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HH to 

SM 
observed 

(expected) 
σ/σSM 95% CL 

limits 

BSM 
(excluded 

phase 
space) 

PAS 

bbbb 342 (308) - CMS-PAS-HIG-16-026 

bblνlν 79 (89)  - CMS-PAS-HIG-17-006 

bbττ 28 (25)  
Kλ (<-18;>26) 
with kt  =1. 

CMS-PAS-HIG-17-002* 

bbγγ 19 (17) 

Kλ (<-8;>15) 
with kt =1. 

Kt>=2 if Kλ=1. 

CMS-PAS-HIG-17-008 

## Assuming SM Higgs branching fractions [1] 

[1]  LHCHXSWG Yellow Report 4 

".)/0102 ! 0/0 (".)/0102 !

* just submitted to arxiv. 

From combination of 8 TeV results (arXiv:1707.00350):  
non-resonant SM observed (expected) σ/σSM 95% CL limits = 43. 
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Martino Dall'Osso – EPS-HEP2017 HH at 13 TeV with CMS 

2.3 fb-1 35.9 fb-1 

→ see also Cécile’s talk Experimental searches



Experimental searches

3see also [Carvalho et al. LHCXSWG-LHCHXSWG-2016-001]

Paolo Meridiani

HH SUMMARY

34

ATLAS CMS

bbbb <29 (38) <342 (308)

bbWW <79 (89)

bb!! <28 (25)

bbɣɣ <117 (161) <19 (17)

WWɣɣ <747 (386)

! /! SM 95% CL (exp) 

13 fb-1 3 fb-1 36 fb-1 Run2

Reaching ~ O(10) xSM sensitivity  

Will require full HL-LHC statistics to approach SM sensitivity

[P. Meridiani, EPS `17]

numerical details are provided later in sub-section 3.3.

3.2 Outliers

The benchmarks are chosen to capture well the main features of the cluster kinematics. Neverthe-
less some of the cluster members still exhibit residual di! erences with respect to the benchmark.
These intra-cluster di! erences could lead to limited deviations in the experimental signal e" cien-
cies. If the analysis has a su" cient resolution to resolve those di! erences we propose here a simple
approach to select six extreme cases (referred to as outliers) within each cluster, which can tenta-
tively be used to evaluate the possible variation of experimental e" ciencies within a cluster. If the
analyzers want to preserve the simplifications o! ered by the cluster approach we recommend to
fully simulate (generate and propagate through the experimental apparatus) only the benchmark
and obtain the outliers through an event-by-event reweighing procedure in the mHH ! | cos ✓! |
space. The results (for example limits) shall be then presented for the benchmark and benchmark
reweighted to the outliers. The weights may be easily estimated at generator level.

The mHH distribution features the largest intra-cluster variation and it is likely the most impor-
tant distribution for experimental analyses. We define therefore the outliers as subset of samples
that envelope all the other samples of the cluster in three mass points1 mHH ,1 " 270GeV, mHH ,2 "
400GeV and mHH ,3 " 600GeV, applied to a histogram with 20GeV wide bins. The first and last
mass points are intended to catch the analysis sensitivity to threshold region (mHH # 2mH ) and
energy-tail modifications. The intermediate mass point is close to the typical valley found in the
distribution due to a cancellation between the di! erent diagrams, and it is intended to catch the
analyses sensitivity to short-distance fluctuations in shape. Figure 2 (top) shows an example of
the di-Higgs mass distribution for cluster 3 with the outliers. In Fig. 2 (bottom) we provide the
pT ,H and | cos ✓! | spectra with the same outliers. One may observe that the choice of outliers in
mHH is also reasonably valid for the two other distributions.

3.3 Results

The list of benchmarks is given in Table 1. We recommend the 12 benchmarks listed there to be
the parameter space points targeted by experimental searches, in addition to the SM point. Fig. 3
shows the mHH spectra for all the clusters together with the outliers, while Table 2 provides the
parameters of all the 72 outliers.

Benchmark ! t c2 cg c2g

1 7.5 1.0 -1.0 0.0 0.0
2 1.0 1.0 0.5 -0.8 0.6
3 1.0 1.0 -1.5 0.0 -0.8
4 -3.5 1.5 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1.0
6 2.4 1.0 0.0 0.2 -0.2
7 5.0 1.0 0.0 0.2 -0.2
8 15.0 1.0 0.0 -1.0 1.0
9 1.0 1.0 1.0 -0.6 0.6

10 10.0 1.5 -1.0 0.0 0.0
11 2.4 1.0 0.0 1.0 -1.0
12 15.0 1.0 1.0 0.0 0.0

SM 1.0 1.0 0.0 0.0 0.0

Table 1: Parameter values of the Þnal benchmarks selected by the clustering procedure [1]. The third
cluster is the one that contains the SM sample (deÞned by ! = t =1, c2 = cg = c2g = 0).

Three of the clusters have benchmarks that do not obey the linear EFT relation, however
this does not present a problem for the interpretation of the results, assuming the latter. The

1Note that the chosen outliers are susceptible to a di ! erent level of arbitrariness: the choice of the points of the
parameter space scan, the choice of the variable and the points where to search for the cluster envelope and the
histogram binning.

4→ focus of Run-2 physics is BSM

→ see also Cécile’s talk



hh BSM for Run-2

• YR4: first steps towards hh BSM benchmarking 

¥ scope: 

• BSM benchmarks directly related to other (e.g. single Higgs) 
measurements 

• phenomenologically transparent and signature-driven

non-resonant:             
SMEFT

resonant:
2HDM                                    

SM ⊕ Singlet

4



• new physics out of reach: EFT description valid 

• communication of results consolidated by WG2 in YR4

non-resonant:             
SMEFT

+  CP odd operators

relevant terms we consider for double Higgs production are
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where i, j are generation indices, and the sum over f is over all charged fermions. A
hierarchy between CP-violating and CP-conserving interactions has already been es-
tablished [26] and for simplicity we assume CP conservation and flavor diagonal Higgs
couplings leading to

L = LSM +
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with

[y(2)
f ]ij = 3[�yf ]ij � �cZ�ij . (4.4)

Note that for linear EFT we have the identity

cgg = cg . (4.5)

We do not consider enhanced b couplings, since in order to be relevant for double Higgs
production, the b quark Yukawa enhancement must be extremely large1. The inputs in
this realization of the EFT can be taken as,

• cg, cgg, �yt, y(2)
t , ��3

which reduces to

• cg, �yt, y(2)
t , ��3

in the linear realisation.
Note that a combination of cg and �yt is fixed by the requirement that single Higgs

production have the experimentally observed value,

Rh ⌘ �(gg ! h)

�(gg ! h)SM
⇠ ��12⇡2cg + �yt

��2 . (4.6)

The couplings cgg, and ��3 cannot be probed in single Higgs production, but require
measurement of the di-Higgs rate and distributions; this set of couplings collapses to
��3 in the the linear formulation.

1
See for example, Fig. 6 in Ref. [27].
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• new physics out of reach: EFT description valid 

• communication of results consolidated by WG2 in YR4

non-resonant:             
SMEFT

+  CP odd operators
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Figure 2: Generic diagrams contributing to Higgs pair production in gluon fusion at LO.

The form factors F! and F! in F1 and F2 deÞned as

F1 = ctF! +
2
3
c! and F2 = c2

tF! + cttF! !
2
3
c! , (2.9)

contain the full quark mass dependence and can be found in [9]. In the heavy quark limit the
form factors F! , F! and G! approach

F! "
2
3
, F! " !

2
3

and G! = 0 , (2.10)

and F1 and F2 simplify to

F lim
1 =

2
3

(ct + c! ) , F lim
2 =

2
3

(! c2
t + ctt ! c! ) . (2.11)

We have furthermore introduced the abbreviations

C! # �hhh
M2

Z

Q2 ! M2
h + iMh�h

, c! # 12cg and c! # ! 12cgg , (2.12)

with

�hhh =
3M2

hc3

M2
Z

. (2.13)

The terms proportional to ct, respectivelyc2
t in F1 and F2 and in front of the form factor G! are

the usual SM contributions including the modiÞcations due to the rescaling of the top Yukawa
coupling by ct. The contributions coming with c! and c! originate from the e↵ective two-gluon
couplings to one and two Higgs bosons, while the term involvingctt is due to the novel two-Higgs
two-top quark coupling.

We use the e↵ective couplings to compute the NLO QCD corrections to Higgs pair produc-
tion. They are composed of the virtual and the real corrections. Sample diagrams are shown
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couplings to one and two Higgs bosons, while the term involving ctt is due to the novel two-Higgs
two-top quark coupling.

We use the e" ective couplings to compute the NLO QCD corrections to Higgs pair produc-
tion. They are composed of the virtual and the real corrections. Sample diagrams are shown
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where i, j are generation indices, and the sum over f is over all charged fermions. A
hierarchy between CP-violating and CP-conserving interactions has already been es-
tablished [26] and for simplicity we assume CP conservation and flavor diagonal Higgs
couplings leading to
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with

[y(2)
f ]ij = 3[�yf ]ij � �cZ�ij . (4.4)

Note that for linear EFT we have the identity

cgg = cg . (4.5)

We do not consider enhanced b couplings, since in order to be relevant for double Higgs
production, the b quark Yukawa enhancement must be extremely large1. The inputs in
this realization of the EFT can be taken as,

• cg, cgg, �yt, y(2)
t , ��3

which reduces to

• cg, �yt, y(2)
t , ��3

in the linear realisation.
Note that a combination of cg and �yt is fixed by the requirement that single Higgs

production have the experimentally observed value,

Rh ⌘ �(gg ! h)

�(gg ! h)SM
⇠ ��12⇡2cg + �yt

��2 . (4.6)

The couplings cgg, and ��3 cannot be probed in single Higgs production, but require
measurement of the di-Higgs rate and distributions; this set of couplings collapses to
��3 in the the linear formulation.

1
See for example, Fig. 6 in Ref. [27].
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• new physics out of reach: EFT description valid 

• communication of results consolidated by WG2 in YR4
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where i, j are generation indices, and the sum over f is over all charged fermions. A
hierarchy between CP-violating and CP-conserving interactions has already been es-
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f ]ij = 3[�yf ]ij � �cZ�ij . (4.4)

Note that for linear EFT we have the identity

cgg = cg . (4.5)

We do not consider enhanced b couplings, since in order to be relevant for double Higgs
production, the b quark Yukawa enhancement must be extremely large1. The inputs in
this realization of the EFT can be taken as,

• cg, cgg, �yt, y(2)
t , ��3

which reduces to

• cg, �yt, y(2)
t , ��3

in the linear realisation.
Note that a combination of cg and �yt is fixed by the requirement that single Higgs

production have the experimentally observed value,

Rh ⌘ �(gg ! h)

�(gg ! h)SM
⇠ ��12⇡2cg + �yt

��2 . (4.6)

The couplings cgg, and ��3 cannot be probed in single Higgs production, but require
measurement of the di-Higgs rate and distributions; this set of couplings collapses to
��3 in the the linear formulation.

1
See for example, Fig. 6 in Ref. [27].
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• NLO QCD corrections insensitive to EFT deformations in the 
mt→ ∞ limit  [Gröber, Mühlleitner, Spira, Streicher `15]

 [Gröber, Mühlleitner, Spira`17]

• signature-driven benchmarks available in YR4 (see also CMS)
7

isomorphic to [Carvalho et al. LHCXSWG-LHCHXSWG-2016-001]
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resonant:
2HDM                                    

SM ⊕ Singlet

SM ⊕ Singlet

2HDM

218 I.7.4. Benchmark BSM scenarios

Table 74: Heavy Neutral CP Even Higgs (H 0) Couplings in the 2HDMs

I II Lepton Specific Flipped

gHV V cos(! � " ) cos(! � " ) cos(! � " ) cos(! � " )

gHt t
sin ↵
sin �

sin ↵
sin �

sin ↵
sin �

sin ↵
sin �

gHbb
sin ↵
sin �

cos↵
cos�

sin ↵
sin �

cos↵
cos�

gH ⌧+ ⌧ !
sin ↵
sin �

cos↵
cos�

cos↵
cos�

sin ↵
sin �

Table 75: Parameter choices for the 2HDM benchmarks. All masses are given in GeV [462].

tan ! " mH 0 mA 0 mH ± m2
12

B1 1.75 -0.5881 300 441 442 38300
B2 1.50 -0.6792 700 701 670 180000
B7 10.00 0.1015 500 500 500 24746

[Hespel, Lopez-Val, Vryonidou `14] 

• minimalist approach to new 
resonances in the Higgs sector

4.2 Higgs Singlet Model

The Higgs singlet model [32–34] is a simple example where double Higgs production
can receive large contributions from a resonance. The model contains a Higgs doublet,
�T = (! + , ˜! 0 = �0+ vp

2
), and Higgs singlet, S = s+ hSip

2
, and is described by 5 parameters

in the potential:

V = �m2�†� � µ2S2 + " 1(�
†�)2 + " 2S

4 + " 3�
†�S2 , (4.10)

where a Z2 symmetry S ! �S and � ! � has been imposed for simplicity. After
electroweak symmetry breaking, both ! 0 and S get vacuum expectation values and the
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The input parameters can be taken as,
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from Higgs coupling measurements on the parameters of the singlet model and found
| cos # |> 0.93, where we omit the possibility of the H decaying to some new invisible
particles. The heavier Higgs boson contributes to the W mass, which imposes a further
limit on cos# as a function of MH [36]. The branching ratio, H ! hh, can be quite large,
O ⇠ 30 � 40%, leading to large e↵ects in di-Higgs production The Mhh distributions in
the singlet model show clear resonance peaks as illustrated in Fig. 11

The NLO QCD corrections to double Higgs production can be found in the large
mt limit [37] and give a K factor which is approximately the same as in the Standard
Model. For fixed cos# = 0.96, the predictions for a range of heavy Higgs masses are
given in Table xx.
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5 Experimental studies

to be added later

19

mass
states

4.2 Higgs Singlet Model

The Higgs singlet model [32Ð34] is a simple example where double Higgs production
can receive large contributions from a resonance. The model contains a Higgs doublet,
! T = ( ! + , ÷! 0 = �0+ vp

2
), and Higgs singlet,S = s+ hSip

2
, and is described by 5 parameters

in the potential:

V = �m2!   ! � µ2S2 + " 1(!   ! )2 + " 2S4 + " 3!   ! S2 , (4.10)

where a Z2 symmetry S ! �S and ! ! ! has been imposed for simplicity. After
electroweak symmetry breaking, both! 0 and S get vacuum expectation values and the
physical Þeldsh, H are mixtures of the original Þelds

h = cos# ! 0 + sin # s

H = � sin# ! 0 + cos# s . (4.11)

The input parameters can be taken as,

• mh = 125 GeV, MH , cos#, v, tan $ = v/ hsi ,

and the Higgs branching ratios to SM particles,X SM , are:

" (h ! X SM X SM ) = cos2 # " (h ! X SM X SM )SM

" (H ! X SM X SM ) = sin 2 # " (H ! X SM X SM )SM

" H = sin2 # " H,SM (MH ) + " (H ! hh)

" h = cos2 # " h,SM (mh) , (4.12)

where " H,SM (MH ) is the Standard Model Higgs width evaluated atMH which is com-
pletely Þxed in terms of tan$, MH , and cos#. ATLAS [35] considered the restrictions
from Higgs coupling measurements on the parameters of the singlet model and found
| cos# |> 0.93, where we omit the possibility of theH decaying to some new invisible
particles. The heavier Higgs boson contributes to theW mass, which imposes a further
limit on cos# as a function ofMH [36]. The branching ratio,H ! hh, can be quite large,
O ⇠ 30� 40%, leading to large e#ects in di-Higgs production TheMhh distributions in
the singlet model show clear resonance peaks as illustrated in Fig. 11

The NLO QCD corrections to double Higgs production can be found in the large
mt limit [37] and give a K factor which is approximately the same as in the Standard
Model. For Þxed cos# = 0.96, the predictions for a range of heavy Higgs masses are
given in Table xx.

to be added: cross section numbers [Lewis], feedback from other WGs
The enhancements of the di-Higgs cross section in the singlet model can be as large

as factors ofO(10� 20) and are typical of those which can be obtained in models with
a heavy Higgs particle with a mass near 2mh and a large branching ratio tohh, such as
the 2HDM, the MSSM, or the NMSSM.

5 Experimental studies

to be added later

19

9

300 400 500 600 700
mH [GeV]

0.01

0.1

1

B
R
(H

!
X

st
d
)

300 400 500 600 700
mA [GeV]

0.01

0.1

1

B
R
(A

!
X

st
d
)

FIG. 4. Allowed ranges for the branching fractions of heavy neutral Higgs bosons into ÔstandardÕ Þnal states
(i.e. states which do not contain another Higgs boson) as a function of the corresponding heavy Higgs mass.
Shown are the regions allowed at 1� (dark), 2 � (medium) and 3 � (light) for the tight perturbativity bound
(! max = 2⇡).

tan � (� ! ↵)/ ⇡ mH [GeV] mA [GeV] mH ± [GeV] m2
12 [GeV2]

a-1 1.50 0.529 700 700 670 180000
b-1 2.52 0.511 200 383 383 14300
b-2 2.23 0.525 300 444 445 32700
b-3 1.73 0.533 400 502 503 62900
b-4 1.74 0.533 600 619 579 126000
c-1 2.22 0.505 200 337 337 12000
c-2 1.88 0.509 300 361 365 27800
c-3 1.49 0.518 400 350 407 47100
c-4 1.25 0.522 600 491 600 123000
d-1 2.78 0.503 200 319 320 10400
d-2 2.17 0.507 300 350 347 26500
d-3 1.85 0.503 400 350 404 53100
d-4 2.40 0.520 600 634 587 114000
e-2 5.34 0.502 250 300 307 10700
e-3 4.90 0.502 229 400 399 10300
e-4 6.45 0.502 498 600 601 37530

TABLE I. Benchmark scenarios with enhanced/reduced triple Higgs couplings. Benchmark a-1 approximates
the best-Þt scenario with reducedhhh coupling at the edge of the 2� interval in Fig. 3a. Benchmarks b-1
to b-4 approximate the best-Þt scenarios associated with points on the 2� contour in Fig. 3b. Benchmarks
c-1 to e-4 are related to Figs. 3c, 3d and 3e in an analogous way. All points are allowed at the 2� level.
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mize Br(H " X std) (at the 2 � level) the largest
non-standard decay rate is Br(H " hh) while
for scenarios that minimize Br(A " X std) the
largest non-standard decay rate is Br(A " ZH ).

B. Higgs Pair Production in the Gluon
Fusion Channel

As we have seen in Section 4 the triple Higgs
coupling between the light Higgs state cannot be
enhanced. However, this does not mean that the
gluon fusion cross section�(gg " hh) cannot be
enhanced with respect to the SM. In the sec-

[Baglio, Eberhardt, Nierste, Wiebusch `14]

• scan over 2HDM type 2 II

max BR(hh) � 0.3
e.g. [Robens, Stefaniak `16] 
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Table 74: Heavy Neutral CP Even Higgs (H 0) Couplings in the 2HDMs

I II Lepton Specific Flipped

gHV V cos(! � " ) cos(! � " ) cos(! � " ) cos(! � " )

gHt t
sin ↵
sin �

sin ↵
sin �

sin ↵
sin �

sin ↵
sin �

gHbb
sin ↵
sin �

cos↵
cos�

sin ↵
sin �

cos↵
cos�

gH ⌧+ ⌧ !
sin ↵
sin �

cos↵
cos�

cos↵
cos�

sin ↵
sin �

Table 75: Parameter choices for the 2HDM benchmarks. All masses are given in GeV [462].

tan ! " mH 0 mA 0 mH ± m2
12

B1 1.75 -0.5881 300 441 442 38300
B2 1.50 -0.6792 700 701 670 180000
B7 10.00 0.1015 500 500 500 24746

[Hespel, Lopez-Val, Vryonidou `14] 

• minimalist approach to new 
resonances in the Higgs sector
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Chapter I.7

Higgs Boson Pair Production

S. Dawson, C. Englert, M. Gouzevitch, R. Salerno, M. Slawinska (Eds.); J. Baglio, S. Borowka,
A. Carvalho, M. DallÕOsso, P. de Castro Manzano, D. de Florian, T. Dorigo, F. Goertz, C.A. Gottardo,
N. Greiner, J. Grigo, R. Gršber, G. Heinrich, B. Hespel, S. Jones, M. Kerner, I.M. Lewis, J. Mazzitelli,

M. MŸhlleitner, A. Papaefstathiou, T. Robens, J. Rojo, J. Schlenk, U. Schubert, M. Spannowsky,
M. Spira, M. Tosi, E. Vryonidou, M. Zaro, T. Zirke

I.7.1 Introduction
In the SM, the Higgs self-couplings are uniquely determined by the structure of the scalar potential,

V =
m2

h

2
h2 + �3vh3 +

�4

4
h4 , (I.7.1)

where �3 = �4 = m2
h/(2v2). Experimentally measuring �3 and �4 is thus a crucial test of the mechanism

of electroweak symmetry breaking. A measurement of �3 requires double Higgs boson production while
�4 is first probed in the production of 3 Higgs bosons.

The phenomenology of multi-Higgs boson final states will provide complementary information
to that found from single Higgs physics at the LHC. Due to generically small inclusive cross sections
and a difficult signal vs. background discrimination, the best motivated multi-Higgs final states at the
Large Hadron Collider are Higgs boson pair final states, of which gluon fusion gg ! hh is the dominant
production mode.

Many models of physics beyond the Standard Model with SM-compatible single Higgs boson
signal strengths can exhibit a di-Higgs phenomenology vastly different from the SM expectation. In this
sense, a successful discovery of Higgs boson pair production at the LHC and the subsequent measurement
of potential deviations from the SM constitutes an important avenue in the search for physics beyond
the SM. In particular, modifications of the Higgs trilinear couplings (e.g. via a modified Higgs self
interaction) can only be directly observed in Higgs boson pair production. In the gluon fusion process
this occurs via the interference of the box and triangle diagrams shown in Figure 110 [432–434].

To facilitate such a measurement, it is crucial to establish the Higgs boson pair production cross
section in the SM to the best theoretical accuracy possible and to provide BSM benchmarks that reflect
the phenomenology of Higgs boson pairs at the LHC in a consistent and concise fashion.

This report summarizes the results of the HH cross section group of the 2014-2015 LHC Higgs
Cross Section working group that aims to establish SM predictions for a range of dominant and subdom-
inant Higgs boson pair production modes at the LHC at the highest available theoretical precision. In
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FIG. 1: Sample Feynman graphs contributing to pp ! hh + X. Graphs of type (a) yield vanishing contributions due to col or
conservation.

cal configuration  , which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<⇠ 1 TeV. As we will see, mh ' 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs final states in pp !
hh+X in Sec. II D before we discuss pp ! hh+j +X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e�ective

†The phenomenology of such conÞgurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

Le↵ =
1

4

↵s

3⇡
Ga

µ! Ga µ! log(1 + h/v ) , (2)

which upon expansion leads to

L � +
1

4

↵s

3⇡v
Ga

µ! Ga µ! h � 1

4

↵s

6⇡v2
Ga

µ! Ga µ! h2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di�erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e�ective theory level.

On the other hand, it is known that the e�ective theory
of Eq. (3) insu�ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >⇠ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts /FormCalc /LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
couplingà. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

Figure 110: Feynman diagrams contributing to Higgs boson pair production via gluon fusion at leading order.
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¥ Is there any scope for model-independence? 

¥ What is the information gain of improving hh measurements?

→ joint effort with WG3 
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[talk by M. Mühlleitner] 

Distinction of CxSM and NMSSM

[Costa,MM,Sampaio,Santos ’16]

Red: NMSSM: Φ ≡ h3, h125 ≡ h2 and ϕ ≡ h1

Green: NMSSM: Φ ≡ A2, h125 ≡ h1,2 and ϕ ≡ A1

M.M.Mühlleitner, 24 Feb 2017, HH-WG3 meeting

Higgs-to-Higgs Decays in the CxSM and the NMSSM

• Assumptions:

! Ony subset of Higgs bosons common in CxSM and NMSSM has been found

! No non-SM Þnal state signature discovered so far

! No observation of Þnal state signatures unique to the model

! No information on CP properties of Higgs bosons so far

Question: Focussing on Higgs-to-Higgs decays only in Þnal states common to both models -
Is it possible to tell the CxSM-broken from the NMSSM based onthe total rates?

• Scans in CxSM and NMSSM parameter spaces:

" CxSM constraints: theoretical (boundedness from below, global minimum, perturbative
unitarity), DM constraints, EWPO, Higgs data (discovery & exclusion)

" NMSSM constraints: DM, Higgs data, SUSY exclusion limits, low-energy observables

" In both models degenerate Higgs signals discarded

• Among the various Higgs-to-Higgs decays: ! # h125 + ϕ found to be distinctive

M.M.Mühlleitner, 24 Feb 2017, HH-WG3 meeting
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A pplied Constraints

¥ Assumption: no new physics before Higgs pair production is accessible !
Higgs coupling deviations < projected sensitivities for 300 fb! 1 and 3000 fb! 1

¥ Further constraints: on parameter scan

! direct search bounds for heavy fermions, projected to L 300 and L 3000

! exclude points for which |Vtb| " 0.92 [CMS, 2012]

! check for EWPT [Gillioz,Gr¬ober,Kapuvari,MM]

¥ Sensitivity Criteria for NP in hh production:

SSM + 3
√

SSM " S or SSM # 3
√

SSM $ S

S: number of signal events

M.M.Mühlleitner, 24 Feb 2017, HH-WG3 meeting

[talk by M. Mühlleitner] 

Sensitivity to NP in Higgs Pair Production

[Gröber,MM,Spira ’16]
 [Gröber, Mühlleitner, Spira`16]

• motivation of benchmarks depends on expected sensitivity
→  experimental input crucially required 



Summary

! signature-driven categorisation of  hh phenomenology 

! resonant & Higgs-sector related (singlet+2HDM) 

! non-resonant via EFT approach
tools & 

benchmarks 
available

! further benchmarking necessary to highlight genuine information 
gain from di-Higgs analyses 

! maximise BSM cross section in light of developing single 
Higgs results 

! complementarity to single Higgs measurements 
underway


