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Why looking for HH?
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2 Phenomenology53

In the Standard Model (SM), after the EWSB, the Higgs potential can be written with the fol-
lowing formula:

V(h) =
1
2

m2
hh2 + lhhhvh3 +

1
4

lhhhhh4 (1)

which is a two parameter model. One of them is the Higgs boson vacuum expectation value
(v), determined by the Fermi constant (GF), v = (

p
2GF)�1/2 ' 246 GeV. The other is the Higgs

boson mass mh that is measured to be 125.09 ± 0.24 GeV in the most precise and recent results
combining the ATLAS and CMS Run-I 4` and gg final states [4]. In the SM, the trilinear Higgs
self-coupling, lhhh is not an independent parameter, but it is a function of v and mh:

lhhh ⌘ lSM
hhh =

m2
h

2v2 ' 0.129. (2)

At LHC lhhh is only accessible and can be measured in Higgs boson pair production, pp ! hh.54

The gluon fusion process is the dominant h pair production process and its cross section is55

about one order of magnitude larger than the second largest process which is vector boson fu-56

sion. Two diagrams are involved in the gg ! hh production (see Figure 1). In both diagrams
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Figure 1: The Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown.
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(box and triangle) the h pair production is mediated by loops of heavy quarks which in the SM58

are mainly top quarks. Bottom quark loops contribute to the total cross section with less than59

1% at LO. The triangle and box diagrams interfere and the interference of the two amplitudes60

depend by the value of lhhh, providing a way to measure it. The gluon fusion process cross sec-61

tion is known at NNLO in QCD using the infinite top quark mass approximation and perform-62

ing the NNLL threshold resummation [5, 6]. The numerical value of the cross section for the63

LHC centre of mass energies of 13 TeV at mh = 125.09 GeV is sSM
hh (13TeV) = 37.9 fb +4.3

�6.0%(scale64

unc.) ±2.1%(PDF unc.) ±3.1%(PDF+aS unc.). It is calculated using the new PDF4LHC rec-65

ommendations for LHC Run-II [7] and the renormalisation and factorisation scales is equal to66

mhh/2.67

Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70

13 TeV for two benchmark integrate luminosity (L) scenari, 5 fb�1 and 300 fb�1. The symbol `71

refers to an electron or a muon.72

Phenomenological studies showed that the bbtt channel is one of the most promising, having73

a quite high BR (7.3%) and a relatively small contamination.74

Finally to be underline that many model of physics Beyond the Standard Model (BSM) predict a75

value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77

4 2 Phenomenology

Channel BR [%] Exp. # events Exp. # events
L = 5 fb�1 L = 300 fb�1

bbtt 7.3 13.6145 272.29
bbgg 0.26 0.4849 9.698
bbWW ! bbjj`n 7.3 13.6145 272.29
bbWW ! bb`n`n 1.2 2.238 44.76
bbZZ ! bb```` 0.014 0.02611 0.5222
bbZZ ! bbjj`` 0.29 0.54085 10.817
bbZZ ! bbjjjj 1.49 2.77885 55.577

Table 1: Decay channels for the h pair production, relative branching ratio, and the inclusive
expected number of events at 13 TeV for two benchmark integrate luminosity scenari, 5 fb�1

and 300 fb�1. The symbol ` refers to an electron or a muon.

1. New particles responsible for additional loops could in principle be enhanced by a factor78

up to 1000, like in the color-octet scalars model [8].79

2. A modification of the value of the Higgs self coupling [9–11]. There are many models that80

could be in agreement with other Higgs measurement but differ in the value of lhhh.81

An inclusive measurement of shh could not distinguish between this two options. The shape of82

the differential cross section could be in principle sensitive to this effect, but such measurement83

would depend on the number of expected events. Anyway, a deviation of shh from the SM84

prediction would be an indication of the presence of New Physics (NP).85

At Run 2 we do not have sensitivity to perform a direct lSM
hhh measurement but the available86

data allow to constrain BSM models which enhance the non-resonant Higgs boson pair produc-87

tion. The BSM physics can modelled with the Effective Field Theory (EFT) approach adding88

dimension-6 operators to the SM Lagrangian yielding two consequences:89

• anomalous yt and lhhh coupling strengths;90

• additional BMS diagrams enter in the game.91

The different BSM processes contributing to the Higgs boson pair production in pp collisions92

at leading order (LO) are schematized in Figure 2. Three more couplings have been introduced:
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Figure 2: Feynman diagrams of processes that contribute to Higgs boson pair production by
gluon-gluon fusion at leading order. Diagrams corresponds to pure BSM effects.

93

c2, c2g, and cg. To be noted that for linear EFT we identity c2g = cg and c2 = �(3mt/2v)yt. Then94

the combination of cg and yt is fixed by the requirement that single Higgs production must95

agree with the experimentally observed value ( s(gg!h)
s(gg!h)SM

⇠ |cg + yt|2). The couplings c2g, and96

lhhh cannot be probed in single Higgs production, but require measurement of the di-Higgs97

rate and distributions.98

Finally, at LO the gg ! hh process is completely determined by two variables (as the invariant99

mass of the system, mhh and the scattering angle, Hq), all the SM and BSM effects can be de-100

Non-resonant production

￭ SM prediction @13 TeV [NNLO+NNLL]  
σpp→hh = 33.49+4.3-6.0 (scale) ± 2.1 (PDF) ± 2.3 (𝛼s) fb 
[HXSWG, arXiv:1610.07922] 

￭ Main way to extract trilinear coupling 𝜆hhh 
￭ No sensitivity at LHC with current luminosity

￭ Sizeable effects from BSM physics 
□ σ enhancement, kinematics modification 

￭ Parametrised with effective Lagrangian using 5 
independent parameters: 𝜆hhh,  yt, c2, cg, c2g 

￭ Here focus on main production mode: gg fusion 

□ VBF and other modes presently out of reach
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Due to the small cross sections decay channels in which one Higgs boson goes to bb should68

be chosen (BR(h !bb) = 0.577). The Table 1 shows some interested decay channels for the h69

pair production, their relative branching ratio, and the inclusive expected number of events at70
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refers to an electron or a muon.72
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value of production cross section of Higgs boson pair production, shh, that significantly differs76

from SM prediction. In particular, shh can be enhanced for two reasons.77
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￭ MSSM/2HDM: additional Higgs doublet gives CP-even scalar H 
□ probe the low mH - low tanβ region of the MSSM plane where BR (H→hh) is sizable 

￭ Singlet model: additional Higgs singlet S gives an extra scalar H 
□ sizable BR beyond 2xmtop, non negligible width at high mH 

￭ Warped Extra Dimensions: spin-2 (KK-graviton) and spin-0 (radion) 
resonances 
□ different phenomenology if SM particles are allowed (bulk RS) or not (RS1 model) to 

propagate in the extra-dimensional bulk

250 MX [GeV]1000 2000400 600 800
MSSM/2HDM Singlet model WED

3000

Resonant production Resonant HH production not predicted in the SM 
Any observation would be a sign of new Physics

Why looking for HH?
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￭ HH production and decays are 

decoupled effects 
□ assume SM BRs in the analyses  

￭ Require one h→bb or h→WW 
decay to keep BR sufficiently 
high 

￭ Tradeoff between BR and 
background contamination in the 
choice of final state 
□ various channels are 

complementary 
□ different sensitivities in different 

mass ranges

4

BR hh→xxyy 
(mh = 125 GeV)

rarer
rarer

33.6%

0.26%

24.8%

7.3%

0.1%

How looking for HH?
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￭ Run I searches on ~20 fb-1 of data 
□ bbbb, bb𝜏𝜏, bb𝛾𝛾, 𝛾𝛾WW, lepton+photons 
□ ATLAS performed a combination of the 4 

channels analysed 
□ 13 TeV searches sensitivity is already close 

(or higher!) to Run I despite the smaller 
luminosity 

□ Only 13 TeV results are presented here 
￭ Different luminosities collected at 13 TeV 

are analysed in the various channels 
￭ Both resonant and non-resonant searches 

in all final states 
□ extended coverage to non-resonant BSM 

couplings in bbWW and bb𝜏𝜏 (CMS) 
□ resonance mass range from 250 GeV to 3 TeV 

depending on the analysis

Searches outline

Channel

Lumi analysed @13 TeV [fb-1]

bbbb 13.3 2.3/2.7

bbWW - 2.3

bb𝜏𝜏 - 12.9

bb𝛾𝛾 3.2 2.7

𝛾𝛾WW 13.3 -
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￭ Difficult event reconstruction 
□ Limited resolution on b jet 

invariant mass 
→ regression / mH rescale 

□ Missing energy in 𝜏𝜏 searches  
→ likelihood methods

6

Experimental challenges

￭ b-jets from high mass 
resonances overlap  
→ jet substructure 
techniques

￭ Small signals with large backgrounds 
→ MVA methods to separate from 
overwhelming backgrounds
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invariant mass: improve resolution 
with kinematic fit
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ATLAS-CONF-2016-049 
CMS-PAS-HIG-16-002 , CMS-PAS-HIG-16-026 hh →bbbb
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CMS
Preliminary

￭ b-tagging at trigger level, require 4 b-
tagged jets offline 

￭ Signal and control regions defined in the 
(mjjlead, mjjsublead) plane 

￭ Main background: QCD multijet. Estimated 
from data 
□ ATLAS: relaxed b-tag and inverted mass 

sideband 
□ CMS resonant: fit to data in mass sideband 
□ CMS non-resonant: “hemisphere mixing” to 

create background template mixing data 
events topologies 
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hh →bbbbATLAS-CONF-2016-049 
CMS-PAS-HIG-16-002 , CMS-PAS-HIG-16-026 
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￭ Exploit invariant mass of objects to look 
for a signal 
□ ATLAS, CMS resonant: exploit 4j invariant 

mass. CMS does a separate study of low 
and medium mass regions 

□ CMS non-resonant: 2D fit in (mjjlead, 
mjjsublead) plane
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hh →bbbb : boostedATLAS-CONF-2016-049 
CMS-PAS-B2G-16-008
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￭ Background from data 
□ ATLAS: multijet+tt yield 

simultaneous fit to jet-mass 
distribution in sideband. 
Multijet shape from data. 

□ CMS: two separate methods 
1) simultaneous functional fit 
of signal and bkg to data  
2) interpolation of b-untagged/
b-tagged event ratio vs. mJlead 
into the signal region

￭ Require two jets with cone 1.0 (ATLAS) / 0.8 (CMS) 
□ trigger: one R=1.0 jet (ATLAS), jets+ HT sums (CMS) 

￭ b-tag criteria applied 
□ ATLAS: categories with 2/3/4 b-tagged track-jets matched 
□ CMS: two separate methods 

1) b-tag on sub-jets + 3-4 tag categorization /  
2) double-b tagging MVA algorithm on R=0.8 jet
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￭ 13.3 fb-1 of data analysed by ATLAS, 
2.3/2.7 fb-1 by CMS 

￭ Limits set for resonant (spin-0 and spin-2) 
and non-resonant production 

￭ Sensitivity to non-resonant production still 
O(10)-O(100) X SM

10

hh →bbbb : results
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transitions of analysis technique
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CMS-PAS-HIG-16-011 
CMS-PAS-HIG-16-024 hh →bbWW

￭ WW→lνl lνl (l = e, μ) ⟹ bbee, bbμμ, bbeμ 
￭ Dominant background: tt (same final 

state) 
￭ Exploit event kinematics to select signal 

using BDT method 
□ resonant search: low and high-mass BDT 

trainings 
□ non-resonant search: common BDT trained 

on optimal BSM topology 
￭ Simultaneous fit of BDT distribution in 

signal region and mjj sideband to 
constrain background
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CMS-PAS-HIG-16-011 
CMS-PAS-HIG-16-024 hh →bbWW: results

￭ Limits set for spin-0 and spin-2 resonances in the mass range [250, 900] GeV 
□ similar sensitivity to both spin hypotheses 

￭ Test of anomalous couplings 
□ 1-dimensional scan of the 5 effective Lagrangian parameters 
□ some corners of effective Lagrangian phase space parameters start to be excluded 
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CMS-PAS-HIG-16-028 
CMS-PAS-HIG-16-029 hh →bb𝜏𝜏

￭ Main backgrounds: tt, QCD multijet, DY 
￭ 𝜏𝜏 mass reconstructed with likelihood method 
￭ Signal extracted using 4-body mass 
￭ Resonant case 
□ b-jet categorisation 
□ boosted b-jets topologies 
□ kinematic fit of four-body mass 

￭ Non-resonant case 
□ BDT to reject tt background based on angular 

variables 

￭ Background estimation 
□ tt: from MC with pT reweighting 
□ QCD: from data same-sign sideband 
□ DY: MC shape + data-driven yield in μμ sideband
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CMS-PAS-HIG-16-028 
CMS-PAS-HIG-16-029 hh →bb𝜏𝜏 : results
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￭ 3 final states combined: bbe𝜏h, bbμ𝜏h, bb𝜏h𝜏h  
￭ Limits to resonant production in range [250, 

900] GeV 
￭ Test of anomalous couplings (including 

modified signal kinematics) 
□ 1D and 2D scans of k𝝀 = 𝝀hhhSM/𝝀hhh, kt = ytSM/yt

other BSM couplings set to 0

obs: 208 x SM



           Luca Cadamuro (LLR)                                25/11/2016       HH review for ATLAS and CMS 15

ATLAS-CONF-2016-004 
CMS-PAS-HIG-16-032 hh →bb𝛾𝛾

￭ 𝛾𝛾 trigger, require offline two photons and 
two b-tagged jets 
□ MVA for 𝛾𝛾 vertex identification taken from 

H→𝛾𝛾 analyses 
￭ mbb resolution improvement with rescaling to 

H(125) mass (ATLAS) and multivariate 
regression (CMS) 

￭ Main background: continuum jj𝛾𝛾 production 
￭ Background from data 
□ 0 b-tag sideband (ATLAS) or functional fit in 

signal region (CMS) 

￭ Exploit excellent m𝛾𝛾 resolution in signal 
extraction 
□ ATLAS non-resonant: fit on m𝛾𝛾 

□ ATLAS resonant: counting exp. in mbb𝛾𝛾 window 

□ CMS: 2D unbinned fit on (mbb, m𝛾𝛾)
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￭ Limits set for resonance masse up to 400 
(ATLAS) and 900 (CMS) 
□ both spin-0 and spin-2 hypotheses tested for CMS, 

very similar sensitivity 
￭ Sensitivity O(100) times the SM production

16

ATLAS-CONF-2016-004 
CMS-PAS-HIG-16-032 hh →bb𝛾𝛾: results

Obs (exp) limit on non-resonant 
σ (pp→hh) x BR (hh→bb𝛾𝛾)

10.1 (14.0) fb 
[obs : 117 x SM]

7.90 (7.85) fb 
[obs: 91 x SM]
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￭ WW𝛾𝛾 → qq’l𝜈lWW𝛾𝛾 final state analysed 
￭ 𝛾𝛾 mass requirement compatible with 

H(125) within ± 2σ𝛾𝛾 (σ𝛾𝛾 = 1.7 GeV), two 
jets (w/ b-jet veto), one lepton in signal 
region 

￭ Background yield estimated from data in 
m𝛾𝛾 mass sideband, using acceptance 
calculated in zero-lepton sideband 

￭ Signal extraction with counting experiment

17

ATLAS-CONF-2016-071 hh →WW𝛾𝛾

Process Number of events

Continuum background 7.26 ± 1.23
SM single-Higgs 0.616 ± 0.115
SM di-Higgs 0.0187 ± 0.002 24

Observed 15

Obs (exp) limit on σ (pp→hh) x BR (hh→WW𝛾𝛾) : 
24.4 (12.6) fb [obs: 747 x SM] 
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Results overview - resonant searches

￭ Complementarity of 
searches in different 
mass ranges 

￭ Similar sensitivity for 
many final states 
□ much to gain from a HH 

combination!
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NOTE: ATLAS bbbb limit is for spin-2, other limits are for spin-0, 
but expect very similar sensitivity in the two spin hypothesis
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Result overview - non resonant searches
￭ Good complementarity between 

channels and experiments 
□ bbbb and bb𝛾𝛾 with the best sensitivity to 

SM production at the moment 
￭ Not the same amount of data analysed! 
□ ranging from 2.3 to 13.3 fb-1 

￭ CMS studied also anomalous couplings 
hypotheses in the bbWW and bb𝜏𝜏 final 
states 
□ shape variation from 5D effective 

Lagrangian parametrisation taken into 
account 

□ limit scan of effective Lagrangian 
parameters 

￭ Many interesting results from 8 TeV 
analyses not shown

19

Channel

Obs. (exp) 95% C.L. limit on σ/σSM

bbbb 29 (  -  ) 342 (308)

bbWW - 410 (227)

bb𝜏𝜏 - 208 (172)

bb𝛾𝛾 117 (161) 91 (90)

𝛾𝛾WW 747 (386) -
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Conclusions
￭ HH production at the LHC allows us to probe the scalar sector structure, 

test its extensions, and identify signs of new physics. It will ultimately give 
access to the Higgs boson trilinear coupling 

￭ Both resonant and non-resonant production mechanisms must be 
explored to gain access to a broad range of underlying (new) physics 

￭ The searches performed by the ATLAS and CMS collaborations with 13 
TeV data are shown. Many different final states with complementary 
sensitivities are explored 

￭ No sign of deviation from the SM is observed. Limits are set as a function 
of the X→hh resonance mass and for SM and BSM couplings in non-
resonant production 
□ still far in sensitivity from SM production 

￭ About 2x/10x of the analysed luminosity has been collected this year 
□ expect update from most analyses by Moriond 2017 and possibly a combination 

of different final states by the end of the year 
￭ Looking forward for the results on the latest data!

20



Additional material
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Chapter I.7. Higgs Boson Pair Production 219

I.7.5 Experimental results
In Run 1 ATLAS and CMS performed searches for BSM di-Higgs boson production in gluon-gluon
fusion process assuming resonant and nonresonant hypotheses. Taking in account the Higgs bosons
decays, four different final states were explored. One search requires both Higgs bosons to decay to bb̄,
that is the largest decay branching fraction within the SM. In other two the second Higgs boson decays to
�� or ⌧⌧ final states that helps to reduce the SM background. The fourth channel, explored by ATLAS,
features one Higgs boson decaying to WW ⇤ with a subsequent leptonic decay and the other to ��. A
summary of the searches, obtained assuming a di-Higgs boson production through a spin-0 resonance in
s-channel with a negligible natural width, is shown in Figure 127I.47. To compare different final states
the decays branching fractions of the Higgs boson is assumed to be the SM one. Limits are provided
from mspin-0

X = 260 GeV to mspin-0
X = 3 TeV and spans over 3 orders of magnitude from typically 1-10

pb around the lowest edge and 1-10 fb around the highest edge. They are interpreted in the context of
two simplified scenarios of the Minimal Supersymmetric Standard Model, 2 Higgs Double Model and
Warped Extra Dimensions.
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Figure 127: Comparison of the observed and expected 95% confidence level (CL) upper limits on the product of
cross section and the branching fraction �(pp ! Xspin-0) ⇥ B(Xspin-0 ! hh). We assuming a narrow width
approximation for Xspin-0 and SM branching fractions for Higgs boson decay. Results are provided by ATLAS
and CMS collaborations based on results from Run 1 data taking period.

ATLAS collaboration performed searches at
p

s = 8 TeV using an integrated luminosity of
20.3 fb�1 [487,489,490] and subsequently combined them for mspin-0

X < 1 TeV hypothesis in Ref. [490].
The latter result is shown on Figure 127 complemented with bb̄bb̄ results for mspin-0

X > 1 TeV hypothesis.
Similar searches was performed by the CMS collaboration in ��bb̄ [491], ⌧⌧bb̄ [492–494], bb̄bb̄ [488,

495] using a data sample of 17.9 to 20.3 fb�1 depending on the analysis. The results obtained by differ-
ent analyses looking in an identical final state are shown in Figure 127 with the same colour. In particular

I.47One may notice than for some of the analyses a spin-2 interpretation is also available as well as an interpretation assuming
a significant natural width [487, 488].

Summary of 8 TeV results
￭ Searches in bbbb, bb𝜏𝜏, 

bb𝛾𝛾, WW𝛾𝛾 (ATLAS 
only)  final states 

￭ ATLAS performed a 
combination of the four 
channels 
Phys. Rev, D92, 092004 
(2015) 
□ bbbb dominant at high 

mass 
￭ Best obs (exp) sensitivity 

to SM HH production 
□ CMS: 74 (62) x SM from 

bb𝛾𝛾 
□ ATLAS: 78 (48) x SM from 

combination
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sensitivity followed by the hh!��bb analysis. The observed combined limit is slightly weaker than that
of the hh!bbbb analysis, largely due to the aforementioned excess.

Table 4: The expected and observed 95% CL upper limits on the cross sections of nonresonant gg!hh production
at
p

s = 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 ��bb ��WW⇤ bb⌧⌧ 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

The impact of systematic uncertainties on the cross-section limits is studied using the signal-strength
parameter µ, defined as the ratio of the extracted to the assumed signal cross section (times branching ratio
BR(H!hh) for the resonant search). The resulting shifts in µ depend on the actual signal-strength value.
For illustration, they are evaluated using a cross section of 1 pb for gg! (H!)hh, comparable to the limits
set. The e↵ects of the most important uncertainty sources are shown in Table 5. The leading contributions
are from the background modeling, b-tagging, the h decay branching ratios, jet and Emiss

T measurements.
The large impact of the b-tagging systematic uncertainty reflects the relatively large weight of the hh!
bbbb analysis in the combination. For the hh!bb⌧⌧ analysis alone, the three leading systematic sources
are the background estimates, jet and Emiss

T measurements, and lepton and ⌧had identifications. For the
hh! ��WW⇤ analysis, they are the background estimates, jet and Emiss

T measurements and theoretical
uncertainties of the decay branching ratios of the Higgs boson h.

For the resonant production, limits are set on the cross section of gg!H production of the heavy Higgs
boson times its branching ratio BR(H ! hh) as a function of the heavy Higgs boson mass mH . The
observed (expected) limits of the hh!bb⌧⌧ and hh!��WW⇤ analyses are illustrated in Fig. 5 and listed

Table 5: The impact of the leading systematic uncertainties on the signal-strength parameter µ of a hypothesized
signal for both the nonresonant and resonant (mH = 300, 600 GeV) searches. For the signal hypothesis, a Higgs
boson pair production cross section (�(gg!hh) or �(gg!H) ⇥ BR(H!hh)) of 1 pb is assumed.

Nonresonant search Resonant search
mH = 300 GeV mH = 600 GeV

Source �µ/µ [%] Source �µ/µ [%] Source �µ/µ [%]
Background model 11 Background model 15 b-tagging 10
b-tagging 7.9 Jet and Emiss

T 9.9 h BR 6.3
h BR 5.8 Lepton and ⌧had 6.9 Jet and Emiss

T 5.5
Jet and Emiss

T 5.5 h BR 5.9 Luminosity 2.7
Luminosity 3.0 Luminosity 4.0 Background model 2.4
Total 16 Total 21 Total 14
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