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Introduction

Many	models	beyond	SM	predict	heavy	resonances:

○ Spin-0	high	mass	Higgs	boson:	extended	Higgs	sector	
○ Spin-1	new	gauge	bosons	(W’,	Z’):	Heavy	Vector	Triplets	(HVT)	
○ Spin-2	graviton:	warped	extra	dimensions	(Randall-Sundrum)	bulk	model

Diboson	searches	in	ATLAS:	

○ VV➝ qqqq,	WV➝ lνqq,	ZV➝ llqq,	ννqq
○ WZ➝ lνll,	ZZ➝ llll,	WW➝ lνlν,	ZZ➝ llνν
○ VH➝ qqbb,	lνbb,	llbb,	ννbb	
○ HH➝ bbbb,	bbγγ,	bb𝜏𝜏,	γγlνjj	
○ Zγ➝ llγ,	qqγ	
○ γγ	

where	V	=	W	or	Z	boson,	H	=	Higgs	boson,	l	=	e,	μ

Concentrate	on	latest	2015+2016	data-set	exotics	group	analyses!	



Techniques

Search	for	narrow	resonances:

• Reconstruct	decay	products	of	resonance	X	
• Look	for	peak	in	invariant	mass	spectrum	

over	a	smooth	background

Overview
● Diboson searches in this talk:

○ VV→qqqq;
○ VH→qqbb;
○ HH→bbbb;
○ Zγ→ℓℓγ;
○ γγ;

● V = W or Z boson, H = Higgs boson, ℓ = e, μ;   
● ʭ NOT all detailed in this talk! ʭ
● I have chosen one per channel (with the latest results).

● Reference for all analyses in back-up.
● See also today’s talks by: Imma Riu  and Yanlin Liu!
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● Reconstruct decay product of 
resonance X. Look for a peak on a 
smooth background.

● Based on 2015+2016 data at 13 TeV:
Boson	decay	topology:	

• Resolved:	optimization	for	low	mass	
resonances;	reconstruct	two	small-R	
jets	(anti-kt R=0.4),	j

• Merged:	optimization	for	high	mass	
resonances;	decay	products	are	
detected	as	one	object,	a	boosted	
large-R	jet	(anti-kt R=1.0),	J	

Hengne Li,  21 March 2017, Diboson Resonance Search 52nd Rencontres de Moriond EW 2017

5

the non-negligible signal efficiency with only moderate background contamination for large159

dijet invariant mass. Two further categories are defined according to the V-jet mass by split-160

ting further the mass interval. Events with V-jet mass closer to the nominal W mass value,161

65 < mj  85 GeV, belong to the W mass category, and those with 85 < mj  105 GeV fall into162

the Z mass category. Even if the W and Z mass peaks cannot be fully resolved, this classification163

allows a partial discrimination between a potential W’ or Z’ signal. The signal efficiency for the164

combination of the eight categories reaches 36% at mX = 1.2 � 1.6 TeV, and slowly decreases to165

21% at mX = 4.5 TeV. The N-subjettiness and b tagging categorizations are shown in Fig. 2.166
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Figure 2: Distribution of the N-subjettiness t21 (left) and b tagging discriminator output (right)
for data, simulated background and the signal. The distributions are normalized to the number
of events observed in data. The dashed vertical lines represent the boundary values of the
categories as described in the text.

6 Estimated and observed background167

The background is largely dominated by multijet production, which accounts for more than168

95% of the total. The top quark pair contribution is approximately 3–4%, depending on the169

category. The remaining fraction is composed of vector boson production in association with170

partons, and SM diboson processes.171

The background is estimated directly from data, assuming that it can be described by a smooth,172

parametrizable, monotonically decreasing function. This assumption is verified in the V-jet173

mass sidebands (40 < mj < 65 GeV) and in simulation. The functions considered are power174

laws of the variable x = mVH/
p

s, where
p

s = 13 TeV is the center of mass energy, and the175

number of parameters p, including the normalization, is comprised between 2 and 5:176

2 parameters: p0 · 1
(x)p1177

3 parameters: p0 · (1�x)p1

(x)p2178

4 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)179

5 parameters: p0 · (1�x)p1

(x)p2+p3 ·log(x)+p4 ·log2(x)
180

Starting from the simplest functional form, an iterative procedure based on the Fisher F-test181

is used to check at 10% CL if additional parameters are needed to model the individual back-182

ground distributions. For most of the categories, the two-parameter functional form is found183

Tagging Boosted W/Z/H Jets
❖ Boosted W/Z-jets have intrinsic sub-jet 

structure difference w.r.t. QCD jets

❖ The goal is to distinguish:

❖ W/Z jets (2-prong) vs. QCD q/g jets (1-prong) 

❖ Sub-jet structure discriminators:

❖ ATLAS: D2, energy correlation ratio [1]

❖ CMS: τ21, N-subjettiness [2]
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Nikos Konstantinidis Searches for di-boson resonances at 13TeV with ATLAS

• EW bosons have masses O(~100GeV)

• Searches for resonances with mX in the range few hundred GeV to a few TeV
– Wide range of boson pT’s leading to distinct topologies for their hadronic decays:

Resolved: reconstruct as 2 anti-kt R=0.4 (akt4) jets for boson pT up to a few hundred GeV
Boosted: reconstruct as a single ant-kt jet R=1.0 (akt10) jet (large-R jet) for higher boson pT

(Notation: “j” for akt4 jets, “J” for akt10 jets)

Reconstructing W/Z/H → qq

3

boosted W/Z jet keeps the 2-prong 
sub-structure even after the boost

QCD q/g jet  
1-prong signature

W/Z jet 
2-prong signature

(a) (b)

Figure 10: a) Contours of the observable D
2

in the e(�)
2

, e(↵)
3

plane. b) Sample D
2

spectra

for boosted Z bosons and QCD jets, generated in Monte Carlo. Angular exponents ↵ =

� = 2 have been used.

the marginalization over the collinear and soft subjets). Stated another way, the contours

of D(↵,�)
2

must lie either entirely in the one-prong region of phase space, or entirely in

the two-prong region of phase space. This condition is also natural from the perspective

that D(↵,�)
2

provide good discrimination power, a point which has been emphasized in

Refs. [66, 67]. If the contours do not respect the parametric scalings of the phase space,

the marginalization cannot be performed within a single e↵ective field theory. A more

sophisticated interpolation between the di↵erent e↵ective field theories, along the lines of

Refs. [74, 75] is then required.

In Sec. 2, a power counting analysis was used to show that for 3↵/� > 2, the one- and

two-prong regions of phase space are parametrically separated, with the contour separating

them scaling as e(↵)
3

⇠
⇣
e(�)
2

⌘
3↵/�

. This implies that, parametrically, the optimal two-prong

discriminant formed from e(�)
2

and e(↵)
3

is

D(↵,�)
2

=
e(↵)
3

(e(�)
2

)3↵/�
. (4.2)

This extends the definition of Ref. [66], which considered the observable D(↵,↵)
2

, with equal

angular exponents. To simplify our notation, we will often not explicitly write the angular

exponents ↵ and �, referring to the observable simply as D
2

.

The D
2

observable takes small values for a two-prong jet and large values for a one-

prong jet. Its contours in the e(�)
2

, e(↵)
3

phase space are shown schematically in Fig. 10,

along with illustrative Monte Carlo generated spectra for both boosted Z jets and massive

QCD jets in e+e� collisions. A more detailed discussion of the discrimination power of D
2

,

as well as the details of the Monte Carlo generation, will be given in Sec. 5.

– 29 –

JHEP 05 (2016) 117 

D2 discriminator τ21 discriminator

[1] ArXiv:1305.0007, 1409.6298; JHEP 05 (2016)117, etc.  
[2] CMS-PAS-JME-16-003, JHEP03(2011)015  
[3] ATL-PHYS-PUB-2015-035,  
[4] CMS-PAS-BTV-15-002 

❖ Boosted H-jets tagging:

❖ ATLAS: b-tagging on ghost associated anti-kt track-jets with 
R = 0.2 [3]

❖ CMS: “double b-tagger” [4], dedicated discriminator to 
identify a pair of b quarks in a single jet.

CMS-PAS-B2G-002

q/g W/Z

tagging

QFTHEP	2017 3



Techniques:	Boosted	boson	tagging

W/Z	boson	tagging:
• Mass	requirements:	consistent	with	Z	or	W	

within	±15	GeV
• NEW	[VH➝ qqbb]	mass	computed	from	calo

and	tracking	information.	Figure	demonstrates	
the	significant	improvement	in	resolution	
achieved	by	the	combined	mass	definition	[*]

• “D2”	substructure	variable	[**] consistent	with	2	
prong	decay.	The	goal	is	to	distinguish:											
QCD	q/g	jets	(1-prong)	vs.	W/Z	jets	(2-prong)

Higgs	boson	tagging:
• b-tagging	on	associated	anti-kt track-jets	with	

R=0.2	
• Mass	requirements

Boson Identification in the boosted regime

ATLAS Searches for VH, HH, VV, V+γ/γγ Resonances - Nicolò Vladi Biesuz - DIS 2017                                                                                            9

● W/Z tagger: [Mass] + [D2] 
○ Based on jet substructure;

● H tagger: [Mass] + [b-tagging]
○ B-tagging on R=0.2 track based jets;

ATL-PHYS-PUB-2015-033

ATL-PHYS-PUB-2015-035

JETM-2017-002

Mass cut:
● Previous: use only calo information;
● New: combination of calo & track information:

○ by now used only VH->qqbb;
● W, Z & H mass cuts are not exclusive;

D2 cut:
● two working points:

○ ε = 50%;
○ ε = 80%;

● e.g: ε = 50%, QCD rejection factor of 40-70 per jet;

Different 
techniques to 
tag different 
bosons… how 
clever is that?

QCD background
jet substructure

V➝qq
jet substructure

*ATLAS-CONF-2016-035
**ArXiv:1305.0007,	1409.6298;	JHEP	05	
(2016)117,	etc.	

VH: qqbb 

¡  V-> qq, H-> bb final state, 36.1 fb-1. 
¡  Large branching ratio but high QCD 

background. 

¡  Complementary to semi-leptonic 
channels. 

¡  Sensitive to highest mass region (low 
background). 

¡  Only merged regime 
¡  Require two large-R jets, tagging H 

(higher mass) and V (lower mass) in 
combined tagging algorithm. 

¡  “Combined jet mass” from 
calorimetric and track assisted 
measurements to improve resolution. 

15-20.05.17 Alexander Oh, LHCP 2017 

11 
ATLAS-CONF-2017-018 

jet mass 

jet mass resolution 

QCD	q/g	jet
1-prong	signature

W/Z	jet
2-prong	signature



VV	➝ qqqq

VV	searches	in	fully	hadronic	final	state	(15.5	fb-1)	

§ V	➝ qq identified	as	1	large-R	jet

o Merged	regime	only:
• PT >	450	and	200	GeV
• W/Z	boson	tagged

o Need	for	additional	QCD	rejection:	
• Number	of	tracks	associated	to	the	jet:	Ntrk<30
• |ΔyJJ|<1.2
• (PT,1-PT,2)/(PT,1+PT,2)<0.15	

o QCD	multi-jet	background	is	dominant:	
• Data-driven	estimation
• Double	polynomial	for	shape
• Tested	on	dijet MC	and	data	validation	regions

Need for additional QCD rejection;
● Single jet:

○ Number of tracks 
ghost-associated to the jet: 
Ntrk<30;

● Topology selection:
○ |ΔyJJ|<1.2;
○ (PT,1-PT,2)/(PT,1+PT,2)<0.15

VV searches in fully hadronic final state (15.5 fb-1)

ATLAS Searches for VH, HH, VV, V+γ/γγ Resonances - Nicolò Vladi Biesuz - DIS 2017                                                                                            10

Merged regime only: V→qq identified as 1 large-R jet:
● PT> 450 and 200 GeV;
● W/Z boson tagged:

 

ATLAS-CONF-2016-055
- Additional

cuts to reduce QCD 
background;

- background with 
data-driven 
techniques

Main background QCD:
● Data-driven estimation;
● Double polimomial fit to data:
● Validated in jet mass sidebands.

ATLAS-CONF-2016-055	
the jet in the high sideband also contains two b-tagged track jets the event is rejected. This is to suppress
W/Z+Higgs to bb̄, as noted earlier. As in the high-high region, the Ntrk selection is not applied. The fitted
form describes the data well in the VRs tested. In Figure 4 the bin contents for the fitted parametrization
are obtained by integrating the fitted background function in each bin. The shaded bands represent the
uncertainty on the background expectation due to the maximum likelihood fit statistical uncertainty. The
lower insets of the figures show the significance, defined as the z-value as described in Ref. [51]. The
results from these fits are summarised in Table 2.

A profile likelihood test is used to determine if including an additional parameter in the background model
is necessary. The test statistic used is �2 log(L0/L1), where L0 is the maximum likelihood for the model
being tested, and L1 is the likelihood for this model with an extra parameter. The test statistic is expected
to be distributed asymptotically as a �2 with one degree of freedom, and the model is deemed su�cient
if the test statistic is less than four. In this test no additional parameters to the model in Eq. 1 are found to
be necessary.
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Figure 4: Comparison between the fitted mJJ shape and the mJJ data spectra in validation regions. In (a) events are
selected requiring the two leading jets to pass the event topology selection, the D2 tagging selection criteria, and
each of the two leading jets has a mass in the range 110 < mJ < 140 GeV. In (b) a similar selection is applied but
one of the jets is required to have 50 < mJ < 65 GeV.

Table 2: Goodness-of-fit for maximum-likelihood fits of the background model to the dijet mass distribution in
simulated events, and in validation regions (VR) using jet-mass sidebands from data events where the jet masses
fulfil the mass selection criteria indicated.

Sample �2/nDOF p-value
Data in low-low VR (15.5 fb�1) 18.7/23 0.67
Data in high-high VR (15.5 fb�1) 26.5/22 0.23
Data in low-high VR (15.5 fb�1) 24.9/22 0.30
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VV➝ qqqq:	Results

• Tested	WW,	WZ	and	ZZ	signal	regions	
• No	significant	excess	found	
• Largest	deviation	1.9	σ local	in	HVT	W’	to	WZ	

hypothesis	with	m(W’)=1.9	TeV

ATLAS-CONF-2016-055

HVT	W’  
gV=1 (gV=3)  
MW’ [TEV]	 

HVT	Z’  
gV=1 (gV=3)  
MZ’ [TEV]  

95%	CL	
exclusion

1.2-1.9	(1.2-1.3) 1.2-1.8	(1.2-1.9) 
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VV searches in fully hadronic final state (15.5 fb-1)

95% CL 
exclusion 

HVT W’
gV=1 (gV=3)
MW’ 
[TEV]

HVT Z’ 
gV=1 (gV=3)
MW’ 
[GEV]

RSG*:
MRSG* 
[GEV]

llqq 1.2-1.9
(1.2-3.0)

1.2-1.8
(1.2-1.9)

tested:
not sensitive 
enough for 
exclusion

Sensitivity mainly limited by high PT jets systematics.

ATLAS-CONF-2016-055

The most extreme p0:
1.9 σ: HVT W’→W Z hypothesis, mW’ 1.9TeV.

VV: qqqq 
¡  Tested WW, WZ and ZZ signal regions. 

¡  No significant excess found. 

¡  Largest deviation 1.9 σ local in HVT W’ to 
WZ hypothesis with m(W’)=1.9TeV. 

¡  95% CL limits set:  
[1.2 TeV, 1.9 TeV] W’, gv=1            

    3.0 TeV] W’, gv=3 
               1.8 TeV] Z’, gv=1 
               1.9 TeV] Z’, gv=3 

15-20.05.17 Alexander Oh, LHCP 2017 
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Figure 5: The observed data in the signal regions of the (a) WW (b), W Z (c) and Z Z channels. Also shown is the
fitted background. The gray region represents the uncertainty on the background estimate due to the fit. The event
selections in the three regions overlap and approximately one fourth of the events appear in all three regions.

The significance of observed excesses over the background-only prediction is quantified using the local
p0-value (p0), defined as the probability of the background-only model to produce a signal-like fluctuation
at least as large as observed in the data. In this analysis, the most extreme p0 has a local significance of
1.9 standard deviations, and is found when testing the HVT W 0 ! W Z hypothesis at a resonance mass of
1.9 TeV. This is within the expected normal variability of the background.

Upper limits at the 95% confidence level (CL) on the production cross section times branching fraction to
diboson final states for the benchmark signals are set with the modified-frequentist CLs prescription [55]
using the lowest order asymptotic approximation [54] which is validated to better than 20% accuracy
using pseudo-experiments.

The cross section limits extracted for the di�erent benchmark scenarios in the three signal regions are
shown in Fig. 6. These results exclude at the 95% CL the presence of new resonances of the HVT model
A (model B) with gV = 1 (gV = 3) with masses in the range of 1.2–1.8 (1.2–1.9) TeV for the WW channel,
and 1.2–1.9 (1.2–3.0) TeV for the W Z channel.
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WV	➝ lνqq

W	➝	lν,	V	➝	qq	(13.2	fb-1)	

§ W	➝	lν:	ETmiss	>	100	GeV,	pT(lν)	>	200	GeV
§ V	➝	qq:	large	R-jet	with	highest	pT;	define	high/low	

purity	categories	using	D2

o Signal	Region	(SR):	the	fat	jet	mJ	within	15	GeV	of	the	W/Z	
mass	window

o Control	Regions	(CR):	ttbar	(b-tagged	small-R	jet	and	large-R	
jet	ΔR>1.0);	W+jets	(mJ	in	sideband	region)	

o Dominant	background	coming	from	W+jets	and	ttbar	
• The	background	shapes	(W+jets,	tt	̄)	are	modeled	using	

simulated	events.	
• Their	normalizations	are	determined	from	a	combined	

fit	to	the	events	in	the	signal	and	control	regions	

o Final	discriminant:	WW/WZ	invariant	mass	mlνJ	

ATLAS-CONF-2016-062  Search	with	WVà lνqq

4/5/17 Yanlin	Liu/DIS	Conference 3

• Benchmark	models:	
ØHeavy	vector	triplet	(HVT):	W’àWZ, Z’àWW

ØRandall-Sundrum (RS)	model:	G*àWW

• Search	strategy:
ØWàlν:	+,-.// >	100	GeV,	pT(lν)	>	200	GeV
ØVàqq:	large	R-jet	(merged	qq as	a	fat	jet	J);	define	high/low	purity	using	D2

(β-1)	[*]

ØSignal	Region	(SR):	the	fat	jet	mJ within	15	GeV	of	the	W/Z	mass	window

ØControl	Regions	(CR):	ttbar (b-tagged	small-R	jet);	W+jets (mJ in	sideband	region)

• Dominant	background	coming	from	W+jets and	ttbar

• Final	discriminant:	WW/WZ	invariant	mass	mlνJ

• Major	systematics:	background	(mis-modeling);	signal	(PDF unc.)

W

V

l

ν

q

q

ATLAS-CONF-2016-062

(V=Z,	W)

*JHEP 12 (2014) 009

9Kristian Gregersen (University College London)  - Searches for diboson resonances with ATLAS  -  LHCP2016 in Lund, Sweden  –  Thursday 16.06.2016

VV → vvqq , lvqq , llqq : results

● Backgrounds estimated from MC and checked in control 
regions (CR) :
● Jet mass sidebands for V+jet
● Additional b-tags for tt

● CRs included in the final fit
● constrain normalisation

● No significant excesses observed in mVV and mT,VV distributions

VV searches

mJ

E
v
e
n
ts

mW/Z

CR CRSR

0-lepton 1-lepton 2-lepton 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-01/

arXiv:1606.04833
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WV	➝ lνqq:	Results

mlνJ distributions	in	SR:
• no	excess	in	data	over	background	is	observed	

HVT	W’  
gV=1 (gV=3)  
MW’ [TEV]	 

HVT	Z’  
gV=1 (gV=3)  
MZ’ [TEV]	 

RS	G*
MG*	[TEV]

95%	CL	
exclusion

0.5-2.4 
(0.5-2.54)  

0.5-2.5 
(0.5-2.81)  0.5-1.24

ATLAS-CONF-2016-062  Search	Results	with	WVà lνqq
• mlνJ distributions	in	SR:	no	excess	in	data	over	background	is	observed

• Simultaneous	binned	likelihood	fit	to	mlνJ

• Limits	on	heavy	resonance	mass	at	95%	C.L.
ØExcluding	mass	below	2500-2810	(2400-2540)	GeV
for	HVT	Z’	(W’)	depending	on	the	model

ØExcluding	mass	below	1240	GeV for	spin-2	RS	G*

4/5/17 Yanlin	Liu/DIS	Conference 4

ATLAS-CONF-2016-062

mlνJ
mlνJ
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Search	Results	with	WVà lνqq
• mlνJ distributions	in	SR:	no	excess	in	data	over	background	is	observed

• Simultaneous	binned	likelihood	fit	to	mlνJ

• Limits	on	heavy	resonance	mass	at	95%	C.L.
ØExcluding	mass	below	2500-2810	(2400-2540)	GeV
for	HVT	Z’	(W’)	depending	on	the	model

ØExcluding	mass	below	1240	GeV for	spin-2	RS	G*
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ZV	➝ llqq

Z	➝ ll,	V	➝ qq (13.2	fb-1)	

§ Z	➝ ll:	Two	isolated	electrons	or	muons:	mll within	Z	mass	window	
§ V	➝ qq:	
• merged	analysis	- large	R-jet	with	highest	pT >	200	GeV;	define	high/low	purity	

categories	using	D2
• resolved	analysis	- two	small-R	jets;	define	tagged	(with	2	b-tagged	jets)	and	

untagged	category	(with	fewer	than	2	b-tagged	jets)

ATLAS-CONF-2016-082  
  

Searches	with	ZZ,	ZWà llqq,	ννqq
• Physics	motivations:	

ØA	spin-0	heavy	neutral	Higgs	HàZZ;		Spin-2	graviton	G*àZZ
ØHeavy	Vector	Triplet	W’à ZW

• llqq analysis	strategy
ØTwo	isolated	electrons	or	muons:	mll within	Z	mass	window
ØLarge-R	jet	pT >	200	GeV:	merged;	if	not:	resolved	requiring	two	small-R	jets

vNeutral	heavy	Higgs	from	VBF	production:	two	additional	small-R	jets
ØDominant	background	coming	from	Z+jets,	top-quark	and	diboson

• ννqq analysis	strategy
Ø+,-.// >	250	GeV;	veto	charged	leptons;	large-R	jet	(with	high/low	purity	
selection	categories	defined	by	D2

(β-1)	)
ØMain	backgrounds:	Z+jets,	W+jets and	ttbar estimated	from	simulation
ØFinal	discriminant:	

4/5/17 Yanlin	Liu/DIS	Conference 5
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ATLAS-CONF-2016-082
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o Neutral	heavy	Higgs	from	VBF	production:	two	additional	
small-R	jets	mjj

tag >	600	GeV	and	|∆ηjjtag|	>	3.1,	if not:	ggF
candidates

o Dominant	background	coming	from	Z+jets,	top-quark	
and	diboson

o Final	discriminant:	ZZ/ZW	invariant	mass	mllJ and	mlljj



ZV	➝ llqq:	Results

mllJ and	mlljj distributions	in	SR:
• The	data	are	found	to	be	consistent	with	the	background	expectations	

ATLAS-CONF-2016-082  
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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Figure 10: Observed and expected 95% CL upper limits on the production cross section of a heavy resonance atp
s = 13 TeV times its decay branching ratio to ZV for (a) ggF H ! Z Z , (b) VBF H ! Z Z , (c) HVT W 0 ! W Z

and (d) RS graviton G⇤ ! Z Z as functions of the resonance mass. The theoretical predictions for � ⇥ BR as
functions of resonance mass for the HVT model A W 0 and the RS graviton with /MPl = 1.0 are also shown in
(c) and (d), respectively. The green (inner) and yellow (outer) bands represent ±1� and ±2� uncertainty on the
expected limits.

the specific control regions. The resulting scale factors are all compatible with 1 within uncertainties.
The signals are included as a binned template with an unconstrained normalization.

The reconstructed mass distributions for events passing the selections are shown in Figure 11. The pre-
dicted background is shown after the binned maximum-likelihood fit to the data, performed simultaneously
across signal and control regions.

No significant excess of events is observed in the data compared to the prediction from SM background
sources. Exclusion limits at the 95% confidence level are set on the production cross-section times the
branching fraction for the di�erent models considered.
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Figure 9: Comparisons of the observed and fitted distributions of the final discriminants of the ggF H ! Z Z ! ``qq
search for events passing all selections: the m`` j j distributions of the resolved analysis for (a) tagged and (b) untagged
categories; the m``J distributions of the merged analysis for (c) high-purity and (d) low-purity regions. The dashed
magenta lines show the total background contributions expected purely from MC simulations. For illustration,
expected distributions from a Higgs boson at 700 GeV (a,b) and 1600 GeV (c,d) are also shown. The Higgs boson
is assumed to have a � ⇥ BR(H ! Z Z ) value of 100 fb at 700 GeV and 10 fb at 1600 GeV. The bin widths are
chosen to be comparable to the detector resolutions. The bottom panes show the ratios of the observed data to the
predicted background. The uncertainty on the total background prediction, shown as bands, combines statistical
and systematic contributions. The blue triangles in the bottom panes indicate bins where the ratio is outside the
vertical range of the plot.
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ZV	➝ ννqq

Z	➝ νν,	V	➝ qq (13.2	fb-1)	

§ Z	➝ νν:	ETmiss >	250	GeV;	vetoing	events	with	charged	leptons
§ V	➝ qq:	leading	large-R	jet	with	high/low	purity	selection	categories	defined	

by	D2

o Merged	regime	only

o Multi-jet	removal:
• pTmiss >	50	GeV
•
•

o Main	backgrounds:	Z+jets,	W+jets and	ttbar estimated	from	simulation	

o Final	discriminant:																																																												,	where	

ATLAS-CONF-2016-082  
  

Searches	with	ZZ,	ZWà llqq,	ννqq
• Physics	motivations:	

ØA	spin-0	heavy	neutral	Higgs	HàZZ;		Spin-2	graviton	G*àZZ
ØHeavy	Vector	Triplet	W’à ZW

• llqq analysis	strategy
ØTwo	isolated	electrons	or	muons:	mll within	Z	mass	window
ØLarge-R	jet	pT >	200	GeV:	merged;	if	not:	resolved	requiring	two	small-R	jets

vNeutral	heavy	Higgs	from	VBF	production:	two	additional	small-R	jets
ØDominant	background	coming	from	Z+jets,	top-quark	and	diboson

• ννqq analysis	strategy
Ø+,-.// >	250	GeV;	veto	charged	leptons;	large-R	jet	(with	high/low	purity	
selection	categories	defined	by	D2

(β-1)	)
ØMain	backgrounds:	Z+jets,	W+jets and	ttbar estimated	from	simulation
ØFinal	discriminant:	

4/5/17 Yanlin	Liu/DIS	Conference 5
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It is not possible to fully reconstruct the invariant mass of the ZV system due to the neutrinos present in
the final state, so the transverse mass is used as the final discriminant:

mT =

q
(ET,J + Emiss

T )2 � (~pT,J + ~Emiss
T )2 (1)

where ET,J =
q

m2
J + p2

T,J . This distribution is expected to show a Jacobian peak at the mass of the
new particle for the signal while it is smooth for all of the background processes. The resolution on the
transverse mass is about 25% of the signal mass for HVT, W 0 and G⇤ and 30% for the Heavy higgs as
shown in Fig. 7 (a).

The e�ciency of the selection for the H ! ZV ! ⌫⌫qq signals is shown in Fig. 7 (b). The low-purity
category helps recover around 10-20% e�ciency depending on the mass considered and the boson pT .
The e�ciency drop at high mass is due to the degradation of the large R-jet mass resolution. Table 2
summarises the number of events observed in the data and estimated from background processes in the
signal regions from the background-only fit of both signal and control regions discussed in Sec. 8.
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Figure 7: (a) Transverse mass distributions of the selected events from simulations for the ggF production of a
Higgs boson, for HVT, W’ and G⇤ at 2000 GeV. (b) Selection e�ciencies of the H ! ZV ! ⌫⌫qq signals from
MC simulations as functions of the mass for the two signal region considered. The error bars include the statistical
and the systematic uncertainties described in Sec. 7.

6.2. Background estimation

The main backgrounds to this search in the ⌫⌫qq channel are Z+jets, W+jets and tt̄ production, for which
simulated samples are used. To test the modelling of each contribution, di�erent control regions are
defined. For all of them a modified version of the missing transverse momentum is introduced called
Emiss

T,no mu (pmiss
T,no mu). This is computed by removing the muon pT contribution from the calculation of the

Emiss
T .

An initial selection of Emiss
T,no mu > 250 GeV is made to ensure that the Emiss

T trigger used to record the events
is fully e�cient3 and selection of pmiss

T,no mu > 50 GeV is made as in the signal region.
3 At the trigger level, the measurement of the Emiss

T is performed considering only energy depositions in the calorimeter systems,
e�ectively neglecting the contribution from muons.
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(ET,J + Emiss

T )2 � (~pT,J + ~Emiss
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T,J . This distribution is expected to show a Jacobian peak at the mass of the
new particle for the signal while it is smooth for all of the background processes. The resolution on the
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shown in Fig. 7 (a).

The e�ciency of the selection for the H ! ZV ! ⌫⌫qq signals is shown in Fig. 7 (b). The low-purity
category helps recover around 10-20% e�ciency depending on the mass considered and the boson pT .
The e�ciency drop at high mass is due to the degradation of the large R-jet mass resolution. Table 2
summarises the number of events observed in the data and estimated from background processes in the
signal regions from the background-only fit of both signal and control regions discussed in Sec. 8.
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Figure 7: (a) Transverse mass distributions of the selected events from simulations for the ggF production of a
Higgs boson, for HVT, W’ and G⇤ at 2000 GeV. (b) Selection e�ciencies of the H ! ZV ! ⌫⌫qq signals from
MC simulations as functions of the mass for the two signal region considered. The error bars include the statistical
and the systematic uncertainties described in Sec. 7.

6.2. Background estimation

The main backgrounds to this search in the ⌫⌫qq channel are Z+jets, W+jets and tt̄ production, for which
simulated samples are used. To test the modelling of each contribution, di�erent control regions are
defined. For all of them a modified version of the missing transverse momentum is introduced called
Emiss

T,no mu (pmiss
T,no mu). This is computed by removing the muon pT contribution from the calculation of the

Emiss
T .

An initial selection of Emiss
T,no mu > 250 GeV is made to ensure that the Emiss

T trigger used to record the events
is fully e�cient3 and selection of pmiss

T,no mu > 50 GeV is made as in the signal region.
3 At the trigger level, the measurement of the Emiss

T is performed considering only energy depositions in the calorimeter systems,
e�ectively neglecting the contribution from muons.
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6. ZV ! ⌫⌫ qq channel

6.1. Event selection

A set of criteria is imposed to select signal-like events in order to identify those events with large Emiss
T

resulting from the presence of a Z ! ⌫⌫ decay and a hadronically decaying W or Z boson. Therefore, an
initial selection is made by requiring Emiss

T > 250 GeV and vetoing events with loose charged leptons.

The multijet background, originating primarily from the presence of mismeasured jets, and non-collision
backgrounds are suppressed by imposing requirements on the magnitude of the track-based missing
transverse momentum vector ~pmiss

T (pmiss
T > 50 GeV) and the azimuthal angle between ~Emiss

T and ~pmiss
T ,

(��( ~Emiss
T , ~pmiss

T ) < 1. An additional requirement is imposed on the azimuthal distance between ~Emiss
T

and the nearest small-R jet (min[��( ~Emiss
T , small�R jet)] > 0.4). The small-R jets considered here are

required to have pT > 30 GeV for |⌘ | < 2.5. After this selection the multijet background is negligible.

The ⌫⌫qq analysis uses only the merged selection. The hadronic boson decay is identified requiring
that the leading (highest pT) large-R jet in the event has a mass consistent with the W or Z boson mass
as described in Section 4. Events are then split in two categories: high-purity and low-purity. Events
where the leading large-R jet comes from a two-prong structure, as determined by the cut on the D(�=1)

2
variable, fall into the high-purity category. The remaining events that fail the D(�=1)

2 requirement fall into
the low-purity signal region designed to recover the e�ciency loss in the boosted regime . The pre-fit
distribution of the mass of the leading-R jet distribution and the D(�=1)

2 are shown in Fig. 6.

Jet Mass [GeV]
0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts
/ 5

 G
eV

210

310

410

ATLAS Preliminary
-1 = 13 TeV, 13.2 fbs

Data
ggF H 1600 GeV
W+jets
Z+jets
SM diboson
Top Quarks

m(J) [GeV]
0 20 40 60 80 100 120 140 160 180 200

Da
ta

/B
kg

0.60.7
0.8
0.91
1.1
1.2
1.31.4

(a)

Jet D2 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
 

0

1000

2000

3000

4000

5000
ATLAS Preliminary

-1 = 13 TeV, 13.2 fbs
Data
ggF H 1600 GeV
W+jets
Z+jets
SM diboson
Top Quarks

Jet D2 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Da
ta

/B
kg

0.60.7
0.8
0.91
1.1
1.2
1.31.4

(b)

Figure 6: The mass of the large-R jet (a) and D(�=1)
2 of the large-R jet (b) are shown for the ⌫⌫qq analysis.

All selections other than the requirement on the mass and D(�=1)
2 are applied. The Higgs boson is assumed to

have a � ⇥ BR(H ! Z Z ) value of 1 pb. The bottom panel show the ratio of the observed data to the predicted
background. The uncertainty on the total background prediction, shown as bands, combines statistical and systematic
contributions.
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6. ZV ! ⌫⌫ qq channel

6.1. Event selection

A set of criteria is imposed to select signal-like events in order to identify those events with large Emiss
T

resulting from the presence of a Z ! ⌫⌫ decay and a hadronically decaying W or Z boson. Therefore, an
initial selection is made by requiring Emiss

T > 250 GeV and vetoing events with loose charged leptons.

The multijet background, originating primarily from the presence of mismeasured jets, and non-collision
backgrounds are suppressed by imposing requirements on the magnitude of the track-based missing
transverse momentum vector ~pmiss

T (pmiss
T > 50 GeV) and the azimuthal angle between ~Emiss

T and ~pmiss
T ,

(��( ~Emiss
T , ~pmiss

T ) < 1. An additional requirement is imposed on the azimuthal distance between ~Emiss
T

and the nearest small-R jet (min[��( ~Emiss
T , small�R jet)] > 0.4). The small-R jets considered here are

required to have pT > 30 GeV for |⌘ | < 2.5. After this selection the multijet background is negligible.

The ⌫⌫qq analysis uses only the merged selection. The hadronic boson decay is identified requiring
that the leading (highest pT) large-R jet in the event has a mass consistent with the W or Z boson mass
as described in Section 4. Events are then split in two categories: high-purity and low-purity. Events
where the leading large-R jet comes from a two-prong structure, as determined by the cut on the D(�=1)

2
variable, fall into the high-purity category. The remaining events that fail the D(�=1)

2 requirement fall into
the low-purity signal region designed to recover the e�ciency loss in the boosted regime . The pre-fit
distribution of the mass of the leading-R jet distribution and the D(�=1)

2 are shown in Fig. 6.
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ZV	➝ ννqq:	Results

mT(ννJ) in	SR:
• No	significant	excess	in	data	over	backgrounds	is	observed	

ATLAS-CONF-2016-082  
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The exclusion limits are calculated with CLs method, and the profile-likelihood-ratio test statistic [92] in
the asymptotic approximation, using the binned mT mass distributions.

Figure 12 shows the 95% CL upper limits on the production cross-section multiplied by the branching
fraction into ZW or Z Z as a function of the resonance mass, separately for the charged W 0 in the HVT
Model A, for the Graviton model and a Heavy Higgs . The theoretical predictions for the HVT benchmark
Model A with coupling constant gV = 1 allow exclusion of mW 0 < 2400 GeV . For the Graviton model
the corresponding excluded mass is mG⇤ < 1100 GeV .
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Figure 11: Transverse mass distributions of the ⌫⌫J system in the Signal regions for (a) the low-purity merged
analysis and (b) high-purity merged analysis shown after the profile likelihood fit. The bottom panel show the ratio
of the observed data to the predicted background. The uncertainty on the total background prediction, shown as
bands, combines statistical and systematic contributions.
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VH	➝ qqbb

H➝ bb,	V	➝ qq (36.1	fb-1)	

o Uses	combined	mass	algorithm	for	boson	tagging

o Backgrounds:	multi-jet	(90%),	ttbar	(10%),	V+jets	(<1%)
• Background	shape:	extracted	from	0-btag	“SR”	
• Normalization	and	kinematic	reweighing	corrections:	

extracted	from	sidebands
• Verify	background	predictions	in	VR-SR	regions

o Final	discriminant:	ZH/WH	invariant	mass	mJJ

ATLAS-CONF-2017-018  
  

Higgs boson candidate mass [GeV]

1-tag SRnu
m

be
r o

f b
-ta

gs sideband

sideband

1

0

2

0-tag “SR”

2-tag SR

sideband

14575 200

Figure 1: Illustration of the sideband and validation regions, showing orthogonal slices through the space defined
by the masses of the two boson candidates and the number of b-tags.

and b-tagging e�ciency di↵erences between the 0-tag and 2-tag samples: the track jet pT ratio, defined
as plead

T
plead

T +psublead
T

, and psublead
T , both using the pT distributions of the leading two pT track jets associated

to the H-jet. The reweighting is performed using 1-D distributions but is iterated so that correlations
between the two variables are taken into account. After each reweighting iteration, the value of µ1(2)�tag

Multijet
is recomputed to ensure that the normalization is kept fixed. No explicit uncertainties are associated with
this reweighting as these are determined from comparison with validation regions, as described below.

Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
tt̄ (x) = pd(1 � x)pe xp f , and (3)

f 2-tag
tt̄ (x) = pge�ph x (4)

for the 1-tag and 2-tag samples respectively. In these functional forms, x = mJJ/
p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
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Multijet
is recomputed to ensure that the normalization is kept fixed. No explicit uncertainties are associated with
this reweighting as these are determined from comparison with validation regions, as described below.

Due to the small number of events in the background prediction in the mJJ high mass tail, the backgrounds
are modeled using fits between 1.2 and 4 TeV with power-law and exponential functions. The multijet
background is modeled using the functional form

fMultijet(x) = pa(1 � x)pb(1 + x)pc x, (2)

while the tt̄ background is modeled using the functional forms

f 1-tag
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p

s, and pa through ph are
parameters determined by the fit. These functional forms are used as they can model changes in the power-
law behavior of the respective backgrounds between high and low masses. The exponential function is
used for the 2-tag tt̄ sample because it was found to model the tail of the distribution well and because
a fit to the small statistics of the sample could not constrain a function with more parameters. Fits are
performed separately for the 1-tag and 2-tag background estimates, and separately for each background.

The background model is validated in the two regions denoted as VR-SR and VR-SB in Figure 1, each
also with two sub-regions. In all of these, the V-jet is required to have mass 50 GeV < mJ,V < 70 GeV
but the D�=1

2 selection is only applied in the subset regions. For the signal region-like validation regions
(VR-SR) the H-jet selection is unchanged, and for the sideband-like validation regions (VR-SB) the H-jet
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Figure 2: The mJJ distribution in the signal region-like validation region in the (left) 2-tag (right) 1-tag samples,
compared to the predicted background.

the resolution measurement [34, 47]. For the large-R jet pT a 2% absolute uncertainty is assigned, while
for the mass and D�=1

2 resolutions a relative 20% and 15% uncertainty is assigned, respectively. The
uncertainty in the b-tagging e�ciency for track jets is based on the uncertainty in the measured tagging
e�ciency for b-jets in data following the methodology used in Reference [42]. This is measured as a
function of b-jet pT and ranges between 2% and 8% for track jets with pT < 250 GeV. For track jets with
pT > 250 GeV the uncertainty in the tagging e�ciencies is extrapolated using MC simulation [42] and
is approximately 9% for track jets with pT > 400 GeV. A 30% normalization uncertainty is applied to
the tt̄ background based on the ATLAS tt̄ di↵erential cross-section measurement [52]. Due to the small
contribution of the V+jets background, no corresponding uncertainty is considered.

Systematic uncertainties in the normalization and shape of the data-based multijet background model are
assessed from the validation regions. The background normalization predictions in the validation regions
agree with the observed data to within ±5% in the 1-tag sample and ±13% in the 2-tag sample. These
di↵erences are taken as the uncertainties in the predicted multijet yield. The shape uncertainty is derived
by taking the ratio of the predicted background to the observed data after fitting both to a power law. This
is done separately for the 1-tag and 2-tag samples. The larger of the observed shape di↵erences in the
VR-SR and VR-SB is taken as the shape uncertainty. Separate shape uncertainties are estimated for mJJ
above and below 2 TeV in order to allow for independent shape variations in the bulk and tail of the mJJ
distribution in the final statistical analysis.

An additional uncertainty in the shape of the multijet background prediction is assigned by fitting a variety
of empirical functions designed to model power-law behavior to the 0-tag mJJ distribution, as described in
Reference [53]. The largest di↵erence between the nominal prediction and the alternative fit functions is
taken as a systematic uncertainty. Similarly, the fit range of the nominal power-law function is varied, and
the largest di↵erence between the nominal prediction and the alternative fit ranges is taken as a systematic
uncertainty.

The impact of the main systematic uncertainties on event yields is summarized in Table 3.
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§ V	➝ qq (H	➝ bb)	identified	as	1	
large-R	jet	

o Only	merged	regime



VH	➝ qqbb:	Results

• Largest	excess	at	∼ 3.0	TeV with	a	local	significance	
of	3.3	σ and	a	global	significance	of	2.2	σ

ATLAS-CONF-2017-018  
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Figure 4: The observed and expected cross-section upper limits at the 95% confidence level for pp! V 0 ! VH !
qq̄(0)(bb̄ + cc̄) in Model A and Model B in the (left) ZH and (right) WH signal regions. The red and magenta curves
show the predicted cross-sections as a function of resonance mass for the models considered.

resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.
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resonances, respectively. The corresponding excluded Heavy Vector Triplet Model B signal mass ranges
are 1.10 – 2.50 TeV for WH resonances, and 1.10 – 2.60 TeV for ZH resonances.
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Appendix

Figure 5 shows the p-value as a function of resonance mass for both channels.
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Figure 5: p-value as a function of resonance mass for the (left) ZH and (right) WH channels.

Figure 6 shows the signal acceptance ⇥ e�ciency as a function of resonance mass.
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Figure 3: The mJJ distributions in the VH signal regions for data (points) and background estimate (histograms)
after the likelihood fit for events in the (left) 2-tag and (right) 1-tag categories. The pre-fit background expectation
is given by the blue dashed line. The expected signal distributions (multiplied by 50) for a V 0 boson with 2 TeV
mass are also shown. In the data/prediction ratio plots, arrows indicate o↵-scale points.

a ⇠ 60% overlap of data between the WH and ZH selections for both the 2-tag and 1-tag signal regions,
and this fraction is approximately constant as a function of mJJ.

8.1 Statistical Analysis

To determine if there are any statistically significant local excesses in the data, a test of the background-
only hypothesis (µ = 0) is performed at each signal mass point. The significance of an excess is quantified
using the local p0 value, the probability that the background could produce a fluctuation greater than or
equal to the excess observed in data. A global p0 is also calculated for the most significant discrepancy,
using background-only pseudo-experiments to derive a correction for the look-elsewhere e↵ect across the
mass range tested [55]. The largest deviation from the background-only hypothesis is in the ZH signal
region, occurring at mJJ ⇠ 3.0 TeV with a local significance of 3.3 �. The global significance of this
excess is 2.2 �.

The data are used to set upper limits on the cross-sections for the di↵erent benchmark signal processes.
Exclusion limits are computed using the CLs method [56], with a value of µ regarded as excluded at the
95% CL when CLs is less than 5%.
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HH	➝ bbbb

H➝ bb,	H	➝ bb	(13.3	fb-1)	

§ H	➝ bb	identified	as	1	large-R	jet	or	2	small-R	jets

o Resolved	analysis:
• 4	small-R (R =	0.4)	b-tagged anti-kt jets

o Boosted	analysis:
• 2	large-R (R =	1.0)	anti-kt jets	
• at	least	2	b-tagged	ghost	associated	track	jets

o Backgrounds:	multi-jet	(90%),	ttbar	(10%)
• multi-jet	estimated	with	(2-tag	(0-tag)	SR)	*	μsideband
• validated	in	CR	with	(2-tag	(0-tag)	CR)	*	μsideband
• Resolved:	μsideband from	ratio	(4-tag	/	2-tag)
• Boosted:	μsideband corresponds	to	ratio	(2,3,4-tag	/	

0-tag)

ATLAS-CONF-2016-049  
  

region is defined as 48 GeV <
q

(mlead
2j � 120 GeV)2 + (msubl

2j � 115 GeV)2 < 88 GeV, while the control
region is defined as the region in the mlead

2j –msubl
2j plane between the signal and sideband regions. These

definitions are chosen to be orthogonal to the signal region and to give approximately equal event yields in
both the sideband and control regions. The outer limit on the sideband region ensures that the kinematic
properties of the sideband region are representative of the signal region.
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Figure 3: The msubl
2j vs. mlead

2j distribution for the resolved analysis background model. The signal region is the area
surrounded by the dashed red contour line, centred on (mlead

2j =120 GeV, msubl
2j =115 GeV). The control region is the

area between the signal region and the orange contour. The sideband region is the area between the orange and
yellow contours.

Events in the 2-tag data sample are reweighted to correct for di�erences introduced by the additional
b-tagging requirement on the 4-tag sample. These di�erences can arise for the following reasons: events
with more jets are more likely to satisfy the requirement of at least four b-tagged jets; the b-tagging
e�ciency varies as a function of jet pT and ⌘; the various multijet processes contribute in di�erent
fractions in each sample; and the fractions of events passed by each trigger path changes. The weights
are derived in the sideband region from linear fits to the ratio of the total background model to data for
four distributions that are found to have the largest disagreement between 2-tag and 4-tag: the number
of additional jets in the event, the leading Higgs boson candidate pT, and the energies of the jets in the
sub-leading Higgs boson candidate. The reweighting is performed using one-dimensional distributions
but is iterated so that correlations between the four variables are taken into account.

After reweighting, the normalization of the multijet background prediction is set by scaling the number of
events in each region of the 2-tag sample by the following factor µmultijet calculated in the sideband region:

µmultijet =
N4-tag

Multijet

N2-tag
Multijet

=
N4-tag

data � N4-tag
t t̄

N2-tag
data � N2-tag

t t̄

, (3)
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(a) 2015 dataset
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(b) 2016 dataset

Figure 4: The m4j distribution in the control region of the resolved analysis for the data and the predicted background
(top panels) for (a) the 2015 dataset and (b) the 2016 dataset. The data to background ratio (bottom panels) is shown
with the statistical uncertainty on the background prediction as the grey band. The first-order polynomial fit to the
data-to-background ratio above 500 GeV — used to define the multijet shape systematic uncertainty in this mass
range — is shown as the solid red line, with the associated uncertainties “Tail Up” and ”Tail Down” as dashed lines.

modelling of the underlying event, hadronic showers, initial- and final-state radiation. The total theoretical
uncertainty is dominated by the uncertainties associated with the modelling of the initial- and final-state
radiation.

The following detector modelling uncertainties are evaluated: uncertainties in the jet energy scale (JES)
and resolution (JER), and uncertainties in the b-tagging e�ciency. These uncertainties are fully correlated
between 2015 and 2016. The MC simulated samples also share common luminosity uncertainties described
in Section 3, which are completely uncorrelated between 2015 and 2016. The jet energy uncertainties
are derived from the 2015 dataset, using in situ measurement techniques described in Refs. [50–52].
The JES systematic uncertainty is evaluated following the prescription outlined in Ref. [53]. The JER
uncertainty is evaluated by smearing jet energies according to the systematic uncertainties of the resolution
measurement [53]. The uncertainty in the b-tagging e�ciency is evaluated by propagating the systematic
uncertainty in the measured tagging e�ciency for b-jets [54]. The e�ciencies are measured as a function
of b-jet pT and ⌘. For b-jets with pT > 300 GeV, systematic uncertainties in the tagging e�ciencies are
extrapolated with MC simulation and are consequently larger [19].

Systematic uncertainties in the normalization and shape of the multijet background model are treated as
uncorrelated in the 2015 and 2016 datasets. Both uncertainties are assessed for each year in the control
region. For 2015, the background prediction in the control region agrees with the observed data to within
0.2%, with good agreement in the 2016 dataset as well, with the yields agreeing within 2%. To further test
the robustness of the background estimation, the background models for the 2015 and 2016 datasets are re-
evaluated using di�erent sideband and control region definitions and di�erent b-tagging requirements on
the 2-tag sample. These variations comprise testing dummy signal regions centred on (90 GeV, 86 GeV)
and (160 GeV, 153 GeV), where no observable signal is expected; using only the inner or outer half of
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HH	➝ bbbb:	Results

• No	significant	data	excess	is	observed	above	the	estimated	background	

RS	G*
MG*	[TEV]

95%	CL	
exclusion 0.36-0.86
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Figure 11: The expected and observed upper limit for pp ! G⇤KK ! hh ! bb̄bb̄ in the bulk RS model with
k/M̄Pl = 1 at the 95% confidence level. The results of the resolved analysis are used up to a mass of 1000 GeV
and those of the boosted analysis are used at higher mass where its expected sensitivity is higher. The red curves
show the predicted cross sections as a function of resonance mass for the bulk RS model with k/M̄Pl = 1. The drop
in cross section for masses below mG⇤KK

= 350 GeV is due to a sharp drop in Br
⇣
G⇤KK ! hh

⌘
.

8 Conclusion

A search for both resonant and non-resonant production of pairs of Standard Model Higgs bosons has
been carried out in the dominant bb̄bb̄ channel, using 13.3 fb�1of LHC pp collision data at

p
s = 13 TeV

collected by ATLAS in 2015 and 2016.

Results are reported for the resolved analysis with each h ! bb̄ decay reconstructed as two separate b-
tagged jets and for the boosted analysis with each h ! bb̄ decay reconstructed as a single large-radius jet
associated with at least one small-radius b-tagged track-jet. No significant data excess is observed above
the estimated background consisting mainly of multijet and tt̄ events. Upper limits on the production
cross section times branching ratio to the bb̄bb̄ final state are set for spin-2 resonances with values ranging
between 1000 and 2 fb (at 95% CL) for resonance masses in the range between 300 and 3000 GeV. For
non-resonant production, the upper limit is 330 fb (at 95% CL). The search sensitivity of this analysis
exceeds that of the previous analysis [10] of the

p
s = 13 TeV 2015 dataset for non-resonant signals and

for resonant signals across the mass range 300 GeV < mhh < 3000 GeV.

24

Table 3: The number of predicted background events in the signal region for the resolved analysis compared to the
data, for the 2015 and 2016 datasets. The yields for two potential signals, SM non-resonant Higgs pair production
and an 800 GeV G⇤KK resonance with k/M̄Pl = 1 are shown. The quoted errors include both the statistical and
systematic uncertainties.

Sample 2015 Signal Region 2016 Signal Region

Multijet 1 131± 68 3 670± 200
tt̄ 57± 34 190± 110

Total 1 189± 76 3 860± 230

Data 1 231 3 990

SM hh 0.47 ± 0.12 1.5 ± 0.4
G⇤KK (800 GeV), k/M̄Pl = 1 8± 3 24 ± 8

Figure 5 shows comparisons of the predicted m4j background distributions to that observed in the 2015 and
2016 datasets. The predicted background and observed distributions are in agreement, with no significant
local excess.
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(a) 2015 dataset
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(b) 2016 dataset

Figure 5: Distributions of m4j in the signal region of the resolved analysis for (a) 2015 data and (b) 2016 data,
compared to the predicted backgrounds. The hatched bands shown in the data/background ratio in the bottom panels
represent the combined statistical and systematic uncertainties in the total background estimates. The expected
signal distributions for SM non-resonant hh production and G⇤KK resonances with masses of 300 and 800 GeV are
also shown.
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Conclusion

q Presented	several	analyses	using	the	13-36	fb-1 of	2015+2016	data

q No	significant	excess	observed	in	most	channels

q Advanced	tagging	techniques	help	to	effectively	reject	QCD	background

q Many	other	results	with	the	full	36	fb-1 dataset	are	expected	to	come	out	this	
summer	

q Waiting	for	more	data!

Channel Lumi (fb-1) Documentation Date
VV	➝ qqqq 15.5 ATLAS-CONF-2016-055 04.08.2016

WV	➝ lνqq 13.2 ATLAS-CONF-2016-062  30.08.2016

ZV	➝ llqq 13.2 ATLAS-CONF-2016-082 04.08.2016

ZV	➝ ννqq 13.2 ATLAS-CONF-2016-082 04.08.2016

VH	➝ qqbb 36.1 ATLAS-CONF-2017-018 21.03.2017

HH	➝ bbbb 13.3 ATLAS-CONF-2016-049 04.08.2016 18
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Techniques:	Grooming

o Boosted	large-R	jets	can	be	easily	contaminated	by	pileup	
interactions	

o Jet	“Grooming”:	remove	those	pileup	contaminations,	
improve	the	resolution	of	V/H-jet	mass

o ATLAS	“grooming”:	Trimming	[*] algorithm:	re-cluster	sub-jets	
with	R=0.2	cone,	and	remove	sub-jets	with	pTsubjet /	pTjet <	0.05	

*JHEP02(2010)084

Techniques 

Large R jet 
grooming: 
 
 

 

 

Improve mass 
resolution by 
suppressing soft 
contributions 
from pile-up  
underlying 
event. 
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