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γ + jet

Wγ Zγ
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LHC	and	CMS
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LHC
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Linac	50MeV

1.2GeV

Circumference	27km
~100	m

CMShttps://youtu.be/BEnaEMMAO_s
https://www.youtube.com/watch?v=pQhbhpU9Wrg

https://youtu.be/BEnaEMMAO_s
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CMS 2010, 7 7e9, 45.0 pbೋ¹
2011, 7 7e9, 6.1 fbೋ¹
2012, 8 7e9, 23.3 fbೋ¹
2015, 13 7e9, 4.3 fbೋ¹
2016, 13 7e9, 41.6 fbೋ¹
2017, 13 7e9, 49.8 fbೋ¹
2018, 13 7e9, 67.9 fbೋ¹
2022, 13.6 7e9, 42.0 fbೋ¹
2023, 13.6 7e9, 20.6 fbೋ¹

LHC	Luminosity
•In	Run1,	CMS	recorded	6.1fb-1	@7TeV	and	23.3	fb-1	@8TeV.


•Run	2,	CMS	recorded	163.6	fb-1	@13TeV.


•Run3,	CMS	has	recorded	more	than	62.6	fb-1	@13.6TeV.
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2011

Run	1

Run	2
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2015
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Higgs	discovery	July	4th,	2012
2021

2023

Run	3
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CMS
•General	purpose	design	to	detect	all	
particles.	Wide	reaches	of	physics	potential
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1m1m 2m2m 3m3m 4m4m 5m5m 6m6m 7m7m0m0m
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Hadron chargé (ex. Pion)

Muon

Photon
Hadron neutre (ex. Neutron)

Trajectographe
au silicium

Calorimètre
électromagnetique

Calorimètre
hadronique

Solénoïde
superconducteur Culasse de retour de l’aimant

avec des chambres à muons

X
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Y
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Total weight : 12500 tone

Overall diameter : 15m

Overall length : 21.5m

Magnetic field : 3.8 Tesla
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ECAL
•The	Electromagnetic	Calorimeter	of	CMS	(ECAL)


✦ Homogeneous,	compact,	hermetic,	fine	grain	
PbWO4	crystal	calorimeter


✦ Goal	is	having	excellent	energy	resolution


•Energy	resolution	of	3x3	crystal	matrix

8

Barrel	(EB)	

supermodule

Endcap	
(EE)

Preshower	

(Pb/Silicon)

EB : PbWO4 with APDs

22mm x 22mm x 25.8X0


(Molière radius 22mm)

EE : PbWO4 with VPTs

29mm x 29mm x 24.7X0

ES : silicon strip sensors

strip width 1.9mm 

https://cds.cern.ch/record/1000388
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Photon	Reconstruction
•Build	Basic	Cluster	with	5x5	crystal	
matrix.	It	contains	97%	of	unconverted	
photon	energy


•>50%	probability	of	photon	conversion	
(e+e-	pair)	in	CMS,	energy	spread	into	 	
road	due	to	B	filed.	Connect	basic	cluster	
to	form	SuperCluster.	Barrel	:	5	crystal	in	
η and	10-15	crystals	in	 ;	Endcap	5x5	
crystals	+	preshower


•Energy	deposited	by	electrons	and	
photons	in	the	ECAL	and	collected	in	
superclusters	is	subject	to	losses	


•A	correction	procedure	is	needed	to	
calibrate	the	reconstructed	energy	back	
to	generated	energy.

ϕ

ϕ
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ECAL	Barrelcluster

SuperCluster

EGM-17-001

https://cds.cern.ch/record/2747266?ln=en
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Photon	Identification
•Identify	a	jet	fakes	a	photon


✦ Shower	shapes	of	the	cluster,	ES	
shower	width	in	the	endcap


✦ Isolation	(energy)of	photon

✦ Hadronic	leakage	of	photon


•Identify	an	electron	fakes	a	
photon

✦ No	pixel	hits	nor	tracks	linked	with	
photon


•Cut-based	and	MVA-BDT-
based	ID.


•ID	trained	with	MC	and	compare	
with	data.	Overall	good	
agreement	between	Data	and	MC

10
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QCD	 	Production	at	
CMS


[while	LHC	acts	as	a				
quark-gluon	collider]

γ + jet

11
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Jet Energy Correction data/MC SF 
 

o  Data/MC	comparison	for	the	jet	response	
dependency	on	the	jet	pT		

o  CombinaXon	of	three	samples,	γ+jet,	Z(àμμ)
+jet,	Z(àee)+jet	

o  Nuisance	parameters	(reference	objects	
scale)	at	post-fit	values	

o  Kink	observed	around	150	GeV	due	to	
changes	in	local	reconstrucXon	between	
Run1	and	Run2	

o  Fifed	with	fixed	erf-log	with	mean	225	GeV	
and	width	0.4		
Ø  		
Ø  Scale	~0.98	at	low	pT	(consistent	with	Run1	

results)		
Ø  ~1.00	at	higher	pT	

a+ b · (1 + erf((log(pT )� log(225))/0.4))
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QCD	Photon+jet	Production
•The	photon+jet	production	is	
dominated	by	quark-gluon	
scattering	and	sensitive	to	gluon	
PDF	at	medium	and	high	X	range


•Compare	data	cross	section	with	
NLO	theory	prediction,	(e.g.	
JETPHOX	with	fragmentation	at	
NLO)	with	different	PDFs.


•Also	serves	as	calibration	
dataset,	e.g.	jet	energy	correction.
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I Data-to-simulation comparison for the jet response dependence on pjet
T .

I Combination of � + jet and Z + jet. Multijet results used in 2016.
I Z(! µµ)+jet and Z(!ee) events are pre-combined into Z + jet events.
I MPF and pT-balance methods used, but (Z + jet) MPF dominates precision.
I Post global fit values for nuisance parameters (scales of reference objects)

used to demonstrate the good consistency between the data sets.
I Yellow band indicates absolute scale uncertainty that is centred around the

luminosity-weighted average of JEC per run. Its deviation from the fit to the
combined sample (solid black line) is taken as “Time stability” uncertainty in
the following slides.
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CMS DP-2020/019

https://cds.cern.ch/record/2715872?ln=en
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CMS	Photon	@	13TeV

13

 (GeV)TE
210×2 210×3 210×4 210×5 310

 (p
b/

G
eV

)
je

t
 d

y
γ

dy Tγ
 / 

dE
σ3 d

-410

-110

210

510

810

1010
 )6 10× > 30GeV ( jet

T
| < 2.4, pjet| < 2.5, 1.5 < |yγ1.57 < |y

 )4 10× > 30GeV ( jet
T

| < 1.5, pjet| < 2.5, |yγ1.57 < |y

 )2 10× > 30GeV ( jet
T

| < 2.4, pjet| < 1.44, 1.5 < |yγ|y

 > 30GeV jet
T

| < 1.5, pjet| < 1.44, |yγ|y

NLO JETPHOX NNPDF 3.0

 (13 TeV)-12.26 fbCMS Preliminary

Eur. Phys. J. C 79 (2019) 20

 (GeV)TE
210×2 210×3 210×4 210×5 310

Th
eo

ry
 / 

D
at

a

0.5

1

1.5

2
 > 30GeVjet

T
| < 1.5, pjet| < 1.44, |yγ|y

Data stat. uncertainty
Data total unc.
NLO JETPHOX scale unc.
NLO JETPHOX total unc.

 (13 TeV)-12.26 fbCMS Preliminary

 (GeV)TE
210×2 210×3 210×4 210×5 310

Th
eo

ry
 / 

D
at

a

0.5

1

1.5

2  (13 TeV)-12.26 fbCMS Preliminary
 > 30GeVjet

T
| < 1.5, pjet| < 1.44, |yγ|y

Data experimental unc.
NLO JETPHOX NNPDF3.0
NLO JETPHOX CT14
NO JETPHOX MMHT14
NLO JETPHOX HERAPDF2.0
NNPDF3.0 total theoretical unc.

•Results	of	photon	and	photon+jet	production	
at	13TeV.


•Consistent	with	JETPHOX	(NLO	generator)	
but	some	feature	seen	as	a	function	of	photon	ET

•NNLO	calculation	may	resolve	the	
dependency.

https://doi.org/10.1140/epjc/s10052-018-6482-9
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Electroweak	(VBS)	 	and	
	production	


[while	LHC	acts	as	a		
boson-boson	collider]

Wγ
Zγ

14
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What	is	VBS	signal
•Three	contributions	at	LO	for	Vector	Boson	Scattering


✦ Pure	EWK	:	VBS	signal

✦ QCD-induced	:	irreducible	background

✦ EWK-QCD	interference	:	add	to	QCD	background


•VBS	signature:	di-boson	production	with	two	very	energetic	
forward-backward	QUARK-initiated	jets	and	with	large	dijet	
mass( )	and	rapidity	gapmjj

15

31st  July 2022 – VBS @ CMSR.Bellan

… has a distinctive signature

● Two jets in the forward-background region w/o color connection 1 Large pseudorapidity gap

● Decay products of the outgoing vector bosons tend to be in-between the tag-jet pseudorapidity gap

Particle from boson decay
Tag jets

● Other key variables are: the invariant mass of the dijet system (m
jj
) and the Zeppenfeld variable (z*), 

usually defined as                                        or 
ZX

*=|ηX−(η jet , 1+η jet , 2) /2|/|Δη jj|ZX
*=|ηX−(η jet , 1+η jet , 2)|/2

Vector boson scattering topology

q1 q3

q2 q4

γ

W/Z ℓ/ν
ℓ/ν

Δηjj

Large	separation	angle	
(pseudo-rapidity)	
between	tagging	jets
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Why	is	VBS	interesting
•Pure	Electroweak	processes.	Provides	understanding	of	the	Electroweak	sector	
and	complementary	to	Higgs	analyses


✦ Probes	gauge	interactions	:	triple	and	quartic	gauge	couplings

✦ Probes	couplings	between	Higgs	and	gauge	bosons


•In	the	EW	scale,	since	no	direct	evidence	of	new	particle,	the	recent	model-
indecent	approach	with	Standard	Model	effective	field	theory	(SMEFT)

•Parametrize	deviations	from	the	SM	in	terms	of	Wilson	coefficient	( )	and	higher	
order	operators	( ).

ci
𝒪i
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https://doi.org/10.48550/arXiv.1310.6708

1.3 New interactions in vector boson scattering and tri-boson processes 37

Operators containing only field strength tensors

The following operators containing four field strength tensors also lead to quartic anomalous couplings:

OT,0 = Tr [Wµ⌫W
µ⌫ ]⇥ Tr

⇥
W↵�W

↵�
⇤
, (1.33)

OT,1 = Tr
⇥
W↵⌫W

µ�
⇤
⇥ Tr [Wµ�W

↵⌫ ] , (1.34)

OT,2 = Tr
⇥
W↵µW

µ�
⇤
⇥ Tr [W�⌫W

⌫↵] , (1.35)

OT,5 = Tr [Wµ⌫W
µ⌫ ]⇥B↵�B

↵� , (1.36)

OT,6 = Tr
⇥
W↵⌫W

µ�
⇤
⇥Bµ�B

↵⌫ , (1.37)

OT,7 = Tr
⇥
W↵µW

µ�
⇤
⇥B�⌫B

⌫↵ , (1.38)

OT,8 = Bµ⌫B
µ⌫B↵�B

↵� (1.39)

OT,9 = B↵µB
µ�B�⌫B

⌫↵ . (1.40)

It is interesting to note that the two last operators OT,8 and OT,9 give rise to QGCs containing only the
neutral electroweak gauge bosons.

Previous analyses [139, 140, 141] of the LHC potential to study QGCs were based on the non–linear realization
of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in whizard. The relation
between the above framework and chiral Lagrangians can be found in Section 1.3.1.4.

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X

OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X

OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

Table 1-16. Quartic vertices modified by each dimension-8 operator are marked with X.

1.3.1.3 Comparison with the anomalous coupling approach and the LEP convention for

aQGCs

The anomalous couplings approach is based on the Lagrangian [142]

L =igWWV

✓
gV
1
(W+

µ⌫
W�µ

�W+µW�
µ⌫
)V ⌫ + V W

+

µ
W�

⌫
V µ⌫ +

�V

M2

W

W ⌫+

µ
W�⇢

⌫
V µ

⇢

+igV
4
W+

µ
W�

⌫
(@µV ⌫ + @⌫V µ)� igV

5
✏µ⌫⇢�(W+

µ
@⇢W

�
⌫

� @⇢W
+

µ
W�

⌫
)V�

+̃V W
+

µ
W�

⌫
Ṽ µ⌫ +

�̃V

m2

W

W ⌫+

µ
W�⇢

⌫
Ṽ µ

⇢

!
,

(1.41)

where V = �, Z; W±
µ⌫

= @µW±
⌫

� @⌫W±
µ
, Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 1.41 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�

1
= 1 and g�

4
= g�

5
= 0. Finally there are five

independent C- and P -conserving parameters: gZ
1
,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:

Community Planning Study: Snowmass 2013

https://doi.org/10.48550/arXiv.1310.6708
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CMS	VBS	results
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PROCESS LUMI [fb-1] RESULTS REFERENCE

VBS in ssWW + WZ Full Run 2 (137/fb) Observation & XS 
 + dim-8 EFT limits PLB 809 (2020) 135710

polarized VBS ssWW Full Run 2 (137/fb) WLWL measurement PLB 812 (2020) 136018

VBS ZZ Full Run 2 (137/fb) Evidence + dim-8 PLB 812 (2021) 135992

VBS osWW Full Run 2 (137/fb) Observation & XS PLB 841 (2023) 137495

VBS VV Full Run 2 (137/fb) Evidence PLB 834 (2022) 137438

VBS VV 2016 data (36/fb) Dim-8 EFT limits PLB 798 (2019)134985

VBS Wγ Full Run 2 (137/fb) Observation, differential XS 
+ dim-8 EFT limits

PLB 811 (2020) 135988

arXiv : 2212.12592 (accepted by PRD)

VBS Zγ Full Run 2 (137/fb) Observation, + dim-8 EFT 
limits PRD 104 (2021) 072001

VBS PPS γγWW Full Run 2 PPS (100/fb) Dim-6 and dim-8 arXiv:2211.16320, sub. JHEP

Stringent limits on EFT coefficients

This talk{
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EW	Z(ℓℓ) γ + jj
•VBS	signal	MC	sample	generated	with	MadGraph	at	LO.


•Signal	is	selected	by	the	VBS	signature.


•Main	background	from	QCD	 	production.	It	is	modeled	using	
simulation,	but	constraint	with	data.


•Background	from	Z+jets	events,	with	a	jet	misidentified	as	a	
photon,	is	estimated	with	data-driven	method


•FSR	contribution	is	largely	reduced	by	cutting	on	 	invariant	mass

Zγjj

Zγ
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PRD 104 (2021) 072001
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
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EW	Z(ℓℓ) γ + jj
•Observed	(expected)	significance:	9.4	(8.5)σ 


•Inclusive	and	differential,	on	 ,	 ,	 ,	 ,	cross	section	are	measured.	The	fiducial	cross	section	
measured	with	signal	strength	 	is	

pγ
T pℓ1

T p j1
T mjj

̂μEW = 1.20+0.18
−0.17

19

PRD 104 (2021) 072001
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EW	Z(ℓℓ) γ + jj
•Set	limit	on	aQGC	by	EFT	with	events	in	dedicated	
search	region	with	high	 	photon.


•Fit	on	invariant	mass	of	the	 	system
pT( > 120 GeV)

Zγ

20

PRD 104 (2021) 072001
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 (13 TeV)-1137 fbCMS   1.3 New interactions in vector boson scattering and tri-boson processes 37

Operators containing only field strength tensors

The following operators containing four field strength tensors also lead to quartic anomalous couplings:

OT,0 = Tr [Wµ⌫W
µ⌫ ]⇥ Tr

⇥
W↵�W

↵�
⇤
, (1.33)

OT,1 = Tr
⇥
W↵⌫W

µ�
⇤
⇥ Tr [Wµ�W

↵⌫ ] , (1.34)

OT,2 = Tr
⇥
W↵µW

µ�
⇤
⇥ Tr [W�⌫W

⌫↵] , (1.35)

OT,5 = Tr [Wµ⌫W
µ⌫ ]⇥B↵�B

↵� , (1.36)

OT,6 = Tr
⇥
W↵⌫W

µ�
⇤
⇥Bµ�B

↵⌫ , (1.37)

OT,7 = Tr
⇥
W↵µW

µ�
⇤
⇥B�⌫B

⌫↵ , (1.38)

OT,8 = Bµ⌫B
µ⌫B↵�B

↵� (1.39)

OT,9 = B↵µB
µ�B�⌫B

⌫↵ . (1.40)

It is interesting to note that the two last operators OT,8 and OT,9 give rise to QGCs containing only the
neutral electroweak gauge bosons.

Previous analyses [139, 140, 141] of the LHC potential to study QGCs were based on the non–linear realization
of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in whizard. The relation
between the above framework and chiral Lagrangians can be found in Section 1.3.1.4.

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X

OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X

OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

Table 1-16. Quartic vertices modified by each dimension-8 operator are marked with X.

1.3.1.3 Comparison with the anomalous coupling approach and the LEP convention for

aQGCs

The anomalous couplings approach is based on the Lagrangian [142]

L =igWWV
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Ṽ µ⌫ +

�̃V

m2

W

W ⌫+

µ
W�⇢

⌫
Ṽ µ
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!
,

(1.41)

where V = �, Z; W±
µ⌫

= @µW±
⌫

� @⌫W±
µ
, Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 1.41 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�

1
= 1 and g�

4
= g�

5
= 0. Finally there are five

independent C- and P -conserving parameters: gZ
1
,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
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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

All coupling parameter limits are set in TeV−4, whereas the unitarity bounds are in TeV.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
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EW	W(ℓν) γ + jj
•	Measurements	using	full	Run	2	data	by	
CMS,	with	W	leptonic	decay	


•Signal	is	generated	with	MadGraph	at	LO	

•Main	backgrounds	from	QCD	 	and	non	
prompt	 	by	data-driven	method	


•Results	extracted	from	2D	variables	of	 	

and	 .	Simultaneous	fit	in	the	CR	and	SR

Wγ
γ/ℓ

mjj
mℓj
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• Measurements using full Run 2 data by CMS, with W leptonic decay 

• Signal is generated with MadGraph at LO

• Main backgrounds from QCD Wγ and nonprompt γ/ℓ by data-driven method

• Results extracted from 2D variables of mjj and mℓγ

• Simultaneous fit in the CR and SR 

Common selection 
• pT(ℓ/γ) > 35 (25) GeV

• Jets with  pT > 50 GeV

• ΔR(ℓ,γ/j/) > 0.5 

• mT(W) > 30 GeV

• MET > 30 GeV

• |meγ - mZ | > 10 GeV 

• mWγ > 100 GeV

Control region 
• 200 GeV < mjj < 400 GeV 


Signal region 

• Δφ(φZγ,φjj) > 2 

• |ηZγ – (ηj1+ ηj2)/2| < 1.2 

• mjj > 500 GeV 

• Δηjj > 2.5 

Observed (expected) significance: 6.03 (6.79)σ 

PRD accepted, arXiv:2212.12592 

https://arxiv.org/abs/2212.12592
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EW	W(ℓν) γ + jj
•Observed	(expected)	significance:	6.0	(6.8)σ 

•Inclusive	and	differential,	on	 ,	 ,	 ,	 ,	 ,	 ,	cross	section	are	measured.	Fiducial	
cross	section	is	measured	by	 ,	where	 ,	calculated	by	MadGraph	at	
LO,	acceptance	 	,	and	observed	signal	strength	in	data	 .	This	leads	to

pγ
T pℓ1

T p j1
T pℓj

T mjj Δηjj
σfid = σg ̂μαgf σg = 0.776 pb

αgf = 0.034 ̂μ = 0.88+0.19
−0.18
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EW	W(ℓν) γ + jj
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1.3 New interactions in vector boson scattering and tri-boson processes 37

Operators containing only field strength tensors

The following operators containing four field strength tensors also lead to quartic anomalous couplings:

OT,0 = Tr [Wµ⌫W
µ⌫ ]⇥ Tr

⇥
W↵�W

↵�
⇤
, (1.33)

OT,1 = Tr
⇥
W↵⌫W

µ�
⇤
⇥ Tr [Wµ�W

↵⌫ ] , (1.34)

OT,2 = Tr
⇥
W↵µW

µ�
⇤
⇥ Tr [W�⌫W

⌫↵] , (1.35)

OT,5 = Tr [Wµ⌫W
µ⌫ ]⇥B↵�B

↵� , (1.36)

OT,6 = Tr
⇥
W↵⌫W

µ�
⇤
⇥Bµ�B

↵⌫ , (1.37)

OT,7 = Tr
⇥
W↵µW

µ�
⇤
⇥B�⌫B

⌫↵ , (1.38)

OT,8 = Bµ⌫B
µ⌫B↵�B

↵� (1.39)

OT,9 = B↵µB
µ�B�⌫B

⌫↵ . (1.40)

It is interesting to note that the two last operators OT,8 and OT,9 give rise to QGCs containing only the
neutral electroweak gauge bosons.

Previous analyses [139, 140, 141] of the LHC potential to study QGCs were based on the non–linear realization
of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in whizard. The relation
between the above framework and chiral Lagrangians can be found in Section 1.3.1.4.

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X

OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X

OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

Table 1-16. Quartic vertices modified by each dimension-8 operator are marked with X.

1.3.1.3 Comparison with the anomalous coupling approach and the LEP convention for

aQGCs

The anomalous couplings approach is based on the Lagrangian [142]

L =igWWV
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(1.41)

where V = �, Z; W±
µ⌫

= @µW±
⌫

� @⌫W±
µ
, Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 1.41 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�

1
= 1 and g�

4
= g�

5
= 0. Finally there are five

independent C- and P -conserving parameters: gZ
1
,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
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Data γEW W

γTop, VV, Z γQCD W

MisID photon Double MisID

MisID lepton  syst⊕Stat 
-4 = 8 TeV4Λ/M,2F

Expected limit Observed limit Ubound

-5.1 < fM,0/L4 < 5.1 �5.6 < fM,0/L4 < 5.5 1.7

-7.1 < fM,1/L4 < 7.4 �7.8 < fM,1/L4 < 8.1 2.1

-1.8 < fM,2/L4 < 1.8 �1.9 < fM,2/L4 < 1.9 2.0

-2.5 < fM,3/L4 < 2.5 �2.7 < fM,3/L4 < 2.7 2.7

-3.3 < fM,4/L4 < 3.3 �3.7 < fM,4/L4 < 3.6 2.3

-3.4 < fM,5/L4 < 3.6 �3.9 < fM,5/L4 < 3.9 2.7

-13 < fM,7/L4 < 13 �14 < fM7/L4 < 14 2.2

-0.43 < fT,0/L4 < 0.51 �0.47 < fT,0/L4 < 0.51 1.9

-0.27 < fT,1/L4 < 0.31 �0.31 < fT,1/L4 < 0.34 2.5

-0.72 < fT,2/L4 < 0.92 �0.85 < fT,2/L4 < 1.0 2.3

-0.29 < fT,5/L4 < 0.31 �0.31 < fT,5/L4 < 0.33 2.6

-0.23 < fT,6/L4 < 0.25 �0.25 < fT,6/L4 < 0.27 2.9

-0.60 < fT,7/L4 < 0.68 �0.67 < fT,7/L4 < 0.73 3.1

•Set	limit	on	aQGC	by	EFT	with	events	in	dedicated	
search	region	with	high	 	photon.


•Fit	on	invariant	mass	of	the	 	system
pT( > 100 GeV)

Wγ
All coupling parameter limits are set in TeV−4, whereas the unitarity bounds are in TeV.

most stringent 

to date

https://arxiv.org/abs/2212.12592
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Summary
•CMS	has	a	rich	analysis	program	with	
photon	object	utilizing	the	EM	calorimeter.


•The	 	analysis	tests	QCD	and	feeds	the	
PDF	fits.


•The	 	analyses	provides	the	
understanding	of	EW	sector	and	the	possibility	
to	search	for	BSM	with	model-independent	
EFT	interpretation.

γ + jet

Vγ + jj
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