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An experimental overview of effective 
field theory exploration at the LHC  

Saptaparna Bhattacharya
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Open questions: 

• Origin of neutrino 
mass?


• What is Dark 
matter?


• Not a complete 
theory that includes 
gravitational 
interactions 


 

Focus of today’s talk: bosons Ɣ, W, Z
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But is it complete?
The Standard Model of Particle Physics
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A few other caveats…
This talk will cover several 
analyses


I will be focusing more on the 
interpretation of the analyses 
as opposed to specific 
selection criteria used in an 
analysis


I have focussed on recent 
results that use the full LHC 
Run II dataset


Mostly focused on CMS 
results 
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Standard Model Measurements
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All results at: http://cern.ch/go/pNj7
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σΔ in exp. HσΔTh. 

ggH qqH
VBF VH WH ZH ttH tH HH 

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction

Multiboson measurements span several 
orders of magnitude! 

dibosons (~300 pb) to tribosons (0.004 pb) 
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Valid when:

Saptaparna BhattacharyaParticle Physics Seminar at BNL

Error increases as a 
function of momentum 
transfer, √s
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Text book example of effective field theories

<latexit sha1_base64="PGI3NrZvqK/FEn92ElbKORgrs2Q=">AAAB+HicjVDLSsNAFL2prxofjbp0M1gEVyXpQt2IRTduhAr2AX2EyXTSDp1MwsxEqKFf4kZQEbf+hHs34t84bV2oKHjgwuGce7mHEyScKe2671Zubn5hcSm/bK+srq0XnI3NuopTSWiNxDyWzQArypmgNc00p81EUhwFnDaC4enEb1xRqVgsLvUooZ0I9wULGcHaSL5TSLpl1OYcnftZY9wt+07RK7lToL9J8fjFPkru3uyq77y2ezFJIyo04ViplucmupNhqRnhdGy3U0UTTIa4T1uGChxR1cmmwcdo1yg9FMbSjNBoqn69yHCk1CgKzGaE9UD99Cbib14r1eFhJ2MiSTUVZPYoTDnSMZq0gHpMUqL5yBBMJDNZERlgiYk2Xdn/K6FeLnn7Je/CLVZOYIY8bMMO7IEHB1CBM6hCDQikcAP38GBdW7fWo/U0W81Znzdb8A3W8wfIZpWG</latexit>

p2 ⌧ M2
W



Higher Dimensional Operators

<latexit sha1_base64="BqsY2BDyFJyGtLy5m9LGlrE/Dco="></latexit>
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Operators of 
dimension-6 in Warsaw 

basis

Operators of 
dimension-8

7

Multiplicative 
terms associated 
with each of 
these operators 
are called Wilson 
Coefficients



Effective field theories
Complementary to BSM searches
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Instead of bump hunting, looking for new physics in the tails of distributions
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Tension in the leptonic sector with the SM at 3.6 σ observed in 

EFT fits performed that factor 3.1 σ deviation from SM in measurement of Rk 
Combination of these measurements leads to a 4.6 σ  significance of the hypothesis of a 
purely left-handed lepton flavor universality-violating contact interaction

https://arxiv.org/pdf/1903.10434.pdf https://arxiv.org/pdf/2103.16558.pdf
<latexit sha1_base64="3vsjzmTxNNOB5bXFrMP1yqmqzvY=">AAACBXicbVDLSgMxFM34rPU16lIXwVYQxGGm1D52RTcuK9gHtGPJpJk2NJMZkoxShm7c+CtuXCji1n9w59+YPhC1HriXwzn3ktzjRYxKZdufxsLi0vLKamotvb6xubVt7uzWZRgLTGo4ZKFoekgSRjmpKaoYaUaCoMBjpOENLsZ+45YISUN+rYYRcQPU49SnGCktdcyDrAfbgvb6CgkR3kEJ2U1yMtLtdJTtmBnbKpfz5bM81KRUtAtF6Fj2BN8kA2aodsyPdjfEcUC4wgxJ2XLsSLkJEopiRkbpdixJhPAA9UhLU44CIt1kcsUIHmmlC/1Q6OIKTtSfGwkKpBwGnp4MkOrLv95Y/M9rxcovuQnlUawIx9OH/JhBFcJxJLBLBcGKDTVBWFD9V4j7SCCsdHBpHcLcyfOknrOcgpW/ymUq57M4UmAfHIJj4IAiqIBLUAU1gME9eATP4MV4MJ6MV+NtOrpgzHb2wC8Y71+xcpgW</latexit>

b ! sl+l�
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RK = B(B+!K+µ+µ�)
B(B+!K+e+e�)
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The EFT framework is useful —  
an example from the leptonic sector
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Search for new physics with multibosons at 
the multipurpose detectors

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1 m2 ~66M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels

Particle Physics Seminar at BNL Saptaparna Bhattacharya10



Muon detection in CMS
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capabilities in CMS

Dilepton mass 
resolution: 1-2%
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Processes of interest
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W+

W+

`+

⌫`q̄

q �
<latexit sha1_base64="ILg+mfw6krFJ+Ld+Grv6faJv8ds="></latexit>

W−

W+

q

q

Z/γ∗

g

Diboson production at the LHC

W± γ production W+ W- /WZ production 

In all cases, decay at least one gauge boson leptonically



Exploration of dimension-6 operators

<latexit sha1_base64="BqsY2BDyFJyGtLy5m9LGlrE/Dco="></latexit>
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Use Standard Model Effective Field Theory or SMEFT framework to 
characterize impact of dim-6 operators 

<latexit sha1_base64="/BHbI5ENHjKu5AkiXGbz0YAwS0M="></latexit>

�(C3W) = �SM + C3W�interference + C2
3W�BSM

Linear Quadratic
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Slew of dimension-6 operators

Particle Physics Seminar at BNL Saptaparna Bhattacharya14



Missing pT > 290 GeV

μ 
pT > 240 GeV

W → μ 𝝂

γ 
ET > 530 GeV

W±γ
CMS: https://cds.cern.ch/record/2757267

Saptaparna BhattacharyaParticle Physics Seminar at BNL !14

https://cds.cern.ch/record/2757267
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Effective field theory constraints  
from the  W±γ process

Multiboson Interactions, 2021

• Focus is on  

W+

W+

`+

⌫`q̄

q �
<latexit sha1_base64="ILg+mfw6krFJ+Ld+Grv6faJv8ds="></latexit>

The interference with the SM cannot 
be experimentally detected with 
“inclusive” observables (decay 
angles)  for ff → WTVT 


Different helicity configurations for 
SM and BSM components

Leads to suppression of interference 
effects

Can probe only pure-BSM 
contributions 

“Diboson interference resurrection” 
performed (arXiv:1708.07823, arXiv:
1901.04821)


Requires definition of specific 
coordinate system 

<latexit sha1_base64="/BHbI5ENHjKu5AkiXGbz0YAwS0M="></latexit>

�(C3W) = �SM + C3W�interference + C2
3W�BSM
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https://arxiv.org/abs/1708.07823
https://arxiv.org/abs/1901.04821
https://arxiv.org/abs/1901.04821
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Special coordinate system

Multiboson Interactions, 2021Particle Physics Seminar at BNL

Define frame by a Lorentz boost to the center-of-mass frame of the W±γ system 

boson momenta are back-to-back


Angle Φ now acquires sensitivity to interference with SM

θ

ɸ

 16
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Final state fermions



Saptaparna Bhattacharya

Constraints on Wilson Coefficients 
from the W±γ process
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• Stringent limits obtained with Φ 
binning 


• Without Φ binning limits range from:

• [-7, 4] TeV-2  pTɣ < 500 GeV

• [-5, 3] TeV-2  pTɣ > 1000 GeV

Particle Physics Seminar at BNL

Backgrounds very well modeled in MC 

Both lepton and photon pT variables show excellent 

agreement between data and MC

 17
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W+W-

CMS:  
Phys. Rev. D 102 092001 (2020)

ATLAS:  
Eur. Phys. J. C 79 (2019) 884

JHEP 06 (2021) 003

 18 Saptaparna BhattacharyaParticle Physics Seminar at BNL

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092001
https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6
https://link.springer.com/article/10.1007/JHEP06(2021)003
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Measurement of the WW + 1 jet
W−

W+

q

q

Z/γ∗

g

Specific focus on production W+W- with an 
additional jet 


Access to trilinear gauge coupling which could 
acquire contributions from dim-6 operators


Just like in the Wγ analysis, interference with 
SM suppressed due to helicity configurations in 
SM vs. BSM

W−

W+

g

g

q q′

g

Production mode 
also includes loop-
induced gluon–
gluon fusion 
process (gg → WW)

100 150 200 250 300
Integrated fiducial cross-section [fb]

Data
 25 (syst) fb± 4 (stat) ±258 

MATRIX 2.0 nNNLO
 18 (scale) fb± 2 (PDF) ±279 

 NLO EW⊗MATRIX 2.0 nNNLO 
 18 (scale) fb± 2 (PDF) ±278 

Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)* 
 44 (scale) fb± 3 (PDF) ±277 

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
 16 (scale) fb± 3 (PDF) ±263 

Powheg MiNLO + Pythia8 (0-1j@NLO)*
 21 (scale) fb± 3 (PDF) ±254 

WW→* + Sherpa & OpenLoops gg

ATLAS
-1 = 13 TeV, 139 fbs

 jν

±

µν± e→pp 

Data
Stat. Unc.
Tot. Unc.
Predictions

Saptaparna BhattacharyaParticle Physics Seminar at BNL
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4− 2− 0 2 4
]-2 [TeV2Λ/Wc

 > 30 GeVjet
T
p

 > 200 GeVjet
T
p

ATLAS
-1 = 13 TeV, 139 fbs

 jν

±

µν± e→pp 

68% CL
95% CL
Linear
Linear + Quadratic

Measurement of the WW + 1 jet

Limits weaker are weaker than those 
obtained by the ATLAS measurement 
of 𝑊𝑊 events with no associated jets 

Limits obtained from this 
measurement when only including 
linear terms have improved relative to 
the previous measurement

Jet pT Linear only 68% CI obs. 95% CI obs. 68% CI exp. 95% CI exp.

> 30 GeV yes [–1.64, 2.86] [–3.85, 4.97] [–2.30, 2.27] [–4.53, 4.41]
> 30 GeV no [–0.20, 0.20] [–0.33, 0.33] [–0.28, 0.27] [–0.39, 0.38]
> 200 GeV yes [–0.29, 1.84] [–1.37, 2.81] [–1.12, 1.09] [–2.24, 2.10]
> 200 GeV no [–0.43, 0.46] [–0.60, 0.58] [–0.38, 0.33] [–0.53, 0.48]

1

Jet pT Linear only 68% CI obs. 95% CI obs. 68% CI exp. 95% CI exp.

> 30 GeV yes [–1.64, 2.86] [–3.85, 4.97] [–2.30, 2.27] [–4.53, 4.41]
> 30 GeV no [–0.20, 0.20] [–0.33, 0.33] [–0.28, 0.27] [–0.39, 0.38]
> 200 GeV yes [–0.29, 1.84] [–1.37, 2.81] [–1.12, 1.09] [–2.24, 2.10]
> 200 GeV no [–0.43, 0.46] [–0.60, 0.58] [–0.38, 0.33] [–0.53, 0.48]

1

Requirement of hard jet alters the 
relative contributions of different 
helicity configurations  

Reduces the suppression of 
the interference of SM and 
anomalous amplitudes  

Particle Physics Seminar at BNL Saptaparna Bhattacharya

https://arxiv.org/pdf/1707.08060.pdf
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�

Study of the WZ process

CMS: https://cds.cern.ch/record/2758362

Saptaparna BhattacharyaParticle Physics Seminar at BNL
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Measurement of the WZ process 

Multiboson Interactions, 2021

q'

q

W

W

Z

 22

q'

q

W

W

Z

Electroweak process: sensitive to 
the PDFs of u and d quarks; 
relatively unaffected by the gluon 


High WZ cross section makes it 
the dominant process that can be 
studied in the trilepton final state


Unique access to triple gauge 
coupling


Ratio of W+Z/W-Z cross section is 
one of the most precisely 
measurable quantities 


Allows for the measurement of 
W-boson polarization

Saptaparna BhattacharyaParticle Physics Seminar at BNL

40 60
 WZ) [pb]→(pp σ

 eee 

 µ ee

e µµ 

 µµµ 

 Combined 

CMS  (13 TeV)-1137 fb

NLO QCD+LO EWK
POWHEG+NNPDF31

NNLO QCD+LO EWK
MATRIX+NNPDF31

NNLO QCDxNLO EWK
MATRIX+NNPDF31

Best fit
Statistical uncertainty
Systematic uncertainty
Luminosity uncertainty
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Unfolded distributions of sensitive variables well modeled 

Simulated signal samples normalized to NNLO cross sections

Measurement of the WZ process 

Saptaparna BhattacharyaParticle Physics Seminar at BNL
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Measurement of the WZ process 

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

2TeV
1 2Λ

WWWc

100−

50−

0

50

100

150

200

2
Te

V1
 2

Λ
bc

Expected, 68% CL Observed, 95% CL
Expected, 95% CL Best Fit
Expected, 99% CL

 (13 TeV)-1137.2 fbCMS Preliminary

CP conserving

CP non-conserving

Limits computed taking interference with SM (Λ-2) + pure BSM (Λ-4) into account

Improvement over limits from W+W- analysis (taking luminosity scaling into account) for Cw and Cwww
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Combination of WW, WZ and ZZ and EW Zjj measurements  
 

ATLAS: http://cdsweb.cern.ch/record/2776648

Saptaparna BhattacharyaParticle Physics Seminar at BNL

http://cdsweb.cern.ch/record/2776648
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Combined effective field theory interpretation of 
differential cross-sections measurements of WW, WZ, 
4l, and Z-plus-two-jets production using ATLAS data
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Off-shell region explored in 
addition to on-shell

EFT exploration performed with combination of four final states:

WW and WZ in leptonic final states

Final state consisting of four charged leptons

Leptonically decaying Z-boson in vector-boson-fusion topology


Effect of 33 SMEFT operators explored

Saptaparna BhattacharyaParticle Physics Seminar at BNL

Invariant mass of the secondary lepton pair (the 
pair that is less compatible with the 𝑍 boson mass)
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Combined effective field theory interpretation of 
differential cross-sections measurements of WW, WZ, 
4l, and Z-plus-two-jets production using ATLAS data

Off-shell region explored in 
addition to on-shell

Form of the gauge boson operators under exploration (leptonic operators also explored in 
the analysis, focusing only on a subset)

Saptaparna BhattacharyaParticle Physics Seminar at BNL
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Combined effective field theory interpretation of 
differential cross-sections measurements of WW, WZ, 
4l, and Z-plus-two-jets production using ATLAS data

Off-shell region explored in 
addition to on-shell

Saptaparna BhattacharyaParticle Physics Seminar at BNL

Linear Effect of Wilson Coefficient
Lin+Quad Effect of Wilson Coefficient
Experimental Uncertainty

 PreliminaryATLAS
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differential cross sections, relative to the SM 
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Value of the Wilson coefficient obtained from 
2σ sensitivity of the SMEFT model including 
only linear terms
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Combined effective field theory interpretation of 
differential cross-sections measurements of WW, WZ, 
4l, and Z-plus-two-jets production using ATLAS data

Off-shell region explored in 
addition to on-shell
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Correlation between the 15 parameters of interest

Focus of this analysis is the 
simultaneous measurement 
of all Wilson coefficients


Construct a modified basis 
(linear combination of 
Warsaw basis vectors https://
cds.cern.ch/record/2694284, 
https://cds.cern.ch/record/
2743067) to reduce flat 
directions and identify 
sensitive directions 


Hessian matrix constructed 
in the space of Wilson 
coefficients and eigenvectors 
are identified


This analysis sets the stage 
for global combination efforts

https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2743067
https://cds.cern.ch/record/2743067
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Processes of interest
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Vector-boson scattering production at the LHC 
Triboson production* 

q q0
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W±

W±

`±

⌫

`±

⌫

u
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u

W+

γ
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*more on that later



Exploration of dimension-8 operators
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CP conserving quartic operators are of the form:

LS,0 =
⇥
(Dµ�)†D⌫�
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LM,0 = Tr

h
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(D��)†D��
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LT,0 = Tr [Wµ⌫Wµ⌫ ]⇥ Tr
⇥
W↵�W↵�
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Relevant Operators for specific 
processes

Relevant 
Operators WWWW WWZZ ZZZZ ZZZγ

𝓛S,1 𝓛S,2 ✅ ✅ ✅ 0

𝓛M,0  𝓛M,1  𝓛M,6  

𝓛M,7
✅ ✅ ✅ ✅

𝓛M,2  𝓛M,3  𝓛M,4  

𝓛M,5
0 ✅ ✅ ✅

𝓛T,0  𝓛T,1  𝓛T,2 ✅ ✅ ✅ ✅

𝓛T,5  𝓛T,6  𝓛T,7 0 ✅ ✅ ✅

𝓛T,8  𝓛T,9  0 0 ✅ ✅
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Vector boson scattering processes

𝓵±

𝓵±
ν

ν

Jet 2

Jet 1 |Δƞ| > 2.5 
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q q0
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W±

`±

⌫

`±

⌫

Final state consists of same-signed leptons and 2 high pT jets

Rapidity gap between jets (no color flow) 

Large invariant mass of the two jets 

Use of Zeppenfeld variable

Provides unique access to quartic couplings
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1

2
(⌘j1 + ⌘j2)|/|�⌘jj |

Mjj > 500 GeV

34
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WW and WZ with two additional jets

CMS: Phys. Lett. B 809 (2020) 135710
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Exploration of WW and WZ processes with 
two additional jets

Multiboson Interactions, 2021
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mT(VV) sensitive to presence of 
dim-8 operators
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Factoring in EFT validity

Multiboson Interactions, 2021

Limits worse by a factor of 5 in comparison with limits without 
unitarity constraints but more physical

Observed (W
±

W
±

) Expected (W
±

W
±

) Observed (WZ) Expected (WZ) Observed Expected

(TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

) (TeV
�4

)

fT0/L4
[-1.5, 2.3] [-2.1, 2.7] [-1.6, 1.9] [-2.0, 2.2] [-1.1, 1.6] [-1.6, 2.0]

fT1/L4
[-0.81, 1.2] [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69, 0.97] [-0.94, 1.3]

fT2/L4
[-2.1, 4.4] [-2.7, 5.3] [-2.7, 3.4] [-4.4, 5.5] [-1.6, 3.1] [-2.3, 3.8]

fM0/L4
[-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]

fM1/L4
[-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]

fM6/L4
[-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]

fM7/L4
[-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]

fS0/L4
[-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]

fS1/L4
[-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]

EFT validity taken into account by restricting EFT integration at the unitarity 
limit

Unitarity limit is at ~1.5 TeV

Calculated with VBF NLO (VBFNLO 1.4.0 )
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ZZ with two additional jets

CMS: Phys. Lett. B 812 (2020) 135992

 37Particle Physics Seminar at BNL Saptaparna Bhattacharya

https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub


ZZ production with 2 jets

 38
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Signal

Signal

Signal

Background

Electroweak production 
of ZZ observed with 4.0 
(3.5) σ observed 
(expected) significance


Provides access to the 
quartic coupling


Exploration of dim-8 
operators performed 


Provides access to T8 
and T9 operators not 
possible in other final 
states  
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ZZ production with 2 jets
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Data
Z+X

Z, VVZtt
ZZ→qq
ZZ→gg

EW ZZjj
-4 = 2 TeV4Λ /T9f
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Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

fT0/L4 �0.37 0.35 �0.24 0.22 2.4

fT1/L4 �0.49 0.49 �0.31 0.31 2.6

fT2/L4 �0.98 0.95 �0.63 0.59 2.5

fT8/L4 �0.68 0.68 �0.43 0.43 1.8

fT9/L4 �1.5 1.5 �0.92 0.92 1.8

Access to neutral operators 


Set strict bounds on these sets of 
operators, inaccessible in charged gauge 
boson final states 


Results presented factor in unitarity bounds 
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Wγ with two additional jets

CMS: Phys. Lett. B 811 (2020) 135988

 40Particle Physics Seminar at BNL Saptaparna Bhattacharya

https://www.sciencedirect.com/science/article/pii/S0370269320307917?via=ihub


Wγ + 2 jets

 41

u

u

d

u

W+

γ

W+

γ

First observation of the Wγ + 
2 jets process with observed 
(expected) significance of 5.3 
(4.8) σ 


Exploration of dim-8 
operators possible due to 
presence of SM quartic 
coupling


Invariant mass of the Wγ 
system is sensitive to 
presence of dim-8 operators
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Wγ + 2 jets

 [GeV]γWm
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ts
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20
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G
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γtt
γQCD Z

MisID lepton
MisID photon

-4 TeV-12 = 0.8x104Λ/T,0f

γQCD W
γEW W

Data
Unc.

 (13 TeV)-135.9 fbCMS
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Parameters Exp. limit Obs. limit Ubound

fM,0/L4 [�8.1, 8.0] [�7.7, 7.6] 1.0

fM,1/L4 [�12, 12] [�11, 11] 1.2

fM,2/L4 [�2.8, 2.8] [�2.7, 2.7] 1.3

fM,3/L4 [�4.4, 4.4] [�4.0, 4.1] 1.5

fM,4/L4 [�5.0, 5.0] [�4.7, 4.7] 1.5

fM,5/L4 [�8.3, 8.3] [�7.9, 7.7] 1.8

fM,6/L4 [�16, 16] [�15, 15] 1.0

fM,7/L4 [�21, 20] [�19, 19] 1.3

fM,0/L4 [�0.6, 0.6] [�0.6, 0.6] 1.4

fM,1/L4 [�0.4, 0.4] [�0.3, 0.4] 1.5

fM,2/L4 [�1.0, 1.2] [�1.0, 1.2] 1.5

fM,5/L4 [�0.5, 0.5] [�0.4, 0.4] 1.8

fM,6/L4 [�0.4, 0.4] [�0.3, 0.4] 1.7

fM,7/L4 [�0.9, 0.9] [�0.8, 0.9] 1.8

Exploration of full set of “mixed” operators performed

For the parameters fM2-5, fM6-7 most stringent limits

Particle Physics Seminar at BNL Saptaparna Bhattacharya



Zγ with two additional jets

CMS: https://arxiv.org/abs/2106.11082

 43Particle Physics Seminar at BNL Saptaparna Bhattacharya

https://arxiv.org/abs/2106.11082


Zγ + 2 jets

 44

d

u d

u

W

W
γ

Z/γ∗

l

l

Access to neutral quartic 
vertex (like previous analysis)


Allows exploration of T8 and 
T9 operators


Invariant mass of the Zγ 
system is sensitive to 
presence of dim-8 operators
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Zγ + 2 jets

 [TeV] γZm
0.15-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 ∞1.2-

Ev
en

ts
 / 

bi
n

1−10

1

10

210

310 Data
γEW Z
γQCD Z

γNonprompt 
,VVγST,TT

-4 = 0.47 TeV4Λ/T8F
-4 = 0.91 TeV4Λ/T9F

 (13 TeV)-1137 fbCMS   
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Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

FM0/L4 �12.5 12.8 �15.8 16.0 1.3

FM1/L4 �28.1 27.0 �35.0 34.7 1.5

FM2/L4 �5.21 5.12 �6.55 6.49 1.5

FM3/L4 �10.2 10.3 �13.0 13.0 1.8

FM4/L4 �10.2 10.2 �13.0 12.7 1.7

FM5/L4 �17.6 16.8 �22.2 21.3 1.7

FM7/L4 �44.7 45.0 �56.6 55.9 1.6

FT0/L4 �0.52 0.44 �0.64 0.57 1.9

FT1/L4 �0.65 0.63 �0.81 0.90 2.0

FT2/L4 �1.36 1.21 �1.68 1.54 1.9

FT5/L4 �0.45 0.52 �0.58 0.64 2.2

FT6/L4 �1.02 1.07 �1.30 1.33 2.0

FT7/L4 �1.67 1.97 �2.15 2.43 2.2

FT8/L4 �0.36 0.36 �0.47 0.47 1.8

FT9/L4 �0.72 0.72 �0.91 0.91 1.9

Stringent limits on dim-8 operators


Limits on T8 and T9 operators improve 
by a factor of two in comparison to ZZ + 
2 jets process  
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Triboson processes
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V1
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q

q
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V1
V2

V3

V1
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q

q

q

q

q

q

Trilinear Higgs-mediated

Quartic Radiative

V1,2,3 = (W, Z) 

!46

Radiative

V1,2,3 = (W, Z) 

H



Cross sections X branching fractions

0 lepton

1 lepton

2 OS leptons 

2 SS leptons

trileptons } 7k events (137/fb)

0 lepton

1 lepton

2 leptons 

3 leptons

4 leptons } 500 events (137/fb)

WWW ~ 0.51 pb WWZ ~ 0.35 pb

0 lepton
1 lepton

2 leptons 
3 leptons
4 leptons
5 leptons

WZZ ~ 0.10 pb
ZZZ ~ 0.04 pb

0 lepton

2 leptons 

4 leptons

6 leptons } 6 events (137/fb)} 50 events (137/fb)
Explore leptonic final states; backgrounds 
reduced with a BDT based approach and 

complementary cut based analysis
σbackground ~ σsignalBackground reduction
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WWW production in the Standard Model
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l±

W±

W±

W±

W∓

ν

l±

ν

j/l

j/ν

Require: 


Two leptons of identical charge arising out of the decay of two W-bosons

Three leptons
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WWW in trilepton final state

Saptaparna BhattacharyaParticle Physics Seminar at BNL

CMS experiment at the LHC, CERN 
Data recorded: 2017-Oct-10 14:58:54.563968 GMT 

Run 304777, Event No. 654070743 LS 390WWW → 3 lepton event

Positron 2

Positron 1
pT

miss

Muon (µ–)

pT
miss

Positron 2

Positron 1

Muon (µ–)

P
T  = 36 GeV

PT =
 32

 G
eV

PT =
 70

 G
eV

PTmiss = 39 GeV
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Search for WZZ in five lepton final state

Saptaparna BhattacharyaParticle Physics Seminar at BNL

l

W

W
ν

l±

Require five leptons targeting decay products arising out of 
the W and Z-bosons

Z
l±

l∓

Z

l∓
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WZZ in five lepton final state
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0
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ts Data VVV ZZ Ztt
Stat. Uncert.

0 50 100 150 200 250 300
 [GeV]Tm

0
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4

D
at

a/
Pr

ed
.

Supplementary CMS  (13 TeV)-1137 fb

5 leptons signal region

• In 5 lepton channel:


• Require 2 Z boson 
candidates and associate 
remaining lepton with a W


• Separate by flavor of the W 
candidate lepton and 
require MT > 50 GeV if 
electron
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WZZ in five lepton final state

Saptaparna BhattacharyaParticle Physics Seminar at BNL

Electron 
PT = 59 GeV

Positron 
PT = 55 GeV

Positron 
PT = 68 GeV

Positron 
PT = 30 GeV

Electron 
PT = 82 GeV

pT
miss 

= 192 GeV

Z boson 2 
mee = 92 GeV

Z boson 1 
mee = 91 GeV

W boson 
mT = 65 GeV

Jet 
QCD radiation 
PT = 334 GeV

WZZ → 5 lepton event CMS experiment at the LHC, CERN 
Data recorded: 2016-Oct-09 21:24:05.010240 GMT 

Run 282735, Event No. 989682042 LS 491
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ZZZ in six lepton final state
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l±

l∓

l±

l∓

l±

l∓

Require six leptons targeting decay products arising out of 
the Z-bosons
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Search for ZZZ in six lepton final state
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Preliminary CMS  (13 TeV)-1137 fb

6 leptons signal region

6 L signal region 
0 data events observed

• In 6 lepton channel:


• Require ∑ pT of all leptons 
> 250 GeV, powerful 
against backgrounds which 
contribute at percent level
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No data events observed



Combination of all final states
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Observation of Heavy Tribosons with Run II data

Major milestone in Standard Model physics!

 56Particle Physics Seminar at BNL
Auxiliary material: http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/
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Observation of Heavy Tribosons with Run II data

Culmination of persistent endeavor by both ATLAS and CMS Collaborations

!57

https://arxiv.org/abs/1903.10415
https://arxiv.org/abs/1905.04246


Effective field theories in WWW 
process
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Effective field theories in VVV process
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q

q0

W ⇤

W

W

W

Currently pursuing an Effective Field Theory interpretation with VVV process

Including as many final states as possible

Presence of higher order operators expected to lead to high pT decay products: 2 
resolved jets → 1 fatJet

Explore dim-6 and dim-8 operators

Final states explored in observation paper 
Z → 𝛎 𝛎 not included for brevity
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The Snowmass Process  

“The Particle Physics Community Planning 
Exercise (“Snowmass” ) is a process that 
takes place approximately every 6-8 years. 

Organized by the American Physical Society 
(APS) Division of Particles and Fields (DPF), 
Snowmass is an opportunity for the entire 

HEP community to plan and document a long-
term vision for particle physics in the US 

along with its international partners.”

Thanks to the Community Planning Meeting committee! 

Saptaparna Bhattacharya!60Particle Physics Seminar at BNL

https://uec.fnal.gov


5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13 - 14 TeV 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 350 fb-1 3000 fb-1

4000 fb-1

20402027

BUILDINGS

We are here

The LHC upgrade schedule

Radiation damage foreseen that will necessitate 
the replacement of the endcap detectors 
CMS-TDR-019

68

• Run 3 will commence in mid-2022

• Collect 2x data, by 2027 20x data
Saptaparna BhattacharyaParticle Physics Seminar at BNL

https://cds.cern.ch/record/2293646?ln=en


VVV significance at HL-LHC

Saptaparna Bhattacharya!62

Process Final State Significance 
expected σ

WWW same-signed dilepton 
and trilepton

Can be studied in the 
realm of precision 

physics 

WWZ four leptons
Can be studied in the 

realm of precision 
physics 

WZZ five leptons > 5.0

ZZZ six or more leptons > 5.0

This is a simple projection assuming uncertainties remain the same

Particle Physics Seminar at BNL



Power of new detectors
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• Unprecedented spatial 
granularity


• 3D visualization of showers


• Timing capabilities 


• Use low shower time resolution 
(~ few ps) to distinguish between 
spatially overlapping showers 


• Use ps timing to mitigate pileup
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Multiple interactions
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Exploration of new physics in diboson, vector boson scattering (VBS), triboson topologies 
using the effective field theory framework presented


Elucidated unique ways of exploration of dim-6 operators with specific focus on 
interference with the SM


Gained access to unexplored VBS processes and observed them with full Run II dataset 
and improved data analysis methods


The exploration of dim-8 operators carried out in myriad VBS and triboson topologies 
providing unique access to the full spate of possible new physics contributions 


EFT validity constraints are taken into account in all cases 


Detailed exploration possible as we move towards Run III and beyond and improvements 
foreseen with machine learning based approaches (a la CMS ttZ EFT exploration)

Path forward…

Saptaparna BhattacharyaParticle Physics Seminar at BNL

https://arxiv.org/abs/2107.13896
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Additional Material
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Combination of WW, WZ and ZZ and EW Zjj measurements  
 

ATLAS: http://cdsweb.cern.ch/record/2776648

Saptaparna BhattacharyaParticle Physics Seminar at BNL

http://cdsweb.cern.ch/record/2776648


Text book example of effective field theories

Error increases as a function of 
momentum transfer, √s

Valid when:
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Special coordinate system

Multiboson Interactions, 2021

W±γ

φ

x

y

z

f+

f-

θ

r

Final state fermions

Particle Physics Seminar at BNL

Define frame by a Lorentz boost to the center-of-mass frame of the W±γ system 

boson momenta are back-to-back


Angle Φ now acquires sensitivity to interference with SM

 68
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SMP-20-005: W±γ 
Results 

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3

3WC
0

1

2

3

4

5

6

7

8q

CMS
Preliminary

 (13 TeV)-1137 fb

SM+int. only
SM+int.+BSM
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SMP-20-014: Measurement of the WZ process 

Particle Physics Seminar at BNL
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Limits computed taking only interference with SM (Λ-2) 
into account
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• Machine learning with 3-D point clouds
• Extract information from edges of 

nearest neighbors
• Energy regression results are 

encouraging 

Power of new detectors
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The Higgs Boson found at CERN!
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The CMS Experiment
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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1 m2 ~66M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels
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The Standard Model of Particle Physics

Saptaparna BhattacharyaParticle Physics Seminar at BNL

Observations: 
• electron: 1897 (JJ Thomson) 
• muon: 1936 (Anderson & 
Neddermeyer) 
• electron neutrino: 1956 
(Cowan & Reines)

•muon neutrino: 1962 (BNL) 
• up, down, strange quark: 
1968 (SLAC) 
• charm quark: 1974 (SLAC/ 
BNL) 
• tau lepton: 1975 (SLAC) 
• bottom quark: 1977 (FNAL) 
• gluon: 1979 (DESY) 
• W and Z bosons: 1983 (CERN) 
• top quark: 1995 (FNAL) 
• tau neutrino: 2000 (FNAL) 
• Higgs boson: 2012 (CERN) 
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