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Introduction
• Already	many	years	of	proton-proton	collisions	in	LHC

• Higgs	discovery	in	2012
• Deep	study	of	the	electroweak	symmetry	breaking

• What	else	is	out	there?
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
higgs decay ratios
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Could	it	be…	nothing?



Time	for	rare	processes
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Vector	Boson	Scattering
(VBS)



Vector	Boson	Scattering:	EW	symmetry	breaking
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• The	cross	section	computation	includes	interactions	with	the	Higgs	boson
• These	interactions	unitarize the	scattering	amplitude

ØImportant	test	of	the	EW symmetry	breaking

ØComplementary	to	direct	Higgs	studies



VBS:	Quartic	Gauge	boson	Couplings	(QGC)

31/03/2018 HEP	2018	NTUA 7

• VBS	process	can	give	us	access	to	quartic	gauge	boson	couplings

• Anomalous	QGCs	could	lead	to
deviation	in	the	VBS	cross	section

Øand	allow	new	physics	to	appear
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• Anomalous	QGC	in	a	EFT	framework:
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Objects Particle- (Parton-) level selection

Neutrinos Eνν̄
T > 100GeV

Photon (kinematics) Eγ
T > 150GeV, |ηγ | < 2.37

∆R(ℓ, γ) > 0.4

Photon (isolation) Eiso
T < 0.5 · Eγ

T

Generator-level jets (Outgoing quarks) At least two jets (quarks)

(pp → Zγqq) Ej(q)
T > 30 GeV, |ηj(q)| < 4.5

∆R(γ, j(q)) > 0.4

Event kinematic |∆φ(Eνν̄
T , γjj(qq))| > 3π

4

selection |∆φ(Eνν̄
T , γ)| > π

2

|∆φ(Eνν̄
T , j(q))| > 1

Eγ
T > 150 GeV

|∆yjj(qq)| > 2.5

ζγ < 0.3

pbalanceT < 0.1

mjj(qq) > 600 GeV

Table 8. Neutrino channel aQGC region definition at particle (parton) level. If there are more
than two jets at particle level, the two highest transverse momentum ones are considered.

7.2 Extracting confidence intervals on anomalous quartic gauge-boson cou-

plings.

An effective field theory (EFT) [4] with higher-dimensional operators [2] is adopted to

parameterize the anomalous couplings. These operators are in the linear Higgs-doublet

representation [2, 3].

A parity-conserving EFT Lagrangian is constructed based on the hypothesis that the

observed Higgs boson belongs to an SU(2)L doublet [2] and has the form

L = LSM +
∑

i

ci
Λ2

Oi +
∑

j

fj
Λ4

Oj . (7.1)

The first term represents the SM lagrangian, while higher-order terms represent new physics

inducing anomalous gauge couplings, such as the dimension-6 term (second term) and

dimension-8 term (third term) with all components of each term summed up according to

the dimension of the new physics scale Λ [3, 4]. Out of these higher-order operators, the

dimension-8 ones are the lowest-dimension operators inducing only quartic gauge-boson

couplings without triple gauge-boson vertices. The dimension-8 operators with coefficients

fj are sub-categorized in fT,x operators, containing only the field-strength tensor, and fM,x

operators, containing both the Higgs SU(2)L doublet derivatives and the field strength.

The charged anomalous couplings of WWZγ can be induced only by the fM,x (x=0–7)

and fT,x (x=0–7) operators. The neutral aQGCs of ZZZγ and ZZγγ can be induced by

– 23 –

SM	effective	Lagrangian

Gauge	boson	interactions	
as	described	by	the	SM

Valid	below	an	energy	
scale	Λ

dim-6	:	operators	describing	
aTGCs and	aQGCs

VBS	processes	not	really	
competitive	for	their	
constraint

dim-8 :	lowest	order	operators	
describing	only	aQGCs

Can	be	constrained	by	VBS

arXiv:1310.6708v1 [hep-ph] 24 Oct 2013 
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• Three	different	types	of	parameters:

pure	Higgs	field	(fS)	
(cannot	induce	couplings	with	photons)	

only	neutral	couplings	can	be	induced



VBS:	a	challenging	process
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• Very	low	cross	section	(~𝑓𝑏)	with	a	high	background

• Electroweak diboson production	(signal)

• QCD diboson production

can	be	enhanced	with	an	optimal	
choice	of	analysis	phase	space



With	a	clear	cinematic	signature
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• Two	forward	jets	and	suppressed	hadronic	activity	in	between	(absence	of	
color	flow	between	interacting	partons)

ØCinematic	discriminative	variables	(D.	Zeppenfeld et	al.)

dijet invariant	mass dijet Δη centrality

arXiv:hep-ph/9605444 



Diboson final	states

31/03/2018 HEP	2018	NTUA 12

8	TeV ATLAS CMS

WWss limits	on	QGCs only	dim-6 most optimal	S/B

WZ limits	on	QGCs No	ew

ZZ - No	ew low	reducible	background

Zγ limits	on	QGCs limits	on	QGCs 
Wγ - limits	on	QGCs largest	cross	section

13	TeV ATLAS CMS

WWss ? limits	on	QGCs first	EW	production	observation

ZZ ? limits	on	QGCs 

• https://twiki.cern.ch/twiki/bin/view/	CMSPublic/PhysicsResultsSMP
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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ATLAS	Z𝛾 Run	1	Analysis
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• Mjj variable	used	to

Ødefine	a	QCD	control	region
Øcreate	a	VBS	enriched	phase	space
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Inclusive region Control region Search region

Z(ℓ+ℓ−)γ + ≥ 2 jets 150 < mjj < 500GeV mjj > 500GeV

e+e−γjj µ+µ−γjj e+e−γjj µ+µ−γjj e+e−γjj µ+µ−γjj

Data 781 949 362 421 58 72

Z+jets bkg. 134± 36 154± 42 57± 16 67± 18 8.5± 2.5 9.4± 2.7

Other bkg. (tt̄γ, WZ) 88± 17 91± 18 47± 9 46± 9 5.8± 1.1 5.0± 1.0

Ndata −Nbkg 559± 46 704± 53 258± 24 308± 27 44± 7 58± 8

NZγ QCD (Sherpa MC) 583± 41 671± 47 249± 24 290± 26 37± 5 41± 5

NZγ EWK (Sherpa MC) 25.4± 1.5 27.3± 1.7 8.6± 0.6 9.3± 0.6 11.2± 0.8 11.6± 0.7

NZγ (Sherpa MC) 608± 42 698± 49 258± 25 299± 27 48± 6 53± 6

Table 1. Summary of events observed in data and estimated composition for the Z(e+e−)γjj and
Z(µ+µ−)γjj production processes. The Z+jets contribution in this table is taken as a fixed fraction,
(23 ± 6)%, of NZγ QCD. The last line corresponds to the sum of the two previous lines (NZγ QCD

+ NZγ EWK). The uncertainties correspond to the statistical and systematic uncertainties added
in quadrature.

Source of EWK yield [%] QCD yield [%] Bkg. yield [%]

uncertainty CR SR CR SR CR SR

Trigger 0.2 (0.4)

Pile-up 0.6

Lepton selection 3.8 (2.3)

Photon selection 1.6

Jet reconstruction 1.1 2.5 5.0 12 4.9 12

Bkg. 2D sideband - - - - 26 26

Total experimental 4.3 (3.1) 4.9 (3.8) 6.5 (5.8) 13 (12) 27 (27) 29 (29)

Theory 5.2 8.7 5.6 3.8 5.6 3.8

Table 2. Summary of the dominant experimental systematic uncertainties in the event yield in the
CR and SR, for the electron (muon when different) channel and for the signal and main background
components.

arising from photon selection. This component is larger due to the higher value required

for the photon transverse energy in the aQGC region.

Figure 2 displays the transverse energy of the photon after various selection require-

ments (inclusive selection, control and search regions); figure 3 shows the numbers of

selected jets in the control and search regions; figure 4 shows the distribution of the dijet

mass for the inclusive selection; and finally figure 5 displays the distributions of ζZγ in

the inclusive, control and search regions. Corresponding kinematic distributions for the

neutrino channel are shown in figure 6. The Sherpa MC prediction is found to describe

the data well for all these variables and in all phase-space regions.
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Figure 3. Distributions of the number of jets passing the selection for the electron and muon
channels added together in the control region (left) and in the search region (right), for the data
(black points), and for the signal process and various background components (coloured templates)
before any fit is done. The ratio of the data to the sum of all pre-fit expected contributions
(“Pred.”) is shown below each histogram. The hatched blue band shows the systematic and
statistical uncertainty added in quadrature (“Tot. unc.”) in the signal and background prediction,
while the error bars on the data points represent the statistical uncertainty of the data set. The
last bin also includes events beyond the range shown.
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Figure 4. Distributions of the dijet invariant mass of the two leading jets for the electron and
muon channels added together in the inclusive region, for the data (black points), and for the signal
process and various background components (coloured templates) before any fit is done. The ratio
of the data to the sum of all pre-fit expected contributions (“Pred.”) is shown below the histogram.
The hatched blue band shows the systematic and statistical uncertainty added in quadrature (“Tot.
unc.”) in the signal and background prediction, while the error bars on the data points represent
the statistical uncertainty of the data set. The number of events in each bin is divided by the bin
width. The last bin also includes events beyond the range shown.
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Reducible	background:	extracted	from	data

Irreducible	background:	normalized	in	CR

Signal
initial	S/B

2	leptons:
PTγ>25	GeV,	|η|<2.47	(2.5	for	μ)
mll>40	GeV,	mllγ>182	GeV
2	jets: PT>30	GeV,	|η|<4.5
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• Mjj variable	used	to

Ødefine	a	QCD	control	region
Øcreate	a	VBS	enriched	phase	space
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Bkg. 2D sideband - - - - 26 26

Total experimental 4.3 (3.1) 4.9 (3.8) 6.5 (5.8) 13 (12) 27 (27) 29 (29)

Theory 5.2 8.7 5.6 3.8 5.6 3.8

Table 2. Summary of the dominant experimental systematic uncertainties in the event yield in the
CR and SR, for the electron (muon when different) channel and for the signal and main background
components.

arising from photon selection. This component is larger due to the higher value required

for the photon transverse energy in the aQGC region.

Figure 2 displays the transverse energy of the photon after various selection require-

ments (inclusive selection, control and search regions); figure 3 shows the numbers of

selected jets in the control and search regions; figure 4 shows the distribution of the dijet

mass for the inclusive selection; and finally figure 5 displays the distributions of ζZγ in

the inclusive, control and search regions. Corresponding kinematic distributions for the

neutrino channel are shown in figure 6. The Sherpa MC prediction is found to describe

the data well for all these variables and in all phase-space regions.
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Figure 3. Distributions of the number of jets passing the selection for the electron and muon
channels added together in the control region (left) and in the search region (right), for the data
(black points), and for the signal process and various background components (coloured templates)
before any fit is done. The ratio of the data to the sum of all pre-fit expected contributions
(“Pred.”) is shown below each histogram. The hatched blue band shows the systematic and
statistical uncertainty added in quadrature (“Tot. unc.”) in the signal and background prediction,
while the error bars on the data points represent the statistical uncertainty of the data set. The
last bin also includes events beyond the range shown.
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Figure 4. Distributions of the dijet invariant mass of the two leading jets for the electron and
muon channels added together in the inclusive region, for the data (black points), and for the signal
process and various background components (coloured templates) before any fit is done. The ratio
of the data to the sum of all pre-fit expected contributions (“Pred.”) is shown below the histogram.
The hatched blue band shows the systematic and statistical uncertainty added in quadrature (“Tot.
unc.”) in the signal and background prediction, while the error bars on the data points represent
the statistical uncertainty of the data set. The number of events in each bin is divided by the bin
width. The last bin also includes events beyond the range shown.
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Irreducible	background:	normalized	in	CR
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• Centrality	variable	used	as	« template »

ØNegative	Log	Likelihood	ratio	minimization

Øparameter	of	interest:	𝜇 = '()*+.

'-.

− ln 𝜆 𝜇 = −𝑙𝑛
𝐿(𝜇, 𝜃9)
𝐿(𝜇	< , 𝜃9)

Øθ:	nuisance	parameters	(systematics)
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Figure 5. Distributions of centrality of the Zγ system, ζZγ , for the electron and muon channels
added together in the inclusive region (top left), in the control region (top right) and in the search
region (bottom), for the data (black points), and for the signal process and various background
components (coloured templates) before any fit is done. The ratio of the data to the sum of all pre-
fit expected contribution (“Pred.”) is shown below each histogram. The hatched blue band shows
the systematic and statistical uncertainty added in quadrature (“Tot. unc.”) in the signal and
background prediction, while the error bars on the data points represent the statistical uncertainty
of the data set. The number of events in each bin is divided by the bin width. The last bin also
includes events beyond the range shown.
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Figure 7. The profile of the negative log-likelihood ratio λ(µEWK) of the signal strength µEWK of
the ζZγ template. The observed result is shown by the solid curve, while the dashed curve shows the
results with only the statistical uncertainty included. The observed significance of the measurement
is given by

√
−2 log λ(0) and equals 2.0σ in this case.

events for signal and each of the backgrounds described in section 5. The interference

between the EWK and QCD induced processes is not included in the probability density

functions but rather taken as an uncertainty (∼ 7% of the signal yield, determined with

Sherpa MC samples).

An extended likelihood is built from the product of four likelihoods corresponding

to ζZγ distributions in the SR and CR for the electron channel and the SR and CR for

the muon channel. The inclusion of the CR likelihoods in the fit (where the EWK signal

process is suppressed) provides a strong constraint on the QCD process normalization in

the SR. The QCD normalization is introduced in the likelihood as a single parameter for

both the CR and the SR. It is treated as an unconstrained nuisance parameter and mainly

determined by the data in the CR, where events from the QCD process dominate. The

normalizations and shapes of the other backgrounds are taken from MC predictions and

can vary within the uncertainties reported in section 5.

The signal strength for the EWK production, µEWK, and its uncertainty are determined

with a profile-likelihood-ratio test statistic [50]. Systematic uncertainties in the input

templates are handled using nuisance parameters corresponding to each systematic effect,

which are assumed to have Gaussian distributions with standard deviation σ equal to

the systematic uncertainty in the parameter in question. The profile of the negative log-

likelihood ratio of the signal strength µEWK is shown in figure 7.

From the best-fit value of µEWK, the observed Zγjj EWK production fiducial cross-

section in the SR defined in table 5, is found to be:

σEWK
Zγjj = 1.1± 0.5 (stat)± 0.4 (syst) fb = 1.1± 0.6 fb.

while the SM NLO prediction [48] from Vbfnlo, after applying the Aparton correction
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• ET(γ)	variable	used	to	probe	the	QGC

ØHigh	energy	tails	would	be	modified	if	aQGC
Ø7	effective	operators	varied	one	by	one	
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Figure 8. Distributions of the photon transverse energy for the electron and muon channels added
together in the search region, for the data (black points), and for the signal process and various
background components (coloured templates) before any fit is done. The sum of the signal prediction
with one non-zero aQGC parameter and the various backgrounds discussed in the text is also
shown (blue dashed line). The ratio between data and the sum of all pre-fit expected contributions
(“Pred.”) is shown below the histogram. The hatched blue band shows the systematic and statistical
uncertainty added in quadrature (“Tot. unc.”) in the signal and background prediction, while the
error bars on the data points represent the statistical uncertainty of the data set. The number
of events in each bin is divided by the bin width. The last bin also includes events beyond the
range shown.
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95% CL intervals Measured [TeV−4] Expected [TeV−4] ΛFF [TeV]

n = 0

fT9/Λ4 [−4.1, 4.2]× 103 [−2.9, 3.0]× 103

fT8/Λ4 [−1.9, 2.1]× 103 [−1.2, 1.7]× 103

fT0/Λ4 [−1.9, 1.6]× 101 [−1.6, 1.3]× 101

fM0/Λ4 [−1.6, 1.8]× 102 [−1.4, 1.5]× 102

fM1/Λ4 [−3.5, 3.4]× 102 [−3.0, 2.9]× 102

fM2/Λ4 [−8.9, 8.9]× 102 [−7.5, 7.5]× 102

fM3/Λ4 [−1.7, 1.7]× 103 [−1.4, 1.4]× 103

n = 2

fT9/Λ4 [−6.9, 6.9]× 104 [−5.4, 5.3]× 104 0.7

fT8/Λ4 [−3.4, 3.3]× 104 [−2.6, 2.5]× 104 0.7

fT0/Λ4 [−7.2, 6.1]× 101 [−6.1, 5.0]× 101 1.7

fM0/Λ4 [−1.0, 1.0]× 103 [−8.8, 8.8]× 102 1.0

fM1/Λ4 [−1.6, 1.7]× 103 [−1.4, 1.4]× 103 1.2

fM2/Λ4 [−1.1, 1.1]× 104 [−9.2, 9.6]× 103 0.7

fM3/Λ4 [−1.6, 1.6]× 104 [−1.4, 1.3]× 104 0.8

Table 9. Measured and expected one-dimensional 95% confidence level intervals on aQGC param-
eters (in the Vbfnlo formalism) using the combination of all Zγjj channels (charged-lepton and
neutrino). The FF exponent n = 0 entries correspond to an infinite FF scale and therefore result
in non-unitarized 95% CL intervals. FF exponent n = 2 confidence intervals preserve unitarity
with individual form-factor scales as shown in the last column for each dimension-8 operator. The
maximum allowed form-factor values ΛFF are chosen, according to the unitarity bounds calculated
by Vbfnlo and are also reported in this table. The latest NLO cross-section prediction of Vbfnlo
is used in the aQGC parameterization [48].

8 Conclusions

Studies of electroweak production of a Z boson and a photon in association with a high-mass

dijet system, with the Z boson decaying into a pair of either electrons, muons, or neutrinos,

have been performed using 20.2 fb−1 of proton-proton collision data at
√
s = 8TeV collected

by the ATLAS experiment at the LHC.

In the charged-lepton channel, the Zγjj EWK production cross-section in a fiducial

region with a signal purity of about 18% is found to be:

σEWK
Zγjj = 1.1± 0.6 fb,

which is consistent with the NLO SM prediction from Vbfnlo, and corresponds to a

significance of 2σ. The total Zγjj production cross-section is also measured in the same

fiducial region and in a phase-space region dominated by QCD production and both are

found to be in good agreement with the NLO SM predictions from Vbfnlo.

Events with high-ET photons in both the charged-lepton and neutrino decay modes of

the Z boson are used to extract confidence intervals on seven different aQGC parameters
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Non-zero	𝑓>,?@A only	accessible	by	Zγ and	ZZ	channels

JHEP07(2017)107	
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Reducible	background:	extracted	from	data

main	background:	normalized	in	CR

Signal

• First	(and	only)	Run	2	VBS	analysis	to	appear

Ø 35.9	fb-1 with	an	optimal	S/B

• Main	background:	WZ	->	measured	in	dedicated	CR	asking	for	a	3rd lepton

2	same sign leptons:
PT1>25	GeV,	PT2>20	GeV,	|η|<2.5	(2.4	for	μ)
2	jets: PT>30	GeV,	|η|<5.0,	mjj>500	GeV,	|Δηjj|>2.5
Centrality:	|ηl-(ηj1	+ηj2	)/2|/|	Δηjj |<0.75
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• Cross	section	extraction:

Ø 2-dimentionnal	fit
Ø 2	free	parameters:	𝜇𝑊𝑊,	𝜇𝑊𝑍
Ø 2regions:	SR	and	WZ	CR	(only	mjj)

ØResults:			𝜎D±D±
FDG = 3.83	 ± 0.66	 𝑠𝑡𝑎𝑡 ± 0.35	 𝑠𝑦𝑠𝑡 𝑓𝑏

Ø
'QRSmeas

'QRSSM =  0.90 ± 0.22 with	a	statistical	significance	of:						5.5 𝜎
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• mll sensible	to	aQGC

Ø 9	effective	operators	varied	one	by	one	

Not	accessible	with	Zg analysis

We	need	the	complementarity	of	several	analysis!

arXiv:1709.05822v2 [hep-ex] 11 Mar 2018 
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• VBS is	the	“new”,	interesting	chapter	of	indirect	new	physics	searches

• First	observation	with	same	sign	WW	(CMS)
• Already	used	in	Run	1	to	set	limits	to	aQGC – machinery	in	place

• To	come:

• New	results	with	much	more	statistics	and	new	analysis	technics
• Close	ATLAS-CMS	collaboration	in	order	to	combine	their	results
• Close	collaboration	with	theorists	for	the	interpretation	of	the	results

• We’re	looking	forward	to	this


