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 Motivations: Resonant searches
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           Luca Cadamuro (LLR)                                10/05/2016       Search for resonant Higgs boson pair production at CMS

Theoretical motivation
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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

3000250 400 1000800600 30002000 MH [GeV]

MSSM/2HDM: Additional Higgs doublet→CP-even scalar H.
•We can probe the low mA/low tanβ region where BR(H→h(125)h(125)) is sizeable.

Singlet model: Additional Higgs singlet with an extra scalar H.
•Sizeable 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  
(RSI model) in the extra dimensional bulk
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 Motivations: Non-resonant searches
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Even if in Run2 we do not have full sensitivity to “measure” SM λhhh → 
The BSM physics can be modelled in EFT adding dim-6 operators[2] to 
the SM Lagrangian, and the physics can be described with 5 parameters: 
λhhh, yt, c2, c2g, cg 

• Non SM top Yukawa and λhhh  couplings 
• New diagrams and couplings in the game

3

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.

57

(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:

g

g h

h

t

h

h

), defined by Eqs. (13),(14), that can be probed

), while
exploration

of the
light blue

region

g

t

FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution
comes from

the
crossing

of the
box

diagram).
The

last diagram
on

the
first line

coupling, while those in the second line involve contact interactions between the

),
while

exp
lor

ati
on

of
the ligh

t blue reg
ion

g t

g

g

), defined by Eqs. (13),(14), that can be probed

), while
exploration

of the
light blue

region

g

t

FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional

contribution
comes from

the
crossing

of the
box

diagram).
The

last diagram
on

the
first line

coupling, while those in the second line involve contact interactions between the

),
while

exp
lor

ati
on

of
the ligh

t blue reg
ion

g t

g

g h

h

hc2 c2g cg

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

σSMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+αS unc)[1]

The non-resonant double Higgs production allows to directly probe the Higgs trilinear coupling (λhhh).

[1] LHCHXSWG Yellow Report 4
[2] Phys. Rev. D91 (2015), no. 11, 115008 

The shape of the Higgs potential is determined by the self coupling value
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ATLAS NOTE

February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW
(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014

hh Decay
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Phenomenologically rich set of final states.  hh-Br

- John Alison - Higgs Coupling 2014

Larger Br-h
 decay

Rarer Br-h decay

BRSM(HH→xxyy)
25%

 CMS searches
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4 main channels presented today:

• bbbb, bbWW, bb𝛕𝛕, bb𝛄𝛄

At least one h→bb to have large enough BR
Rare processes, low 𝝈, complex environment
Covering both resonant and non-resonant searches

• Run1: 
• bbbb Resonant: PLB 749 (2015) 560, arXiv:1602:08762

• bb𝛕𝛕 Resonant: PLB 755 (2016) 217, PAS-EXO-15-008 Non-
resonant PAS-HIG-15-013

• bb𝛄𝛄 Resonant and Non-resonant: arxiv:1603.06896

• Run2: 
• bb𝛕𝛕 Resonant and non-resonant PLB 778 (2018) 101/PAS-B2G-17-006

• bbWW Resonant and non-resonant JHEP01(2018)054

• bb𝛄𝛄 Resonant and non-resonant PAS-HIG-17-008

• bbbb Resonant PAS-HIG-17-009/arXiv:1710.04960 non-resonant PAS-HIG-16-026 

Trade-off between BR and contamination, 
complementarity among channels
•bbbb:     highest BR, high QCD/tt ̄
contamination

•bbWW: high BR, large irreducible tt ̄
background

•bb𝛕𝛕:     relatively low background and BR
•bb𝛄𝛄:     high purity, very low BR



Giacomo Ortona                                                                                                                                                                                      DIS2018 - Kobe - 16-23/04/2018

bbVV(2l2𝝂)
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35.9 fb-1 (2016). Low BR in the 2l2𝝂 final state (2.72%)
•2 OS leptons (ee, eμ, μe, μμ)
•Focus on the bbWW channel, Invariant mass cut to remove 
Z(ll) contributions

•Large background contamination from tt, Z+jets (from MC)

JHEP01(2018)054

Results
•SM σxBR<72fb 
•Obs.(exp.): σ/σSM< 79 (89)

Parametrised DNNs used to discriminate 
against background
•Resonant: mX, non-resonant kt, k𝛌

•Limit extraction from DNN shape in 3 
mjj bins
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Non-resonant bbbb
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2.3 fb-1 (2015)
•Highest BR among HH searches
•4 jets, 3/4 b-tagged jets
•Pairing: 2 pairs closest in mass 

PAS-HIG-16-026

 

19/02/18 - Lake Louise 2018 - Sébastien Wertz (CP3/UCLouvain) 6

2.3 fb-1 (2015) PAS-HIG-16-026

Nonresonant bbbb
 4 jets (R=0.4), 3/4 b-tagged

 Jet pairing: closest to m
H
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Multijet & tt background est. from data:

Hemisphere mixing:

 Data events cut in 2 hemispheres

 Hemisphere library  recreate events→

 Pairing: nearest neighbour (kinematics)

 Validated in BDT sideband

 Small bias  systematic on bkg.→
Result: SM ⇥

 
x BR < 3.9 pb

Obs.(exp.): ⌅/⌅
SM 

<
 
342 (308)

                     To be updated soon!

Original dataset: bkgs and
potentially a small signal fraction

Mixed dataset: new composed
event that represent bkg-only

hemisphere
mixing

 Cut on BDT

 Signal extraction: 

2D shape of leading vs. sub-leading m(jj)

Large Multijet (and tt) backgrounds. We want reliable 
background estimation with large statistics → 
Hemisphere mixing
•Data events cut in 2 hemispheres
•Hemisphere library → recreate events 
•Pairing: nearest neighbour (kinematics) 
•Validated in BDT sideband 
•Small bias → systematic on bkg. 
•Cut on BDT

To be updated soon! Expect sensitivity close to bb𝛕𝛕
SMσxBR < 3.9 pb 
Obs.(exp.): σ/σSM < 342 (308) 

Signal extraction:2D shape of leading vs. sub-leading mjj 
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PAS-HIG-17-009
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35.9 fb-1 (2016)

4 b-tagged jets, deepCSV algorithm

b-jet energy regression to improve resolution, Kinematic fit for mHH

Low Mass Region (mH<400) and High Mass Region (400<mH<1200) 
studied separately to exploit kinematic properties of the signal

Background shape estimation from data in LMR, HMR

Background estimation cross-checked

• In <4 b-tag side bands
• With alternate SR definitions



Giacomo Ortona                                                                                                                                                                                      DIS2018 - Kobe - 16-23/04/2018
 [GeV]Xm

1000 1500 2000 2500 3000

) [
fb]

bbb b
→

 H
H 

→
 (X

 
B

 X
) 

→
(p

p 
σ

1−10

1

10

210

310

410  = 3 TeV)RΛRadion (
Observed 95% upper limit
Expected 95% upper limit

 1 std. deviation±Expected limit 
 2 std. deviation±Expected limit 

CMS
 (13 TeV)-135.9 fb

Resonant boosted bbbb
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35.9 fb-1 (2016)

•Search for a heavy (MX>800GeV) resonance
•2 “fat” jets (R=0.8), with double b-tagging
•B-tag based categories (LL, TT)
•Use constituent jets properties (“soft-drop” mass, N-
subjettiness)

•Signal extraction → reduced mass: Mred=mjj –(mj1–mH)–(mj2 - mH)

arXiv:1710.04960

Multijet background estimation
Mred < 1200 GeV: refined ABCD method 
•mj1 and b-tag sidebands 
•Interpolate dependence on mj1

Mred > 1200 GeV: 
•Parametric fit 
•Same shape SB & SR, yields from ABCD 
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bb𝛕𝛕
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35.9 fb-1 (2016)

3 final states (e𝛕H, 𝛍𝛕H,𝛕H𝛕H), covering 88% of the BR

3rd lepton veto 

Kinematic fit (SVFit) to reconstruct m(𝛕𝛕)

Main backgrounds: tt, Z+jets (from MC) DY, multijet (from data)
•BDTs (low/high mass) to reject tt in semileptonic categories

Phys. Lett. B 778 (2018) 101
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Discriminant variable:
•Non-resonant: Stransverse mass MT2

• Resonant: Kinematic Fit of m(jj𝛕𝛕)

Resolved analysis:
•2 categories (1 or 2 b-jets)
•Elliptical cut in m(𝛕𝛕),m(jj)

Boosted (bb) analysis
•1 (R=0.8 jet), subjet b-tagging
•cut in m(𝛕𝛕),m(j)
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bb𝛕𝛕 - Results
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Phys. Lett. B 778 (2018) 101

Non-resonant limits:
•SM σxBR<75.4fb 
•Obs.(exp.): σ/σSM< 30 (25)
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Resonant boosted bb𝛕𝛕
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PAS-B2G-17-006

35.9 fb-1 (2016), search for heavy mass resonances

Boosted b-jet (anti-kT,R=0.8) and boosted 𝛕𝛕 (l𝛕H,𝛕H𝛕H)

Kinematic fit to reconstruct 50<m𝛕𝛕<150GeV

>0 b-tagged sub-jet, 105<mj<135 GeV

Fit on the mX distribution
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Main backgrounds: tt, t+X, V+jets
•tt, t+X: Shape from MC simulation, 
normalisation from CR

•V+jets: from mj sidebands, shape 
corrected with simulation

Search performed up to 4TeV, excludes narrow width radion up to 2.5TeV
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2D parametric fit  
in (mjj,mγγ) for  
signal extraction
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bb𝛄𝛄 - Results
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Summary
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No evidence for either spin-0 or 
spin-2 resonance up to 4 TeV

Excluded cross-section ranges 
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Sensitivity to non-resonant at 
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Anomalous Higgs trilinear 
coupling constrained in the 
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Double Higgs at HL-LHC
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New all-silicon tracker, |η|<4, track-trigger 

Barrel calorimeters: new electronics 
New endcap calorimeter (high granularity)

Muon detectors to |η|<2.8 

Trigger: L1 @ 750 kHz, HLT @ 7.5 kHz 

Double Higgs searches are an important 
physics case for HL (and HE) LHC

CMS will undergo relevant upgrades for 
the HL-LHC phase.



Giacomo Ortona                                                                                                                                                                                      DIS2018 - Kobe - 16-23/04/2018

Double Higgs at HL-LHC, Projections
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PAS-FTR-15-002
PAS-FTR-16-002
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New studies with updated CMS simulations coming soon 

Significance: 1.9σ
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Conclusions
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Several competing analyses in different final states under study in CMS, providing excellent 
coverage in different decay modes.
Non resonant double Higgs production is the main way to measure Higgs self-coupling. 
•At the moment, we can probe O(10-100xSM). 

•More luminosity is needed to reach SM sensitivity, but we are starting to probe BSM and to 
constraint exotic BSM

•Outperforming Run1 (scaled) results and projections.
Resonant searches can already provide important constrain on BSM physics (MSSM, WED, heavy 
scalars).
•KK-graviton excluded below 800 GeV, ΛR=1TeV Radion excluded below 2.5 TeV

•Boosted categories enhance sensitivity to high mass resonances
Further improvement awaited from the combination of the results among all channels

Exciting prospects for double Higgs searches
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Why measure HH?
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• Measurement of HH gives access to the magnitude of the Higgs self-interaction:

• Shape of the Higgs potential is determined by the self coupling value (EWPT)

• Higgs trilinear coupling constant 𝝺 only depends on the Higgs field VEV and Higgs 
mass. Purely determined by EWSB (in the SM).
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 gg→hh parametrization
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The relevant lagrangian terms of gg→HH production in D=6 EFT
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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have canonical normalisation of the Higgs field, we choose to perform the field redefinition7
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We further redefine ci ! ci ⇤2
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2 to absorb the suppression factor into the ci coefficients.
We thus obtain the following interactions in terms of the Higgs boson scalar h, relevant to
Higgs boson pair production:
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where we have explicitly written down the contributing components of the QL doublets.
Naively all the Wilson coefficients in Eq. (3.1) should be bounded from perturbativity ar-
guments by 4⇡, and hence if we consider ⇤ & 900 GeV this automatically implies |ci| . 1 in
Eq. (3.4). For details on the derivation of the terms in the Lagrangian of Eq. (3.4), see ap-
pendix B.8 In Eq. (3.4) we have also given the quartic Higgs self-coupling for completeness.
The trilinear and quartic couplings can be written as

� = 1 +� ,

�̃ = 1 + 6�+
2

3
cH , (3.5)

where � = c6 + 3cH/2. From the above, it can be seen that the SM relation of � = �̃ is
broken by the EFT effects: an accurate measurement of both couplings is thus a powerful
probe of new physics in the Higgs sector, although, as already mentioned, measurement of
the quartic coupling does not seem to be possible in the foreseeable future.

3.2 From SM EFT to dimension-6 EFT

It is useful to compare and contrast the dimension-6 extension of the SM with the EFT
that results from taking the top mass to infinity within the SM framework. This will help
us in writing down the cross section formula for gg ! hh in the D=6 EFT.

There are several modifications necessary to incorporate the effect of the D=6 EFT
operators in Higgs boson pair production via gluon fusion (see Fig. 1):

• The Higgs boson self-coupling will be modified according to the first line in Eq. (3.4),
represented by modifications of the h

3 vertex in diagram 1A.
7This field redefinition [64] involves non-linear terms which remove momentum-dependent Higgs-boson

interactions that would be less straight-forward to implement in a Monte Carlo event generator.
8The Feynman rules for the Lagrangian terms appearing in Eq. (3.4) have been checked using the

Mathematica [65] package FeynRules [66, 67].
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We

10

*

λ
g�

g
*

gmin

1

0
4π

λ = √gmin g*
─

λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.

g

g h

h

t

g

g h

h

t
h

g

g h

h

t

g

g h

h

h

g

g h

h

FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
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Sampling the 5D EFT phase space
Cross section: 
parametrized as a 
function of the 5 EFT 
parameters (talk by F. Goertz) 
Shape: representative 
signal shapes are 
sampled using a cluster 
technique  
(10.1007/JHEP04(2016)126) 
□ similar shapes are 

represented by a unique 
“shape benchmark” 

□ clustered at gen. level as 
function of mhh and cosθ* 

□ 12 shape benchmarks 
available

8

186 4. Benchmark BSM scenarios

p
s 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.21 2.18 2.09 2.08 1.90
A2 9.82 9.88 10.15 10.20 11.57
A3 0.33 0.32 0.28 0.28 0.21
A4 0.12 0.12 0.10 0.10 0.07
A5 1.14 1.17 1.33 1.37 3.28
A6 -8.77 -8.70 -8.51 -8.49 -8.23
A7 -1.54 -1.50 -1.37 -1.36 -1.11
A8 3.09 3.02 2.83 2.80 2.43
A9 1.65 1.60 1.46 1.44 3.65

A10 -5.15 -5.09 -4.92 -4.90 -1.65
A11 -0.79 -0.76 -0.68 -0.66 -0.50
A12 2.13 2.06 1.86 1.84 1.30
A13 0.39 0.37 0.32 0.32 0.23
A14 -0.95 -0.92 -0.84 -0.83 -0.66
A15 -0.62 -0.60 -0.57 -0.56 -0.53

Table 7.16: Values of Ai parameters for Eq. (7.14) [?].
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The SM limit is 2 = � = 1 and c2 = c1g = c2g = 0. This fit can be straightforwardly mapped onto2914

the EFT parameters of Eq. (7.9) via the identities2915

cg =
c1g

12⇡2 , cgg = �
c2g

12⇡2 , y(2)
t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM . (7.13)

Further information on the EFT coefficients can be found from hh production by noting that2916

different EFT operators have different kinematic dependences. The LO box and triangle diagram exactly2917

cancel each other at threshold in the SM. This implies that d�/dMhh is most sensitive to variations in2918

t and � at threshold, while the dependence on � is suppressed at high partonic energies. The NLO2919

corrections to the EFT predictions for double Higgs production have been investigated in the large mt2920

limit Ref. [316], with the conclusion that the K factor of the EFT shows little kinematic dependence and2921

little dependence on the effective couplings, however with the same caveats as mentioned in Secs. 2 and2922

3.2923

We can take advantage of this property of the K-factors, approximating the ratio between the cross2924

sections obtained for different EFT parameters and the SM cross section with the corresponding LO2925

ratio:2926

Rhh ⌘
�hh

�SM
hh
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4
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2
2 + (A3

2
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2
g)

2
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+(A8t� + A9cg�)c2 + A10c2c2g + (A11cg� + A12c2g)
2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (7.14)

The Ai coefficients are extracted from a simultaneous fit, based on the maximization of a likeli-2927

hood, to the cross sections obtained from a LO simulation and provided in Tab. 7.16. A detailed study of2928

theoretical uncertainties was performed in Ref. [?]. The uncertainties related to PDF and ↵S variations2929

induces less than a 2% variation in the Ai values.2930

x

 An EFT implementation for hh

�22

The double Higgs production cross section can be 
written as a function of the 5 EFT parameters: λhhh, 
yt, c2, c2g, cg

2D (MHH,cos𝛝*) signal shapes from different points in 
the 5D EFT phase space are clustered together.

12 clusters are identified according to there 
kinematical properties

Inside each cluster, a representative shape is identified, 
as the one with the minimum distance (in the test 
statistics) from all other shapes in the cluster

Each point of the phase space can be mapped by means of its cross-section and 
representative shape

JHEP 04 (2016) 126 
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Shape benchmark
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Beyond HL-LHC: HH@FCC-hh
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Delphes based study for hypothetical FCC-hh detector. Not a CMS projection


