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VBS Triboson

•direct access to quartic EW gauge couplings 
•VBS: longitudinal gauge bosons at high energies 
•VBS key process to investigate electroweak symmetry breaking  
(off-shell Higgs exchange ensures unitarity)

Physics goals in VBS and VVV production

• direct access to quartic EW gauge couplings
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• Stringently  tests of SM Symmetry structure: 
SU(2)xU(1).  

• Access to quartic couplings 

• Extremely rare processes: new physics may 
manifest themselves easily in these processes

Physics motivation for triboson
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Summary of triboson analyses in CMS

Process Dataset Measurement/significance aQGC

Wγγ/Zγγ

(JHEP 10 (2017) 072) 8 TeV/19.7fb-1 2.6/5.9 σ (~ a few fb-1) Yes

WVγ

(PRD 90 (2014) 032008) 8 TeV/19.7fb-1 X Yes

WWW

(PRD 100 (2019) 012004) 13TeV/36 fb-1 1.78/0.6 σ Yes
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Summary of triboson analyses in CMS

Process Dataset Measurement/
significance aQGC

Wγγ/Zγγ

(JHEP 10 (2017) 072) 8 TeV/19.7fb-1 2.6/5.9 σ (~ a few fb-1) Yes

WVγ

(PRD 90 (2014) 032008) 8 TeV/19.7fb-1 X Yes

WWW

(PRD 100 (2019) 

012004)
13TeV/36 fb-1 1.78/0.6 σ Yes

• Channels with 
photons: 

• No rate loss due 
to branching 
fraction 

• First evidence /
observations
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Summary of triboson analyses in CMS

Process Dataset Measurement/
significance aQGC

Wγγ/Zγγ

(JHEP 10 (2017) 072) 8 TeV/19.7fb-1 2.6/5.9 σ (~ a few 

fb-1) Yes

WVγ

(PRD 90 (2014) 

032008)
8 TeV/19.7fb-1 X Yes

WWW

(PRD 100 (2019) 

012004)
13TeV/36 fb-1 1.78/0.6 σ Yes

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.

S. CHATRCHYAN et al. PHYSICAL REVIEW D 90, 032008 (2014)

032008-4

WVγ—>W(lν)V(jj) + γ 
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Summary of triboson analyses in CMS

Process Dataset Measurement/significance aQGC

Wγγ/Zγγ

(JHEP 10 (2017) 072) 8 TeV/19.7fb-1 2.6/5.9 σ (~ a few fb-1) Yes

WVγ

(PRD 90 (2014) 032008) 8 TeV/19.7fb-1 X Yes

WWW

(PRD 100 (2019) 012004) 13TeV/36 fb-1(2016) 1.78/0.6 σ Yes

• Resulted being updated with full Run 2 data (137 fb-1) 

• CMS Standard Model Publications

• Today’s focus 

• First attempt in CMS
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Production cross section

 5

Chang
UCSD

[1] https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV, https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR
[2] JHEP 09 (2017) 034
[3] MadGraph5 aMC@NLO calculation
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WWW production in the SM 
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scintillator hadron calorimeter, each composed of a barrel
and two endcap sections. Forward calorimeters extend the
pseudorapidity (η) coverage provided by the barrel and
endcap detectors. Muons are detected in gas-ionization
detectors embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered
trigger system [25]. The first level of the CMS trigger
system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select the most interesting events in a fixed time interval of
less than 4 μs. The high-level trigger processor farm further
decreases the event rate from around 100 kHz to less than
1 kHz, before data storage. A more detailed description of
the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [26].

III. DATA AND SIMULATED EVENT SAMPLES

The data are collected using dilepton triggers that
select either two electrons, two muons, or one electron
and one muon. These triggers require the leptons to have
a high transverse momentum pT and to satisfy loose
isolation requirements. The dielectron trigger requires pT >
23ð12Þ GeV for the leading (subleading) electron. The
dimuon trigger requires pT > 17ð8Þ GeV for the leading
(subleading)muon. Finally, for the electronþmuon trigger,
the leading lepton must have pT > 23 GeV and the sub-
leading lepton must have pT > 12 GeV if it is an electron,
or pT > 8 GeV if it is a muon. Data recorded using
prescaled single electron and single muon triggers with
pT thresholds of 8 and 17 GeV, respectively, are utilized for
studies of background rates. Events with contributions from
beam halo processes or anomalous noise in the calorimeter
are rejected using dedicated filters [27].
Samples of simulated events are used to optimize the

event selection, to estimate some of the SM background
processes, and to interpret the results in terms of WWW
production. The MADGRAPH5_aMC@NLO 2.2.2 generator
[28] is used in the next-to-leading-order (NLO) mode with
FxFx jet matching [29] to generate triboson events, both the
signal (WWW includingWH) and the triboson background
processes (such as WWZ). The same generator is used in
the leading-order (LO) mode with the MLM jet matching
[30] to generate SM, tt̄, tt̄þ X (X ¼ W, Z, H), W þ jets,

Z þ jets, Wγ, and W%W% events. Other diboson (WW,
WZ, and ZZ) events and the single top quark process are
generated at NLO with POWHEG 2.0 [31–34]. The most
precise cross section calculations available are used to
normalize the simulated samples, and usually correspond to
either NLO or next-to-NLO accuracy [2,28,35–42].
The MADGRAPH 5_aMC@NLO event generator is used in

the NLO mode to simulate events following the model for
photophobic, axion-line particles according to the model
described in Ref. [24]. The aQGC samples are generated
using MADGRAPH 5_aMC@NLO 2.2.2 in the LO mode and
the reweighting prescription of Ref. [43].
The NNPDF3.0 [44] parton distribution functions

(PDFs) are used for all samples. Parton showering, hadro-
nization, and the underlying event are modeled by PYTHIA

8.205 [45] with parameters set by the CUETP8M1 tune
[46]. Additional pp collisions due to multiple interactions
in the same or adjacent beam crossings, known as pileup,
are also simulated, and the simulated distribution of pileup
interactions is reweighted to match the data. The response
of the CMS detector is simulated with the GEANT4 [47]
package. The simulated events are reconstructed using the
same software as the real data.

IV. EVENT RECONSTRUCTION

The CMS event reconstruction is based on the particle-
flow (PF) algorithm [48], which combines information from
the tracker, calorimeters, and muon systems to identify
charged and neutral hadrons, photons, electrons, andmuons,
known as PF candidates.
Each event must contain at least one pp interaction

vertex. The reconstructed vertex with the largest value of
summed physics-object p2

T is taken to be the primary vertex
(PV). The physics objects are the objects reconstructed by a
jet finding algorithm [49–51] applied to all charged particle
tracks associated with the vertex and also the corresponding
missing transverse momentum (pmiss

T ).
Electrons and muons are identified by associating a track

reconstructed in the silicon detectors with either a cluster of
energy in the ECAL [52] or a track in the muon system
[53], as appropriate. To be selected for this analysis,
electron and muon candidates must satisfy pT > 10 GeV
and jηj < 2.4. Electrons with 1.4 < jηj < 1.6, which cor-
responds to the transition region between the barrel and

FIG. 1. Tree-level Feynman diagrams for WWW production.

A. M. SIRUNYAN et al. PHYS. REV. D 100, 012004 (2019)

012004-2



Sensitive to BSM contributions
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Doubly charged Higgs/axion-like particles, anomalous 
couplings coming from new physics beyond our kinematic 

reach
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Figure 35: The kinematic distributions in Mjj sideband validation region.
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1

1 Introduction1

The production of events with three W bosons (labeled WWW in the following) with a total2

charge of ±1 in proton-proton (pp) collisions at the LHC is predicted by the standard model3

(SM). The process is sensitive to both triple gauge couplings (TGC) and to quartic gauge cou-4

plings (QGC), so the observation and study of this process provides an important new test5

of the electroweak sector. Figures 1(a)–(d) show some lowest-order Feynman diagrams for6

WWW production. The analysis presented here focuses on the electroweak production of7

WWW events. In particular, the associated production of the Higgs boson (H) with a W bo-8

son, with H decaying to W+W�, is taken to be part of the signal, while other (strong) processes9

like the production of ttW± are considered to be background. The non-resonant WWW pro-10

duction cross section is calculated to be 216 ± 9 fb [1], and after including the contribution of11

WH ! WWW(⇤) with one off-shell W boson [2], the total theoretical electroweak production12

cross section is 509 ± 13 fb. In this paper, the label WWW includes both types of production.13
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Figure 1: Tree-level Feynman diagrams for WWW production

A search for WWW production in 8 TeV pp collision data was reported by the ATLAS Collab-14

oration [3].15

The analysis presented in this paper is performed with a sample of pp collisions at
p

s = 13 TeV16

produced by the CERN LHC and recorded with the CMS detector in 2016; the integrated lumi-17

nosity for this sample is 35.9 fb�1.18

Events containing three W bosons can be classified by the number of charged leptons (electrons19

or muons only) in the final state: 41.7% contain no leptons, 42.4% contain 1 lepton, 9.6% have20

two leptons with opposite charge (OS leptons), 4.8% have two same-sign (SS) leptons, and21

1.6% of all events contain 3 leptons (3`). Backgrounds from QCD multijet, W+jets, DY+jets,22

and tt production are too large to allow a signal to be isolated except for the categories with23

two same-sign leptons (in which case the third W boson decays hadronically) and with three24

leptons. This search focuses on these two categories of events.25

New  
Physics

Sensitive to BSM contributions
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Doubly charged Higgs, anomalous couplings coming from new 
physics beyond our kinematic reach
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WWW: the “measurable” part is small… 
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Signal cross section / BR

3

Chang
UCSD FNALUCSB

Bai et al. PRD 95, 073005 (2017)
Dittmaier et al. arXiv:1705.03722

Target same-sign 2 lepton and 3 lepton final state

Total cross section is 216 fb at 13 TeV with K-factor ~1.8.

Large W bkg.
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M.LIU
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2

1 Introduction37

The production of W±W±W⌥ bosons within an event is a process predicted by the standard38

model (SM). Triple gauge couplings (TPC) and quartic gauge couplings (QGC) contribute to its39

production cross section, thus making the studies of this process one of the few channels, where40

these couplings can be tested. Thus, observing W±W±W⌥ production (in the following just41

WWW) is an important test of the Standard Model’s electroweak sector. The present analysis42

focuses on measuring the standard model cross section of WWW production, and not from the43

decay of other resonances. In particular, we consider ttW± as a background to be discriminated44

against. Associate production of Higgs plus W, with Higgs decaying to WW is reduced via45

kinematic cuts, but then allowed as part of the signal yield, i.e. not treated as a background.46

Figure 1 show the tree-level diagrams of the WWW production.47
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Figure 1: Tree-level diagrams of the WWW production.

The ATLAS collaboration has published an analysis of the 8 TeV pp data [1], while CMS has no48

public result on the WWW production.49

A WWW event can be classified by the number of charged leptons in its final state. Considering50

only the light-leptons, electrons or muons (including e and µ from t lepton decays), the final51

state composition of W±W±W⌥ events is as follows: 41.7% contain no leptons, 42.4% 1 lepton,52

9.6% have a lepton pair with different charge (OS leptons), 4.8% have a pair with equal charge53

(so called same-sign (SS) leptons), and 1.6% of all events contain 3 leptons. The pure WWW54

production cross section is calculated to be 216± 9 fb [2]. If we include the off-shell contribution55

of WH!WWW [3], the combined production cross section is 509 ± 13 fb.56

For most of these categories the backgrounds due to multijets, W+jets, DY+jets, and/or tt is too57

large, such that the signal of WWW cannot be discriminated against. Only the categories of SS58

leptons and 3 leptons provide good enough background rejection, that the signal can be visible59

above the background. Thus, this search focuses on these two channels.60

The analysis presented in this note investigates events containing either a the SS lepton pair or61

three leptons (electron or muons) from 2016 pp collision data collected by the CMS experiment,62

corresponding to an integrated luminosity of 35.9 fb�1.63

This note is structured as follows: First, the datasets and simulation samples are introduced in64

Sec. 2, followed by the definition of the physics objects in Sec. 3 and Triggers in Sec. 4. In Sec. 5,65

we lay out the strategy of the search for the SM production of WWW, including a description66

of our event selection. Section 6 introduces the SM backgrounds; their estimation methods,67

systematic uncertainties, and validation are then outlined in Sec. 7, 8, and 10. The systematics68

evaluated can be found in Sec. 11. Finally, the results and their interpretation are in Secs. 1269

and 13. The note concludes with a summary in Sec. 14.70
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• WH topology: less constrained from 8 TeV searches compared to WZ 

• In the WH topology: 1 lepton (e/μ)+bb: trigger on leptons and handle against 
backgrounds, large BF of H->bb (60%)

Why one lepton + bb +MET?
M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60
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Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66

2 3 Signal models and Monte Carlo simulation
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bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48
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1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49
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Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
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● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state
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• WH topology: less constrained from 8 TeV searches compared to WZ 

• In the WH topology: 1 lepton (e/μ)+bb: trigger on leptons and handle against 
backgrounds, large BF of H->bb (60%)

Why one lepton + bb +MET?
M.LIU  4

❖ In R-parity conserved models, result in di-boson(W/Z/h/γ) associated with missing 
transverse momentum (Etmiss)

✦ Results in a final state of  WH/WZ in Wino Models.

❖ In GMSB model, mass degenerate

✦ Enhanced pair production of                

✦ Also produce a signature of diboson+missingEt.

✦ Results in a final state of ZZ/HZ/HH in higgino models.

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50

p

p χ̃
0
2

χ̃
±
1

W±

χ̃
0
1

χ̃
0
1

Z

p

p χ̃
0
2

χ̃
±
1

W±

χ̃
0
1

χ̃
0
1

H

Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

Z

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

H

p

p χ̃
0
1

χ̃
0
1

H

G̃

G̃

H

Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66

2 3 Signal models and Monte Carlo simulation

The first class of models assumes chargino-neutralino (ec±
1 ec0

2) production. The chargino always44

decays to the W boson and the LSP, ec0
1. The second neutralino can decay to either of the Z or H45

bosons plus the LSP. We consider three choices for the ec0
2 decay: a branching fraction of 100%46

to Zec0
1 (WZ topology), a branching fraction of 100% to Hec0

1 (WH topology), and a branching47

fraction of 50% to each of these two decays. This model is depicted in Fig. 1 showing the48

two possible decays. The particles ec±
1 and ec0

2 are assumed to be wino-like states, while ec0
1 is49

assumed to be bino-like.50

p

p χ̃
0
2

χ̃
±
1

W±

χ̃
0
1

χ̃
0
1

Z

p

p χ̃
0
2

χ̃
±
1

W±

χ̃
0
1

χ̃
0
1

H

Figure 1: Chargino-neutralino pair production with the chargino decaying to the W boson and
the LSP and the neutralino decaying to either (left) a Z boson and the LSP or (right) a H boson
and the LSP.

The second class of models assumes neutralino-neutralino production. For the wino-like neu-51

tralinos the production cross section is very small, and thus we consider a specific gauge-52

mediated supersymmetry breaking (GMSB) model with quasi-degenerate higgsinos as next-53

to-lightest SUSY particles (NLSPs) and a gravitino (eG) as the LSP [42–44]. All of ec±
1 , ec0

2, and ec0
154

are assumed to be nearly degenerate in mass, such that in the production of any two of these,55

ec±
1 or ec0

2 decay immediately to ec0
1 and soft particles that do not impact the analysis, effectively56

yielding pair production of ec0
1 ec0

1. The cross sections for all of these processes are summed57

assuming these are higgsino-like states. The ec0
1 then decays to eG and either a Z or H boson,58

and we consider varying branching fractions from 100% Z to 100% H including intermediate59

values. The possible decays in this model are shown in Fig. 2.60

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

Z

p

p χ̃
0
1

χ̃
0
1

Z

G̃

G̃

H

p

p χ̃
0
1

χ̃
0
1

H

G̃

G̃

H

Figure 2: A GMSB model with neutralino-neutralino pair production and the neutralinos de-
caying into gravitinos and (left) two Z bosons, (center) a Z and a H boson, or (right) two H
bosons.

Monte Carlo (MC) simulated samples are used in the various searches to estimate the back-61

ground from some SM processes, to assess systematic uncertainties in prediction methods62

that rely on data, and to calculate the selection efficiency for signal models. Most SM back-63

ground samples are produced with the MADGRAPH5 AMC@NLO v2.2.2 generator [45] at64

leading order (LO) or next-to-leading order (NLO) accuracy in perturbative quantum chromo-65

dynamics (QCD), including up to one to four additional partons in the matrix element calcu-66

April 27, 2016

12

Electroweak and Compressed SUSY LPC EventD. Olivito (UCSD)

Decays, without SleptonsDecays, without Sleptons

(~B)~χ1

0

~χ1

± (~W )~χ2

0

W Z/h

~χ1

0

~
G

Z/h/g

GMSB / GGM

Pair production signature: Diboson + MET
W(*), Z(*), Higgs, Photons

→ leptons, jets only from boson decays or ISR, photons
Need to combine analyses to cover all boson decays

56

Compressed ewkinos are well 
motivated by both naturalness and DM

arxiv:1608.05379

Coannihilation of c0 and c± can give relic 

density consistent with cosmology

Naturalness predicts higgsinos 
with mass few hundred GeV

Typical Δm of ~few-tens of GeV

~H~χ1

0
~χ1

±
~χ2

0

mass

~
t 1

~
t 2 ~

b1

~g

“Natural” SUSY Spectrum

Δm

Decays via bosons
M.LIU

UCSB-UCSD-FNAL July 26, 2013

9

Leptonic SUSY Meeting

Single Lepton AnalysisSingle Lepton Analysis
● Final state similar to existing 1l direct stop search
● Extend 1l stop analysis to cover this final state

— Use same triggers, object selections, etc
• And benefit from experience in understanding MET, Mt tails

— Have 2 fewer jets, additional handle in dijet mass: m(bb) = m(H)
• Natural control region inverting m(bb) 

Approved stop 1l analysis
SUS-13-011 Extension to this final state

qq

semileptonic decays of heavy-flavor hadrons which arise
mainly in W þ jets and tt̄þ jets production. The stringent
lepton identification requirements are designed to suppress
this contribution as much as possible. Additional require-
ments that pmiss

T be substantial and that the dilepton mass
not be small further suppress this contribution. In the e"μ"
channel, a requirement mmax

T > 90 GeV is placed to reduce
the contribution from the lost-lepton background from WZ
production; mmax

T is the largest transverse mass obtained
from pmiss

T and any lepton in the event. Background
contributions from events containing misidentified or con-
verted photons and from events with a lepton charge
misassignment are minor. The details of the event selection
for the SS category are listed in Table I. There are six SRs
defined according to the value ofmjj (mjj -in ormjj -out) and
the flavors of the leptons: e"e", e"μ", or μ"μ".
The 3l category contains signal events with all three W

bosons decaying leptonically, so exactly three charged
leptons are required. The fact that the total charge of the

three leptons is"1means that there can be zero, one, or two
same-flavor, opposite-sign (SFOS) lepton pairs; three SRs
are designated 0 SFOS, 1 SFOS, 2 SFOS accordingly. The
background sources are similar to those in the SS category.
The contribution from three prompt-lepton final states
(mostly WZ production) is suppressed by requiring the
invariant masses of all SFOS pairs to be incompatible with
theZ bosonmass andwith low-mass resonances. Additional
reduction is achieved through the following requirements: if
exactly one SFOS lepton pair is found, the transverse mass
mT calculated from the third lepton and p⃗miss

T ,m3rd
T , must be

larger than 90GeV; and, for eventswith noSFOSpairs,mmax
T

is required to be larger than 90 GeV. ThesemT requirements
reduce the three-lepton background contributions, which
originate mostly from WZ production.
Background contributions from nonprompt leptons and

converted or misidentified photons are reduced by requiring
largepmiss

T , largepT of the three-lepton systempTðlllÞ, and
a large azimuthal separation Δϕðp⃗TðlllÞ; p⃗miss

T Þ between

TABLE I. Event selection criteria for the SS category, which contains events with two same-sign leptons and at least two hadronic jets.

Variable e"e" e"μ" μ"μ"

Signal leptons 2 tight same-sign leptons with pT > 25 GeV
Additional leptons No additional rejection lepton
Isolated tracks No (additional) isolated tracks
Jets At least two jets with pT > 30 GeV, jηj < 2.5
b-tagged jets No b-tagged jet
mjj (dijet mass of jets closest in ΔR) 65 < mjj < 95 GeV (mjj -in) OR

jmjj − 80 GeVj ≥ 15 GeV (mjj -out)
mJJ (dijet mass of leading jets) <400 GeV
Δη of two leading jets <1.5
pmiss
T >60 GeV >60 GeV >60 GeV if mjj -out

mll >40 GeV >30 GeV >40 GeV
mll jmll −mZj > 10 GeV % % % % % %
mT

max % % % >90 GeV % % %

TABLE II. Event selection criteria for the 3l category, which contains events with exactly three leptons.

Variable 0 SFOS 1 SFOS 2 SFOS

Signal leptons 3 tight leptons with pT > 25=20=20 GeV
and charge sum ¼ "1e

Additional leptons No additional rejection lepton
Jets At most one jet with pT > 30 GeV, jηj < 5
b-tagged jets No b-tagged jets
pTðlllÞ % % % >60 GeV >60 GeV
Δϕðp⃗TðlllÞ; p⃗miss

T Þ >2.5
pmiss
T >30 GeV >45 GeV >55 GeV

mT
max >90 GeV % % % % % %

m3rd
T % % % >90 GeV % % %

SF lepton mass >20 GeV % % % % % %
Dielectron mass jmee −mZj > 15 GeV % % % % % %
mSFOS % % % jmSFOS −mZj > 20 GeV

and mSFOS > 20 GeV
jmSFOS −mZj > 20 GeV

and mSFOS > 20 GeV
mlll jmlll −mZj > 10 GeV

A.M. SIRUNYAN et al. PHYS. REV. D 100, 012004 (2019)

012004-4

Split by lepton flavor 

veto top backgrounds 
Tag hadronically decaying W 

Veto Vector bosons scattering 

neutrinos 

against charge flip 
reject low mass resonants  

reject WZ(3 lepton) 
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TABLE II. Event selection criteria for the 3l category, which contains events with exactly three leptons.

Variable 0 SFOS 1 SFOS 2 SFOS

Signal leptons 3 tight leptons with pT > 25=20=20 GeV
and charge sum ¼ "1e

Additional leptons No additional rejection lepton
Jets At most one jet with pT > 30 GeV, jηj < 5
b-tagged jets No b-tagged jets
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A.M. SIRUNYAN et al. PHYS. REV. D 100, 012004 (2019)
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categorized by number of same-flavor opposite sign pairs 

Dominating background : 3L WZ 
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CMS WWW analysis

 6

Chang
UCSD

• Analysis performed w/ 2016 data (36 fb⁻¹)
• Study in 2- and 3-lepton channels
• For 2-lepton channels tag W→qq
• Main backgrounds:

• 2-lepton channel (same-charge)

•     WZ→3! w/ a lost lepton
•     tt→̅1! + non-prompt lepton
•     W±W± / ttW̅

• 3-lepton channel

•     WZ→3!
•     tt→̅2! + non-prompt lepton

• Separate categories by lepton flavors

same-charge only

Performed WWW analysis w/ 36 fb⁻¹ data in 2- and 3-lepton final states

W Z
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!±!±!∓ (BR = 2%)σWWW ~ 0.5 pb
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the modified frequentist CLs statistic [70,71] is used and
asymptotic formulas [72] are used for quantifying the
significance of an excess.
The expected significance for the combined SS and 3l

categories is 1.78 standard deviations (s.d.) assuming the
SM production of WWW events, whereas the observed
significance is 0.60 s.d. The corresponding expected and
observed p-values for the null hypothesis are 0.038 and
0.274. The best fit for the observed signal strength, defined
as the ratio of the observed signal to the theoretically
predicted one, is 0.34þ0.62

−0.34 . It follows that the measured
cross section is

σðpp → W#W#W∓Þ ¼ 0.17þ0.32
−0.17 pb:

The uncertainties include both statistical and systematic
components. Assuming the presence of background only,
the observed (expected) 95% confidence level (CL) upper
limit on the cross section is 0.78 (0.60Þ pb.

B. Limits on anomalous quartic gauge couplings

The interaction of four gauge bosons depicted in Fig. 1
exists in the SM and contributes to the production of the
WWW final state. New physics beyond the SM could be
manifested as an apparent change in the coupling constant
associated with the four-boson vertex, i.e., in an aQGC. A
description based on aQGCs is appropriate when the mass
scale for new physics Λ is much higher than the energy
scale of the given process, in this case, WWW production
characterized by the squared invariant mass of the three W
bosons, ŝWWW .
Anomalous couplings can be handled theoretically by

extending the SM Lagrangian with the operator product
expansion [8]:

L ¼ LSM þ
X

i

ci
Λ2

Oi þ
X

j

fj
Λ4

Oj þ & & & ;

where O represents the higher-order dimension-6 and
dimension-8 operators with Wilson coefficients ci and
fj, respectively. The operators Oi are constructed from
SM fields and respect gauge invariance. The coefficients
are unknown and are treated as free parameters to be
determined by the data. The coefficients for all dimension-6
operators, which represent aTGCs, are taken to be zero. The
following dimension-8, CP-conserving operators can be
included in the non-SM part of the Lagrangian [8,73]:

OS;0 ¼ ½ðDμΦÞ†DνΦ(½ðDμΦÞ†DνΦ(;
OS;1 ¼ ½ðDμΦÞ†DμΦ(½ðDνΦÞ†DνΦ(;

OM;0 ¼ Tr½ŴμνŴμν(½ðDβΦÞ†DβΦ(;

OM;1 ¼ Tr½ŴμνŴνβ(½ðDβΦÞ†DμΦ(;

OM;6 ¼ ½ðDμΦÞ†ŴβνŴβνDμΦ(;

OM;7 ¼ ½ðDμΦÞ†ŴβνŴβμDνΦ(;

OT;0 ¼ Tr½WμνWμν(Tr½WαβWαβ(;
OT;1 ¼ Tr½WανWμβ(Tr½WμβWαν(;
OT;2 ¼ Tr½WαμWμβ(Tr½WβνWνα(:

The Lagrangian including dimension-8 anomalous cou-
pling terms is

L ¼ LSM þ fS;0
Λ4

OS;0 þ
fS;1
Λ4

OS;1 þ
fM;0

Λ4
OM;0

þ
fM;1

Λ4
OM;1 þ

fM;6

Λ4
OM;6 þ

fM;7

Λ4
OM;7

þ
fT;0
Λ4

OT;0 þ
fT;1
Λ4

OT;1 þ
fT;2
Λ4

OT;2;

where the coefficients fx;n =Λ4 have dimension TeV−4. No
form factors for enforcing unitarity are employed in this
analysis. When looking for evidence of anomalous cou-
plings,WWW production as predicted in the SM is taken as
a background process. Interference effects between the SM
and the anomalous contribution to WWW production are
taken into account.
Since ŝWWW cannot be measured directly, the kinematic

quantity ST is employed, which is the sum of the pT of the
leptons and the jets, and pmiss

T . The presence of aQGCs
would be manifested as an excess of events at high ST.
Since non-WWW background events and SM WWW
events appear at low ST, a requirement of ST > Smin

T is
imposed. The value for Smin

T is chosen to optimize the
expected limits on the anomalous coupling fT;0=Λ4 for
which this analysis is most sensitive. For the SS and 3l
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FIG. 2. Comparison of the observed numbers of events to the
predicted yields in the nine signal regions. The WWW signal
shown is stacked on top of the total background and is based on
the SM theoretical cross section.
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p⃗miss
T and the transverse momentum vector of the three-

lepton system, p⃗TðlllÞ. The nonprompt-lepton back-
ground from tt̄ production is further reduced by rejecting
events with more than one jet or with any b-tagged jets.
Background contributions from photon conversions in
which the photon is radiated in a Z boson decay are
suppressed by requiring that the three-lepton invariant mass
mlll is not close to the Z boson mass. The details of the 3l
selection requirements are presented in Table II.
For these event selection criteria, about one third of the

selected signal events originate from resonant H boson
production.

VI. BACKGROUND ESTIMATION

The background sources for the SS and 3l categories are
essentially the same. Four such sources are considered: lost
leptons, two or three leptons from W decays, nonprompt
leptons, and “other” minor sources. The lost-lepton back-
ground contributions come from final states with one or
more Z bosons: WZ, tt̄Z, and ZZ. This contribution is
estimated using a three-lepton control region (CR) with at
least one SFOS pair compatiblewith the decay of aZ boson.
The background processes in which the SS lepton pair or all
three leptons stem from the decay of aW boson, such as from
the tt̄W# process, are estimated from simulation and
validated in an appropriate CR. Background yields from
nonprompt leptons are calibrated using a CR in which one
lepton passes the “loose” identification requirements but
fails the “tight” requirements (as discussed in Sec. IV). The
other background contributions are predicted using simu-
lated event samples that are validated using the data. The
following sections provide the details of the background
estimations.

A. Lost-lepton and three-lepton background

The background predictions for both the SS and the 3l
categories rely on the selection of a pair of leptons
consistent with a Z boson decay. This background type
is expected to contribute from about one third to over 90%
of the total background yields, depending on the SR.
Simulation suggests that about two thirds of the lost-

lepton events in the SRs of the SS category are present
because a lepton does not pass the pT and η requirements.
The remaining lost leptons are rejected by identification
and isolation requirements. For the SS category, events with
three leptons are selected. The additional third lepton must
have pT > 20 GeV. Among those three leptons, an SFOS
lepton pair that satisfies jmSFOS −mZj < 10 GeV is
required. All other SS selection criteria listed in Table I
are imposed, except the requirement on mjj is dropped in
order to retain a sufficient number of events. For a given
lepton flavor composition (e#e#, e#μ#, or μ#μ#), the two
corresponding SRs of the mjj -in and mjj -out selections
have one common CR. In these events, the jets stem from

initial-state radiation and have similar kinematic distribu-
tions in both the SRs and CRs, so the extrapolation from the
CR to the SR is reliable.
For the 3l category, the CRs are defined in a similar

fashion. All selection criteria stated in Table II are retained,
but the requirement jmSFOS −mZj > 20 GeV is inverted so
that there is at least one SFOS lepton pair compatible with a
Z boson decay. Many events are selected for the 1 and 2
SFOS CRs, but for the 0 SFOS SR no corresponding CR
exists. The results are extrapolated from the 1 SFOS and 2
SFOS regions to the 0 SFOS region as follows: since the
observed and predicted yields agree well in the 1 and 2
SFOS CRs, the central value for this background type in
the 0 SFOS SR is taken from simulation, and the relative
systematic uncertainty of the 1 SFOS SR prediction, as
described below, is added to the statistical uncertainty in the
simulated yield.
The transfer factors needed to relate the yields in the CRs

to the background contributions in the SRs are calculated
using the simulation. The observed yields in these CRs
agree well with the yields predicted using the simulation.
Corrections to this extrapolation due to differences between
the lepton reconstruction efficiencies in data and simulation
are applied, and corresponding uncertainties are evaluated.
The modeling of the mSFOS distribution and its associated
uncertainty for the SS category is tested using the mass
spectrum in the CR. For the 3l category, in order to ensure
no overlap with the SRs, this test is performed after
inverting at least one of the SR requirement on pmiss

T ,
Δϕðp⃗TðlllÞ; p⃗miss

T Þ, pTðlllÞ, or m3rd
T . This validation

region has also only a small non-3l contamination. The
uncertainty due to limited knowledge of the VZ (V ¼ W or
Z) and tt̄Z cross sections and their relative contribution in
both SRs and CRs is estimated using events from the SS
CRs, but after the requirement of no b-tagged jets is
removed. The spectrum of the b-tagged jet multiplicity
in simulation is fitted to the one observed in data, and the
result of that fit is used to assess the uncertainty due to the
relative contribution of VZ versus tt̄Z. For the SS category,
an additional uncertainty due to the mjj modeling is
evaluated by comparing the observed and predicted yields
of all CRs. Experimental uncertainties, such as the uncer-
tainty on the jet energy corrections (JECs), are taken into
account. A correction for the non-3l contamination of the
CRs is applied. This contamination is small, and stems
mostly from nonprompt leptons or leptons from photon
misidentified as electrons. The contamination is estimated
from simulation, and a 50% relative uncertainty is assigned
based on the validation study reported in Sec. VI D.
Uncertainties associated with the CR-to-SR transfer factors
are included also. The impact of all these uncertainties is
discussed in Sec. VII.
A summary of the lost-lepton and three-lepton back-

ground estimation is reported in Table III. All CRs are
mutually exclusive and do not overlap with any of the SRs.
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.

8.1.3 Fake rate results and systematics499

The measured fake rate as a function of cone-corrected pT and h is shown in Fig. 16. The500

fake rate falls as the momentum of the leptons increase as expected. The measured fake rate501

is around 20 � 50% within the fake rate modeled by the QCD MC. The QCD scale, PDF, and502

JES are varied on the prompt lepton MC events to assess systematics on the prompt lepton503

background subtraction. The QCD scale and PDF variations are found to have negligible effect504

on the fake rate. As the prompt lepton background in the measurement region is estimated by505

extrapolating in Emiss
T and MT phase-space, The JES variations result in non-negligible effect506

in the prompt lepton background subtraction. The resulting changes in the fake rate due to507

JES variations are taken as a systematic and are included in the error bars in addition to the508

Estimate Non-prompt leptons 
M.LIU

QCD

Non-prompt bkg. estimation

14

Chang
UCSD FNALUCSB UNL NW

➊ Measure “fake-
factor” from one 

lepton data events

➋ Select events 
with one lepton 

failing “tight” and 
apply “fake-factor”

Use “fake-rate method” to estimate non-prompt lepton

“Fake-factor” =

Muon

|η| < 1.6 |η| ≥ 1.6

Various 
“PT” bins

IsolationLooseTight

Sample of fake 
leptons from one 

lepton events
measure

measured result

Apply the fake-factor to data events

Fake-factor 
applied

• Non-prompt Lepton 
faked by hadronic 
jets (1L W+Jets, ttbar) 

• most challenging, 
poorly modeled in 
MC, needs full 
data-driven 
estimate 

• Step1: QCD 
enriched 
enriched region—
> tight-to-loose

 15

CMS WWW analysis

 6

Chang
UCSD

• Analysis performed w/ 2016 data (36 fb⁻¹)
• Study in 2- and 3-lepton channels
• For 2-lepton channels tag W→qq
• Main backgrounds:
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.
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Figure 13: The MT distributions in the control region to ascertain scale factors for the prompt
lepton backgrounds. Events in the window of 80 < MT < 120 GeV are used to measure the
scale factors. (a) The MT distribution for single tight-SS electron events in the control region.
(b) The MT distribution for single tight-SS muon events in the control region. (c) The MT
distribution for single tight-3l electron events in the control region. (d) The MT distribution for
single tight-3l muon events in the control region.
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Last presentation (Feb. 20)
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*See presentation by Hannsjörg Weber https://indico.cern.ch/event/706239/

Re-optimized a few cuts in the ID (details are in last presentation*)

PT,Ratio = PT,Lep / PT,JetClose-within-∆R<0.4
(If no jets found nearby, then PT,Ratio = 1)

The main change was the introduction of PT,Ratio variable
(Improved rejecting non-prompt muon rate by ~35%. Improvement is also significant in electron.)
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•1.78 σ (expected)/0.6 σ observed 
 with 2016 dataset 
• Analysis statistically limited, 

with luminosity scaling: 
• 2016+2017(~80fb-1): SS 1.7σ, 

3 L: 1.9 σ 
• Comparable to ATLAS 

•Run 2 (137 fb-1): ~3.7 σ
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SM Results 

the modified frequentist CLs statistic [70,71] is used and
asymptotic formulas [72] are used for quantifying the
significance of an excess.
The expected significance for the combined SS and 3l

categories is 1.78 standard deviations (s.d.) assuming the
SM production of WWW events, whereas the observed
significance is 0.60 s.d. The corresponding expected and
observed p-values for the null hypothesis are 0.038 and
0.274. The best fit for the observed signal strength, defined
as the ratio of the observed signal to the theoretically
predicted one, is 0.34þ0.62

−0.34 . It follows that the measured
cross section is

σðpp → W#W#W∓Þ ¼ 0.17þ0.32
−0.17 pb:

The uncertainties include both statistical and systematic
components. Assuming the presence of background only,
the observed (expected) 95% confidence level (CL) upper
limit on the cross section is 0.78 (0.60Þ pb.

B. Limits on anomalous quartic gauge couplings

The interaction of four gauge bosons depicted in Fig. 1
exists in the SM and contributes to the production of the
WWW final state. New physics beyond the SM could be
manifested as an apparent change in the coupling constant
associated with the four-boson vertex, i.e., in an aQGC. A
description based on aQGCs is appropriate when the mass
scale for new physics Λ is much higher than the energy
scale of the given process, in this case, WWW production
characterized by the squared invariant mass of the three W
bosons, ŝWWW .
Anomalous couplings can be handled theoretically by

extending the SM Lagrangian with the operator product
expansion [8]:

L ¼ LSM þ
X

i

ci
Λ2

Oi þ
X

j

fj
Λ4

Oj þ & & & ;

where O represents the higher-order dimension-6 and
dimension-8 operators with Wilson coefficients ci and
fj, respectively. The operators Oi are constructed from
SM fields and respect gauge invariance. The coefficients
are unknown and are treated as free parameters to be
determined by the data. The coefficients for all dimension-6
operators, which represent aTGCs, are taken to be zero. The
following dimension-8, CP-conserving operators can be
included in the non-SM part of the Lagrangian [8,73]:

OS;0 ¼ ½ðDμΦÞ†DνΦ(½ðDμΦÞ†DνΦ(;
OS;1 ¼ ½ðDμΦÞ†DμΦ(½ðDνΦÞ†DνΦ(;

OM;0 ¼ Tr½ŴμνŴμν(½ðDβΦÞ†DβΦ(;

OM;1 ¼ Tr½ŴμνŴνβ(½ðDβΦÞ†DμΦ(;

OM;6 ¼ ½ðDμΦÞ†ŴβνŴβνDμΦ(;

OM;7 ¼ ½ðDμΦÞ†ŴβνŴβμDνΦ(;

OT;0 ¼ Tr½WμνWμν(Tr½WαβWαβ(;
OT;1 ¼ Tr½WανWμβ(Tr½WμβWαν(;
OT;2 ¼ Tr½WαμWμβ(Tr½WβνWνα(:

The Lagrangian including dimension-8 anomalous cou-
pling terms is

L ¼ LSM þ fS;0
Λ4

OS;0 þ
fS;1
Λ4

OS;1 þ
fM;0

Λ4
OM;0

þ
fM;1

Λ4
OM;1 þ

fM;6

Λ4
OM;6 þ

fM;7

Λ4
OM;7

þ
fT;0
Λ4

OT;0 þ
fT;1
Λ4

OT;1 þ
fT;2
Λ4

OT;2;

where the coefficients fx;n =Λ4 have dimension TeV−4. No
form factors for enforcing unitarity are employed in this
analysis. When looking for evidence of anomalous cou-
plings,WWW production as predicted in the SM is taken as
a background process. Interference effects between the SM
and the anomalous contribution to WWW production are
taken into account.
Since ŝWWW cannot be measured directly, the kinematic

quantity ST is employed, which is the sum of the pT of the
leptons and the jets, and pmiss

T . The presence of aQGCs
would be manifested as an excess of events at high ST.
Since non-WWW background events and SM WWW
events appear at low ST, a requirement of ST > Smin

T is
imposed. The value for Smin

T is chosen to optimize the
expected limits on the anomalous coupling fT;0=Λ4 for
which this analysis is most sensitive. For the SS and 3l
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FIG. 2. Comparison of the observed numbers of events to the
predicted yields in the nine signal regions. The WWW signal
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the SM theoretical cross section.
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BSM results: aQGC and Axion-like particles 
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the strong CP problem [4–7], can also be candidates for dark matter [60–62]. Other examples
address the hierachy problem via relaxation mechanisms through the relaxion field [63]. An
ALP can have variety of couplings to SM gauge bosons. Recently, the studies have been ex-
tended to include couplings to gauge bosons beyond just photons [9–12]. Generally speaking,
if the ALPs are sufficiently light, branching fractions to photons are expected to be large.

In this study, we focus on photophobic ALPs [13] with a sufficient mass such that their domi-
nant decay mode is a ! WW. In this scenario, the WWW final state results from the production
of Wa followed by a ! WW. The WWW channel has the largest production cross section times
branching ratio for ma & 2mW, [13]. For ma . 2mW, the branching ratio starts to fall off rapidly;
the interpretation for ma < 200 GeV is left for future analyses. The model has one free param-
eter, 1/ fa, which fully determines the couplings of the ALP to SM particles. In this context, as
for AQGCs discussed in Section 8.2, the SM production of WWW is treated as a background to
new physics.

The acceptance of the model for the signal regions follows an expected pattern: when ma =
200 GeV, the acceptance is similar to that estimated for the SM WWW signal. As ma increases,
the acceptance rises because the events are more centrally produced and the decay products
more often fall within the fiducial region.

There is no evidence for an excess of events (Table 7), so we place limits on the production
of the Wa final state and on the parameter 1/ fa using the methods described in Section 8.1
for the SM production of WWW. The limits are displayed as a function of ma in Fig. 3(a) for
s(pp ! Wa)B(a ! WW) and in Fig. 3(b) for 1/ fa.
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Figure 3: (a) Expected and observed 95% C.L. upper limits on the cross section times the
branching ratio s(pp ! Wa)B(a ! WW) as a function of ALP mass. The red line corresponds
to the theory prediction for 1/ fa = 5 TeV�1. (b) Expected and observed 95% C.L. upper limits
on the photphobic ALP model parameter 1/ fa as a function of ALP mass.
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[3] MadGraph5 aMC@NLO calculation

0.00

0.15

0.30

0.45

0.60

WWW WWZ WZZ ZZZ
[1,2] [1,3] [1,3] [1,3]

~0.51 pb

~0.35 pb

~0.1 pb
~0.04 pb

VV
V 

Cr
os

s 
se

ct
io

n 
[p

b]

≈ σVBS-WZ

Production cross section decreases with more Z’s
• Access to more channels with full Run 2 data (137 fb-1) 

• Stay tuned!

• Cross section includes 
Higgs production
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• LHC Run 2 data provides unprecedented opportunities for studying tri-
boson processes. 

• First attempt to measure WWW with CMS 2016 data. 

• Full Run 2 results in pipeline. Possibilities to include signatures with jets. 

• We’ve collected only 5% of the LHC data. New opportunities to study multi 
bosons with incoming LHC /HL-LHC datasets: 

— Precision measurements. Higgs mediated vs non-Higgs mediated 

Thanks!

M.LIU


