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Theory

SM	di-Higgs	production	(33fb)	is	three	order	of	magnitudes	smaller	than	single	
Higgs	production	(48pb)	
destructive	interference	
The	cross	section	is	enhanced	by	BSM	contributions	

	non-resonant:	anomalous	tri-linear	coupling	(c3)	or	other	Higgs	couplings	
(c2t,	c2g,	c2V)	or;	composite	Higgs	models	
	resonant:	for	example	2HDM	via	heavy	Higgs	or	Randall-Sundrum		
gravitons	

	 	
Final	states:	
	 h→bb=	has	the	highest	branching	ratio	
	 h→γγ	has	the	cleanest	final	state	with	a	good	mass	resolution	
	 h→WW	and	h→ττ	are	good	compromises
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BR bbV	 WW

bbV 33%

WW 25% 4.6%

ττ 7.4% 2.5%

ZZ 3.1% 1.2%

γγ 0.26% 0.10%



PhysicsRun	I		8TeV	Combination

3

and to test the hypothesis of Higgs boson pair production
with its cross section as the parameter of interest.
Additional nuisance parameters are included to take into
account systematic uncertainties and their correlations. The
likelihood is the product of terms of the Poisson probability
constructed from the final discriminant and of nuisance
parameter constraints with either Gaussian, log-normal, or
Poisson distributions. Upper limits on the Higgs boson pair
production cross section are derived using the CLs method
[71]. For the combinations, systematic uncertainties that
affect two or more analyses (such as those of luminosity, jet
energy scale and resolutions, b-tagging, etc.) are modeled
with common nuisance parameters.
For thehh → bbττ analysis, Poissonprobability terms are

calculated for the four categories separately from the mass
distributions of the ditau system for the nonresonant search
[Fig. 3(a)] and of the bbττ system for the resonant search
[Fig. 3(b)]. Thembbττ distributions of the resonant search are
rebinned to ensure a sufficient number of events for the
background prediction in each bin, in particular a single bin
is used for mbbττ ≳ 400 GeV for each category. For the
hh → γγWW! analysis, event yields are used to calculate
Poisson probabilities without exploiting shape information.
The hh → γγbb and hh → bbbb analyses are published
separately in Refs. [21,22]. However, the results are quoted
at slightly different values of the Higgs boson massmh and,
therefore, have been updated using a common mass value
of mh ¼ 125.4 GeV [24] for the combinations. The decay
branching ratios of the Higgs boson h and their uncertainties
used in the combinations are taken from Ref. [27]. Table III
is a summary of the number of categories and final
discriminants used for each analysis.

The four individual analyses are sensitive to different
kinematic regions of the hh production and decays. The
combination is performed assuming that the relative con-
tributions of these regions to the total cross section are
modeled by the MadGraph5 [39] program used to simulate the
hh production.

IX. RESULTS

In this section, the limits on the nonresonant and
resonant searches are derived. The results of the hh →
bbττ and hh → γγWW! analyses are first determined and
then combined with previously published results of the
hh → γγbb and hh → bbbb analyses. The impact of the
leading systematic uncertainties is also discussed.
The observed and expected upper limits at 95% C.L. on

the cross section of nonresonant production of a Higgs
boson pair are shown in Table IV. These limits are to be
compared with the SM prediction of 9.9# 1.3 fb [17] for
gg → hh production with mh ¼ 125.4 GeV. Only the
gluon fusion production process is considered. The
observed (expected) cross-section limits are 1.6 (1.3) pb
and 11.4 (6.7) pb from the hh → bbττ and hh → γγWW!

analyses, respectively. Also shown in the table are the
cross-section limits relative to the SM expectation. The
results are combined with those of the hh → γγbb and
hh → bbbb analyses. The p-value of compatibility of the
combination with the SM hypothesis is 4.4%, equivalent to
1.7 standard deviations. The low p-value is a result of the
excess of events observed in the hh → γγbb analysis. The
combined observed (expected) upper limit on σðgg → hhÞ
is 0.69 (0.47) pb, corresponding to 70 (48) times the cross

TABLE III. An overview of the number of categories and final discriminant distributions used for both the nonresonant and resonant
searches. Shown in the last column are the mass ranges of the resonant searches.

hh Nonresonant search Resonant search
Final state Categories Discriminant Categories Discriminant mH [GeV]

γγbb̄ 1 mγγ 1 event yields 260–500
γγWW! 1 event yields 1 event yields 260–500
bb̄ττ 4 mττ 4 mbbττ 260–1000
bb̄bb̄ 1 event yields 1 mbbbb 500–1500

TABLE IV. The expected and observed 95% C.L. upper limits on the cross sections of nonresonant gg → hh production atffiffiffi
s

p
¼ 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching ratios. The

cross-section limits normalized to the SM value are also included.

Analysis γγbb γγWW! bbττ bbbb Combined

Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70
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are 260–500 GeV and 500–1500 GeV, respectively. The
results of these four analyses, summarized in Table VI, are
combined for the mass range 260–1000 GeV assuming the
SM values of the h decay branching ratios. To reflect the
better mass resolutions of the hh → bbbb and hh → γγbb
analyses, the combination is performed with smaller mass
steps than those of the hh → bbττ and hh → γγWW!

analyses. The most significant excess in the combined
results is at a resonance mass of 300 GeV with a local
significance of 2.5σ, largely due to the 3.0σ excess
observed in the hh → γγbb analysis [21]. The upper limit
on σðgg → HÞ × BRðH → hhÞ varies from 2.1 pb at

260 GeV to 0.011 pb at 1000 GeV. These limits are shown
in Fig. 6 as a function of mH. For the low-mass region
of 260–500 GeV, both the hh → γγbb and hh → bbττ
analyses contribute significantly to the combined sensitiv-
ities. Above 500 GeV, the sensitivity is dominated by the
hh → bbbb analysis. Table V shows the impact of the
leading systematic uncertainties for a heavy Higgs boson
mass of 300 and 600 GeV. As in the nonresonant search,
the systematic uncertainties with the largest impact on the
sensitivity are from the uncertainties on the background
modeling, b-tagging, jet and Emiss

T measurements, and the h
decay branching ratios. These limits are directly applicable
to models such as those of Refs. [72–77] in which the
Higgs boson h has the same branching ratios as the SM
Higgs boson.

X. INTERPRETATION

The upper cross-section limits of the resonant search are
interpreted in two MSSM scenarios, one referred to as the
hMSSM [28,29] and the other as the low-tb-high [30]. In
the interpretation, the CP-even light and heavy Higgs
bosons of the MSSM are assumed to be the Higgs bosons
h andH of the search, respectively. The natural width of the
heavy Higgs bosonH where limits are set in these scenarios
is sufficiently smaller than the experimental resolution,
which is at best 1.5%, that its effect can be neglected.
In the hMSSM scenario, the mass of the light CP-even

Higgs boson is fixed to 125 GeV in the whole parameter
space. This is achieved by implicitly allowing the super-
symmetry-breaking scale mS to be very large, which is
especially true in the low tan β region where mS ≫ 1 TeV,
and making assumptions about the CP-even Higgs boson
mass matrix and its radiative corrections, as well as the
Higgs boson coupling dependence on the MSSM parame-
ters. Here tan β is the ratio of the vacuum expectation
values of the two doublet Higgs fields. The “low-tb-high”
MSSM scenario follows a similar approach, differing in that
explicit choices are made for the supersymmetry-breaking

TABLE VI. The expected and observed 95% C.L. upper limits on σðgg → HÞ × BRðH → hhÞ in pb at
ffiffiffi
s

p
¼ 8 TeV from individual

analyses and their combinations. The SM branching ratios are assumed for the light Higgs boson decay.

mH Expected limit [pb] Observed limit [pb]

[GeV] γγbb γγWW! bbττ bbbb Combined γγbb γγWW! bbττ bbbb Combined

260 1.70 11.2 2.6 % % % 1.1 2.29 18.7 4.2 % % % 2.1
300 1.53 9.3 3.1 % % % 1.2 3.54 15.1 1.7 % % % 2.0
350 1.23 7.8 2.2 % % % 0.89 1.44 13.3 2.8 % % % 1.5
400 1.00 6.9 0.97 % % % 0.56 1.00 11.5 1.5 % % % 0.83
500 0.72 5.9 0.66 % % % 0.38 0.71 10.9 1.0 % % % 0.61
500 % % % % % % 0.66 0.17 0.16 % % % % % % 1.0 0.16 0.18
600 % % % % % % 0.48 0.070 0.067 % % % % % % 0.79 0.072 0.079
700 % % % % % % 0.31 0.041 0.040 % % % % % % 0.61 0.038 0.040
800 % % % % % % 0.31 0.028 0.028 % % % % % % 0.51 0.046 0.049
900 % % % % % % 0.30 0.022 0.022 % % % % % % 0.48 0.015 0.015
1000 % % % % % % 0.28 0.018 0.018 % % % % % % 0.46 0.011 0.011
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FIG. 6 (color online). The observed and expected 95% C.L.
upper limits on σðgg → HÞ × BRðH → hhÞ at

ffiffiffi
s

p
¼ 8 TeV as

functions of the heavy Higgs boson mass mH , combining
resonant searches in hh → γγbb, bbbb, bbττ, and γγWW! final
states. The expected limits from individual analyses are also
shown. The combination assumes SM values for the decay
branching ratios of the lighter Higgs boson h. The green and
yellow bands represent &1σ and &2σ uncertainty ranges of
the expected combined limits. The improvement above mH ¼
500 GeV is due to the sensitivity of the hh → bbbb analysis.
The more finely spaced mass points of the combination reflect
the better mass resolutions of the hh → γγbb and hh → bbbb
analyses than those of the hh→bbττ and hh → γγWW! analyses.
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non-resonant	limits:

resonant	limits:

PhysRevD.92.092004(1)

σ(HH)	@	8TeV	~10fb-1



PhysicsRun	2		13fb-1			hh	→	bb=bb=:	Event	selection

Boosted	
• >	1000	GeV	
• optimised	for	resonant	phenomena	
• 2	anti-kT	jets	with	R=1.0	
• 2-4	b-tags	in	associated	R=0.2	track-jets	
• pT>450-250	GeV,	|η|<2.0,	mJ>50GeV	
• |Δηhh|	<	1.7	
!
!
!
!
!
!
!
!
!
!
!

Resolved	
• 300	to	1200	GeV	
• resonant	and	non-resonant	
• 4	anti-kT	jets	with	R=0.4	
• 4	b-tags;	ε(b-tag)	≈	70%	in	tt	̅	
• m4j	dependent	pT	cuts	
• |Δηhh|	<		~1.1	(m4j	dependent)	

Jet	combinatorics	(resolved): Resolved	background	model:

SR

Sideband

CR

ATLAS-CONF-2016-049

multi-jet	background	
modelled	in	sideband	
with	2-tags	
4/2-tag	reweighting	
• number	of	jets	
• leading	Higgs	pT	
• jet	energies	of	sub-
leading	Higgs	
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Run	2	13fb-1	hh	→	bb=bb=:	Results
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		non-resonant	limit:							
σ	×	BR	<	330p	

(29×SM)

Boosted	analysis:

2016

Resonant	limit

SystemaVcs	in	%-yield	in	resolved	analysis:

Final	discriminant:		
• resolved:	m4j		
• boosted:	m2j		

Resolved	analysis:

the sideband region; adding an inner radius to the control region to move it further from the signal region;
shifting the centre of the control region; and tightening and loosening the b-tagging vetoes applied in the
2-tag sample. The largest discrepancy observed in these variations in both 2015 and 2016 is ±5%, which
is used as the normalisation uncertainty.

These changes a�ect the kinematic and flavour compositions of the various regions used in the background
prediction. The control region agreement and signal region predictions of all variations considered are all
consistent to within the assigned uncertainties in the multijet background prediction.

The uncertainties in the description of the multijet m4j distributions is determined by comparing the
background predictions to the data in the control region and dummy signal regions. The description of the
kinematic turn-on and peak of the distribution are evaluated by fitting Landau functions to both 2-tag and
4-tag data in the dummy signal regions. The di�erences between the four-tag and two-tag fit parameters
are then propagated to the signal region prediction.To evaluate the level of agreement in the high mass
tail, linear fits are performed on the ratios of the distributions as shown in Figure 4. These fits, along with
their uncertainties, are shown in the bottom panels of Figure 4. They both have slopes consistent with
zero. The uncertainties in the multijet background shapes are defined using the uncertainties in the fitted
slopes. These uncertainties are also tested further using variations in the definitions of the control and
sideband regions and the b-tagging requirements used for the 2-tag sample. The shape in each of these
variations is consistent within the assigned uncertainties.

Table 2 summarizes the relative impact of the uncertainties in the event yields.

Table 2: Summary of systematic uncertainties (expressed in percentage yield) in the total background and signal
event yields in the signal region of the resolved analysis. Uncertainties are provided for both the 2015 and 2016
analyses for background, for non-resonant SM Higgs pair production and for a G⇤KK resonance in the Bulk RS model
with k/M̄Pl = 1 and m = 800 GeV.

2015 2016
Source Background SM hh G⇤KK (800 GeV) Background SM hh G⇤KK (800 GeV)

Luminosity – 2.1 2.1 – 3.7 3.7
JER – 5.7 3.3 – 5.4 3.5
JES – 6.4 1.3 – 6.6 1.3
b-tagging – 23 35 – 23 35
Theoretical – 9.7 4.2 – 9.7 4.2
Multijet 5 – – 5 – –
tt̄ 58 – – 58 – –

Total 5.5 26 35 5.5 27 36

5.4 Signal region event yields

The predicted number of background events in the signal region, the number of events observed in the
data, and the predicted yield for two potential signals are presented in Table 3 for both the 2015 and
2016 datasets. The numbers of predicted background events and observed events in both years are in
agreement.
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hh	→	bbVbbV:	Prospects	for	HL-LHC

		
!
!
!
!
!
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!
!
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6 ATL-PHYS-PUB-2016-024

Extrapolating	the	resolved	analysis	limit	on	σ	to	
14TeV	and	3000	fb-1:	

Adding	improvement	to	background	understanding:	

Caveat:	pile-up	might	require	a	higher	cut	on	jet-pT	
which	would	degrade	the	limit	significantly.

expected	HL-LHC	limit	on	λHHH:	
0.2	<	λHHH/λSM	<	7.0	@	95%	C.L.

No	sys.

pT(jet)>30GeV
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6 ATL-PHYS-PUB-2016-024

Extrapolating	the	resolved	analysis	limit	on	σ	to	
14TeV	and	3000	fb-1:	

Adding	improvement	to	background	understanding:	

Caveat:	pile-up	might	require	a	higher	cut	on	jet-pT	
which	would	degrade	the	limit	significantly.

expected	HL-LHC	limit	on	λHHH:	
0.2	<	λHHH/λSM	<	7.0	@	95%	C.L.

No	sys. Extrapolated	to	3000\-1

pT(jet)>30GeV
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Run	2		13.3fb-1		hh	→	γγWW*	(→	lν	jj)

Signal	selection:	
1	lepton	(pT>10GeV)	
2	jets	(pT>25GeV),		
2	photons	(pT>35/25	GeV)	
|m(γγ)	-	mh|	<	2σhh,			
											σhh	=	1.7	GeV		
!
!

7 ATLAS-CONF-2016-071

Control	region	(0	lepton):	 Signal	region	(1	lepton):	

non-resonant	limit:	
σHH	<	25pb		
(749	×	SM)

Limit	for	resonant	hh	production:

Data	driven	background	modelling:	
Sideband	extrapolation.	A	transfer	factor	is	measured	using	a	
second	order	exponential	function	in	the	0-lepton	control	region.	
Background	modelling	is	the	main	systematics	(17%)	
																																						

Process Number of events

Continuum background 7.26 ± 1.23
SM single-Higgs 0.616 ± 0.115
SM di-Higgs 0.0187 ± 0.00224

Observed 15

Table 1: Number of expected and observed events in the m
h

± 2 �
m�� mass window of the signal region, with an

integrated luminosity of 13.3 fb≠1 for the data. A cross section of 33.41 fb is assumed for the non-resonant Higgs
boson pair production, as explained in Sec. 2. The error on each yield includes both statistical and systematic
uncertainties, discussed in Sec. 5.

5 Systematic uncertainties

5.1 Modelling uncertainties on the continuum background

The uncertainties on the continuum background measured with the data-driven method, as calculated with
Eq. (1), arise from two sources: the statistical uncertainty of NContinuum

SB , i.e. from counting the number of
events in the sideband region of the signal region, and the measurement of ✏��. The statistical uncertainty
in the sideband region is 14.7% 2. The statistical uncertainty of the ✏�� measurement is 1.3% and its
relevant systematic uncertainties are discussed in the rest of this section.

First of all, the measurement is performed in the zero-lepton control region and is used in the one-lepton
region, assuming that the dependence on the lepton multiplicity is small. The dependence is checked
against two MC samples for the SM processes yielding l⌫ j j�� and j jyy final states, in which the measured
✏�� varies by 2.2%. This quantifies the dependence on the lepton multiplicity, but the two MC samples
that are tested have a very high photon purity, which may not be the case in the signal region. Thus,
additional checks are performed with data in regions where the photon purity can be very low, specifically
in regions defined by inverting either the photon isolation or the photon isolation and identification criteria
that are described in Sec. 3.1. This changes the measured ✏�� by 7.4%. The actual photon purity in the
observed data lies between the two cases tested above. Therefore, taking the largest di�erence among the
two cases, the ✏�� measurement is assigned an uncertainty of 7.4% due to the lepton multiplicity.

Secondly, the function used to model the continuum background gives rise to another uncertainty. Func-
tions with a low degree of freedom describe the background well. Nevertheless, various functional forms
were tested including 1st/2nd-order polynomial and 1st/2nd-order exponential. The measured ✏�� is stable
among all functions in the test, and only the 2nd-order exponential accommodates the data in all control
regions (obtained by inverting isolation and/or identification criteria of photon candidates). Therefore,
the 2nd-order exponential function is chosen to model the m�� distribution of the continuum background.
The largest di�erence on ✏�� measurements derived from testing various functions is taken as a systematic
uncertainty on the background modelling, which is 3.8%.

Finally, the definition of the sideband region can also have an impact on the ✏�� measurement. Thus,
an alternative sideband region, with m�� below 115 GeV or above 135 GeV, was tested and it yields

2 All uncertainties in this section are presented in the form of relative variations on either e�ciency or rates.

8

Event	numbers	in	SR:
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Run	2		3.2fb-1		hh	→	bb=γγ

Event	selection:	
• 2	isolated	photons,	ET/mγγ	>	0.35	
(0.25)	

• 2	b-jets,	pT>55/35	GeV,	ε=85%,	
removal	of	pile-up	jets	

• mh/mbb	scaling	to	improve	the	
mhhγγ	resolution	is	used	

• |mγγ	-	mh|<2σ(mhh);	
σ(mhh)=1.55GeV	

• mbb=γγ	containing	95%	of	di-Higgs	
events

8 ATLAS-CONF-2016-004

Resonant	limit:

Non-resonant	limit:	
σ	<	3.9pb	(117	×	SM)
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hh	→	bbVγγ:	HL-LHC

Simplified	analysis	for	√s=14TeV	and	a	luminosity	of	3000	fb-1	

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

9ATLAS-CONF-2016-004

S/B=9.5	/	91	giving	a	1σ	significance		

expected	HL-LHC	limit	on	λHHH:	
-0.8	<	λHHH/λSM	<	7.7	@	95%	C.L.
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Conclusion

Three	ATLAS	Run	2	analyses	searching	for	di-Higgs	decays	at	√s	=	13	TeV	have	been	presented.	

No	BSM	physics	has	been	observed	-	yet.	

Run	2	limits	with	13.3fb-1	already	improve	on	the	Run	1	limits	

HL-LHC	may	be	able	to	constrain	tri-linear	Higgs	couplings.

10
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Run	2		13fb-1			hh	→	bb=bb=:	Event	selection

12

mass are used to enhance the analysis sensitivity across this range. Mass-dependent requirements are
made on the leading Higgs boson candidate pT, plead

T , the sub-leading Higgs boson pT, psubl
T , and the

pseudorapidity di�erence between the two Higgs boson candidates, |�⌘hh |:

plead
T > 0.5m4j � 90 GeV

psubl
T > 0.33m4j � 70 GeV

|�⌘hh | <
8><>:

1.1 if m4j < 850 GeV
2 ⇥ 10�3m4j � 0.6 if m4j > 850 GeV

where m4j is again expressed in GeV.

Following this mass-dependent selection, a further requirement is made that the two Higgs boson can-
didates must be separated in �R, demanding �R (h, h) > 1.5. Figure 1 shows the e�ciency of the
mass-dependent selection and Higgs separation requirements as the curve labelled “m4j Dependent Cuts,
�Rhh”.

A requirement on the Higgs boson candidates’ masses is used to define the signal region:

Xhh =

vuut
*
,

mlead
2j � 120 GeV

0.1mlead
2j

+
-

2

+ *,
msubl

2j � 115 GeV

0.1msubl
2j

+
-

2

< 1.6 (2)

where the 0.1m2j terms represent the widths of the leading and sub-leading Higgs boson candidate mass
distributions. The signal region is shown as the inner region of Figure 3. The e�ciency of the full event
selection, including this signal region requirement, is shown in Figure 1 as “Xhh”.

Finally, the e�ect of the trigger requirement is seen in the curve labelled "trigger", which shows the total
e�ciency of the event selection criteria and the trigger.

The final analysis discriminant, m4j, is simply the invariant mass of the selected four-jet system. No
correction is made based on the known Higgs boson mass.

5.2 Background estimation

After the full event selection, about 95% of the background consists of multijet events, which are modelled
using data. The remaining 5% is tt̄, which is modelled using MC simulation. There is negligible
background from all other sources including processes involving Higgs bosons.

5.2.1 Multijet background

The multijet background is modelled with an independent data sample selected using the same trigger and
selection requirements as described above, except for the b-tagging requirement: exactly two jets must
pass the b-tagging requirement. This “2-tag” selection yields a data sample that consists of 98% multijet
events and 2% tt̄ events. The predicted signal contamination is negligible.

The 2-tag sample used to model the full-selection “4-tag” sample is a signal-free sideband region of the
mlead

2j –msubl
2j plane, as illustrated in Figure 3. The modelling is verified in a control region. The sideband
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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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(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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In contrast to the resolved analysis however, this sideband region is also used to derive the normalisation
of the tt̄ background. A control region between the signal and sideband regions is again used to verify
the background models and to assign systematic uncertainties. The regions of the mlead

J -msubl
J plane are

depicted in Figure 7.
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Figure 7: The msubl
J vs. mlead

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

J =124 GeV, msubl
J =115 GeV). The control region is the

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

The background yield in each of the three signal samples, Nn�tag
bckgrd (where n-tag represents 2-, 3- and 4-tag),

is evaluated using the following expression:

Nn�tag
bckgrd = µ

n�tag
multijetN

0�tag
multijet + ↵

n�tag
t t̄

Nn�tag
t t̄

(5)

where N0�tag
multijet is the number of multijet events in the 0-tag sample and Nn-tag

t t̄
are the numbers of events

predicted by the n-tag tt̄ simulation. The parameter µn-tag
multijet corresponds to the ratio of multijet event

yields in the n-tag to 0-tag samples. Finally, the parameter ↵n�tag
t t̄

is a scale factor designed to correct the
tt̄ event yield estimated from the MC simulation.

The values of µn�tag
multijet and ↵n�tag

t t̄
are extracted using Equation 5 from binned likelihood fits to the

leading R = 1.0 jet mass distribution, as illustrated in Figure 8. The leading jet mass distributions (both
normalisation and shape) for multijet events are extracted from the relevant 0-tag sample, after subtraction
of the tt̄ contributions predicted by MC simulation. The tt̄ distributions are taken directly from the MC
simulation. The fitted values of µmultijet and ↵t t̄ are given in Table 4.

Similar to the resolved analysis, corrections are made for di�erences between the 0-tag and 2-tag-split,
3-tag and 4-tag samples by reweighting events in the 0-tag sample. These weights are again derived in
the sideband regions, from fits to the ratio of the total background model to data for those distributions
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Table 4: The fitted values of µmultijet and ↵t t̄ and their correlation for the 2-tag-split, 3-tag and 4-tag samples.

Sample µmultijet ↵t t̄ ⇢
⇣
µmultijet, ↵t t̄

⌘

2-tag-split (3.63 ± 0.04) ⇥ 10�2 1.44 ± 0.06 �0.65
3-tag (8.38 ± 0.17) ⇥ 10�3 1.77 ± 0.16 �0.61
4-tag (8.48 ± 0.73) ⇥ 10�5 2.5 ± 1.1 �0.63

that exhibit the largest discrepancies: the pT of the leading Higgs boson candidate and the pT of the
leading track-jets associated to each of the Higgs boson candidate. The reweighting is performed using
up to three-dimensional distributions but is iterated so that correlations between the three variables are
taken into account. After the correction process, there is agreement between the background model and
sideband region data.

The impact of limited statistical precision for m2J > 1.2 TeV in the multijet and tt̄ models is ameliorated
using a background smoothing procedure, which fits the background distributions with the following
function:

f (m2J) = p1

 
1 � m2Jp

s

! p2  
m2Jp

s

! p3

(6)

where pi are fit parameters. The multijet background is fitted in the range 1.2 TeV < m2J < 3.0 TeV,
while the tt̄ background is fitted in the range 1.1 TeV < m2J < 3.0 TeV. These fitted functional forms are
then used to generate smooth background templates for the statistical analysis. Since very few simulated tt̄
events pass the full four-tag selection, the tt̄ distribution in the four-tag sample is taken from the three-tag
distribution. A systematic uncertainty is assigned to account for this approximation.

The modelling of the background yields and kinematics is validated in the control regions of the 2-tag-split,
3-tag and 4-tag samples. Good agreement is observed between the yield in data and the yield of predicted
backgrounds in the sideband and control regions of each of the samples, as shown in Table 5. Figure
9 compares the predicted background dijet mass distributions to data in the control regions of the three
samples. The systematic uncertainties derived in Section 6.3 are shown. Good agreement is obtained in
all cases.

Table 5: The number of events in data and predicted background events in the sideband and control regions of the
2-tag-split, 3-tag and 4-tag samples for the boosted analysis. The number of multijet and tt̄ background events in the
sideband regions are constrained by the number of observed events, as explained in the text. The uncertainties are
statistical, with fit uncertainties included for backgrounds. The anti-correlation between the multijet and tt̄ yields is
accounted for in the uncertainty on the total background yield.

2-tag-split 3-tag 4-tag
Sample Sideband Control Reg. Sideband Control Reg. Sideband Control Reg.

Multijet 19 400± 200 5 917± 62 4 294± 89 1 318± 27 258± 22 84.3± 7.1
tt̄ 3 860± 160 1 038± 45 720± 68 189± 19 36± 16 10.1± 4.5
Total 23 260± 160 6 954± 52 5 014± 73 1 507± 24 294± 17 94.4± 5.8

Data 23 277 7 200 5 007 1 529 291 81
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Table 6: Summary of systematic uncertainties (expressed in percentage yield) in the total background and signal
event yields in the signal region of the boosted analysis. Uncertainties are provided for each of the three samples for
background and for a G⇤KK resonance in the Bulk RS model with k/M̄Pl = 1 and m = 2.0 TeV.

2-tag-split 3-tag 4-tag
Source Background G⇤KK (2 TeV) Background G⇤KK (2 TeV) Background G⇤KK (2 TeV)

Luminosity - 2.9 - 2.9 - 2.9
JER - 0.1 - 0.1 - 0.3
JMR - 12 - 12 - 12
JES/JMS - 4.5 - 4.2 - 3.3
b-tagging - 58 - 15 - 38
Theoretical - 2.7 - 2.3 - 2.4
Bkg Estimate 4.4 - 4.6 - 21 -
Statistical 0.5 1.4 1.1 1.0 1.2 1.3
tt̄ 1.6 - 4.7 - 10 -

Total Sys 4.7 59 6.6 20 24 40

Table 7: The number of predicted background events in the signal region for the boosted analysis compared to the
data, for the 2-tag-split, 3-tag and 4-tag datasets. The yields for a potential signal of a 2.0 TeV G⇤KK resonance with
k/M̄Pl = 1 is shown. The quoted errors include both the statistical and systematic uncertainties. The anti-correlation
between the multijet and tt̄ yields is accounted for in the uncertainty on the total background yield.

Sample 2-tag-split 3-tag 4-tag

Multijet 2 310± 240 515± 41 32.6± 7.6
tt̄ 460 ± 170 81± 37 5.7± 5.2
Total 2 770± 130 596± 39 38.3± 9.0

Data 2 813 671 32

G⇤KK (2 TeV), k/M̄Pl = 1 0.17 ± 0.10 0.31± 0.06 0.15± 0.06
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Table 6: Summary of systematic uncertainties (expressed in percentage yield) in the total background and signal
event yields in the signal region of the boosted analysis. Uncertainties are provided for each of the three samples for
background and for a G⇤KK resonance in the Bulk RS model with k/M̄Pl = 1 and m = 2.0 TeV.
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Table 7: The number of predicted background events in the signal region for the boosted analysis compared to the
data, for the 2-tag-split, 3-tag and 4-tag datasets. The yields for a potential signal of a 2.0 TeV G⇤KK resonance with
k/M̄Pl = 1 is shown. The quoted errors include both the statistical and systematic uncertainties. The anti-correlation
between the multijet and tt̄ yields is accounted for in the uncertainty on the total background yield.
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Multijet 2 310± 240 515± 41 32.6± 7.6
tt̄ 460 ± 170 81± 37 5.7± 5.2
Total 2 770± 130 596± 39 38.3± 9.0
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(b) Current systematics

Figure 6: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a

function of the Higgs self-coupling constant �HHH , assuming: (a) systematic uncertainties are negligible and (b)
systematic uncertainties remain at their current values. The cross-section exclusion limit grows less stringent in
the range 3 < �HHH/�SMHHH < 5 due to the shift of mHH towards lower values where the analysis acceptance is
decreased and the backgrounds are higher. The extrapolated sensitivities are shown using a jet pT threshold of 30
GeV.

6.3 E↵ect of Minimum Jet pT Thresholds

The high number of pile-up events at HL-LHC cause di�culties in maintaining high acceptance when
triggering on multijet final states. Jets produced in the pile-up events cause high trigger rates, necessitating
a rise in jet pT thresholds, which is exacerbated by the deterioration in trigger pT turn-on curves caused
by the additional soft energy deposited in the calorimeters.

The impact of increasing the multijet trigger pT thresholds has been examined by repeating the analysis
using di↵erent minimum jet pT requirements on the constituent jets of the Higgs boson candidates. The
expected 95% C.L. upper limit on the cross-section �

⇣
HH! bb̄bb̄

⌘
as a function of the minimum jet pT

required is shown in Figure 7. Ref. [7] proposes a trigger menu with a multijet trigger that requires four
jets, all satisfying a minimum pT threshold equivalent to demanding pT > 75 GeV for jets reconstructed
o✏ine. This degrades the sensitivity by ⇠30% relative to the current analysis threshold of pT > 30 GeV
and is equivalent to reducing the integrated luminosity of the final dataset by 1000 fb�1.

The expected 95% C.L. upper limit on the SM cross-section �
⇣
HH! bb̄bb̄

⌘
as a function of integrated

luminosity is shown in Figure 8, when the minimum jet pT > 75 GeV is required. Two scenarios are
shown: the best possible scenario where systematic uncertainties are entirely negligible and for the con-
servative scenario where the uncertainties remain as they were for the 2016 analysis. It can be seen that
sensitivity is lost for all integrated luminosities compared to the analysis with minimum jet pT > 30 GeV
and that the detrimental impact of the systematic uncertainties is increased.

Demanding a higher minimum jet pT > 75 GeV has a significant impact on the sensitivity of the analysis
to �HHH , as shown in Figure 9. The Higgs boson self-coupling would be constrained more loosely:
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expected	HL-LHC	limit	on	λHHH:	
−3.5	<	λHHH/λSM	<	11.0	@	95%	C.L.

current	sys.
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Figure 7: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the minimum

jet pT required of the four Higgs boson candidate constituent jets.

assuming that systematic uncertainties are negligible, �3.4 < �HHH/�SMHHH < 12, while if current
systematic uncertainties are used, �7.4 < �HHH/�SMHHH < 14.

Table 2 summarises the various extrapolations made under di↵erent assumptions presented above.

Table 2: Summary of the constraints on �
⇣
HH! bb̄bb̄

⌘
/�SM and �HHH/�SMHHH extrapolated to 3000 fb�1 under

various assumptions.
Jet Threshold Background �/�SM �HHH/�SMHHH �HHH/�SMHHH

[GeV] Systematics 95% Exclusion Lower Limit Upper Limit
30 GeV Negligible 1.5 0.2 7
30 GeV Current 5.2 -3.5 11
75 GeV Negligible 2.0 -3.4 12
75 GeV Current 11.5 -7.4 14
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Figure 8: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
/�SM , as a function of the integrated

luminosity of the search. The red line shows the upper limit when evaluated without systematic uncertainties, while
the green line assumes that the systematic uncertainties remain as they were in 2016. The lower panel shows the
ratio between these two limits. The extrapolated sensitivity is shown using a jet pT threshold of 75 GeV.
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(b) Current systematics

Figure 9: Expected 95% C.L. upper limit on the cross-section �
⇣
HH! bb̄bb̄

⌘
with

R
Ldt = 3000 fb�1, as a func-

tion of the Higgs self-coupling constant �HHH when the selection demands four b-tagged jets with pT > 75 GeV.
(a) systematic uncertainties are assumed to be negligible and (b) systematic uncertainties are assumed to remain at
their current values. The cross-section exclusion limit grows less stringent in the range 3 < �HHH/�SMHHH < 5
due to the shift of mHH towards lower values where the analysis acceptance is decreased and the backgrounds are
higher. The extrapolated sensitivities are shown using a jet pT threshold of 75 GeV.
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