) and the statistical uncertainty in

the charge misidentification rate. The total uncertainty

is between 15% and 32% depending on signal region and

channel.

Contributions from SM processes that produce at

least one non-prompt lepton from hadron decays in jets

(W+jets, tt̄, single top or multijet production, denoted

by “other non-prompt background”) are estimated from

data events that contain one lepton passing all selec-

tions and one non-isolated or loose-quality lepton. These

events, which are dominated by the non-prompt back-

ground, are scaled by a “fake rate” to predict the non-

prompt background. The fake rate is the efficiency for

non-prompt leptons to pass the nominal lepton selections

with respect to the looser isolation and quality require-

ments. The fake rate for non-prompt leptons is measured

in a dijet sample. The uncertainty on the non-prompt

background estimate is between 39% and 52% depend-

ing on region and channel, dominated by prompt-lepton

contamination in the dijet sample and the uncertainty on

the extrapolation of fake rates into the signal region.

Contributions from double parton scattering [38] arise

mainly in WZ/γ∗
and dijet production. However, simu-

lation shows they are negligible after the requirement of

mjj > 500 GeV.

Background predictions are tested in several same-

electric-charge dilepton control regions summarized in

Table I. The MC modeling of prompt backgrounds is

TABLE I: Expected numbers of events (exp.) and measured

data counts are shown by channel for each control region de-

scribed in the text. The uncertainty shown is the systematic

uncertainty on the expected yield.

Control Region Trilepton ≤ 1 jet b-tagged Low mjj

e±e± exp. 36 ± 6 278 ± 28 40 ± 6 76 ± 9

data 40 288 46 78

e±µ±
exp. 110 ± 18 288 ± 42 75 ± 13 127 ± 16

data 104 328 82 120

µ±µ±
exp. 60 ± 10 88 ± 14 25 ± 7 40 ± 6

data 48 101 36 30

tested in a trilepton control region defined by inverting

the third-lepton veto and removing the |∆yjj | andmjj se-

lections. Conversion and prompt backgrounds are tested

in a region with at most one jet (“≤ 1 jet” in Table I). In

this sample the e±e± channel is dominated by Z → ee
events, the µ±µ±

channel is dominated by prompt pro-

cesses, and the e±µ±
channel has a mixture of prompt,

non-prompt, and conversion backgrounds. Backgrounds

from non-prompt leptons originating from tt → �νjjbb
are tested in a control region that requires at least one

of the jets to be identified as a b-jet. Finally, the com-

bined background model is tested by inverting the mjj

selection.
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FIG. 1: The mjj distribution for events passing the inclu-

sive region selections except for the mjj selection indicated

by the dashed line. The black hatched band in the upper plot

represents the systematic uncertainty on the total prediction.

On the lower plot the shaded band represents the fractional

uncertainty of the total background while the solid line and

hatched band represents the ratio of the total prediction to

background only and its uncertainty. The W±W±jj predic-

tion is normalized to the SM expectation.

The observed number of events is compared in Table II

to the expected background and signal yield with system-
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and the isoquintet tensor,
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The coefficient functions AIJ contain poles in s−M2 as well as finite parts. The poles are con-
fined to those (I, J) combinations which correspond to the (I, J) assignments of the resonances.
Again, we truncate the partial-wave expansion at J = 3, so for each spin-isospin combination
we only keep the leading and one subleading term.

4.4 Unitarization scheme

Elastic unitarity requires that the normalized eigenamplitudes

aIJ(s) =
1

32π
AIJ(s), (45)

respect the Argand-circle condition

|aIJ(s) − i/2| = 1/2, (46)

which can also be stated as

Im
1

aIJ(s)
= −1. (47)

Computed in finite-order perturbation theory, or deduced from some model, the amplitude a(s)
will usually fail this requirement. However, an arbitrary amplitude a(s) can be transformed
into a unitary amplitude if we take the real part of 1/a(s) and add −i as the imaginary part,
i.e.,

â(s) =
1

Re(1/a(s)) − i
. (48)

=
a(s)

1 − ia(s)
if a(s) is real. (49)

For the unnormalized eigenamplitudes AIJ(s), this can be rephrased as

ÂIJ(s) = AIJ(s) + ∆AIJ(s), where ∆AIJ(s) =
i

32π

AIJ(s)2

1 − i
32πAIJ(s)

. (50)
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