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• YR4: consolidation of SM pp → hh expectations 

• normalisations with highes precisions available 

• subdominant hh channels beyond LO 

• relevance of top-thresold beyond LO
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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 color
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 configurations 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
coupling‡. 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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• YR4: first steps towards a hh BSM benchmarking 

• scope

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

• phenomenologically transparent instead of 
determined by many parameters of a UV theory 

• cover resonant and non-resonant final states

SMEFT2HDM 
SM+singlet
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Table 64: Maximal and minimal allowed branching ratios, consistent with experimental restrictions, in the singlet
model, taken at the maximal allowed value of | sin ↵| for H ! hh. Note that the minimal values for the branching
ratio stem from sin ↵  0. Decay branching ratios correspond to the branching ratios of a SM Higgs of the same
mass, rescaled by 1 � BR(H ! h h) [480, 482].

MH(GeV) | sin ↵|max BR(H ! h h)min BR(H ! h h)max

255 0.31 0.09 0.27
260 0.34 0.11 0.33
265 0.33 0.13 0.36
280 0.32 0.17 0.40
290 0.31 0.18 0.40
305 0.30 0.20 0.40
325 0.29 0.21 0.40
345 0.28 0.22 0.39
365 0.27 0.21 0.36
395 0.26 0.20 0.32
430 0.25 0.19 0.30
470 0.24 0.19 0.28
520 0.23 0.19 0.26
590 0.22 0.19 0.25
665 0.21 0.19 0.23
770 0.20 0.19 0.23
875 0.19 0.19 0.22
920 0.18 0.19 0.22

� 975 0.17 0.19 0.21
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Figure 123: Leading order branching ratio of H ! hh in the singlet model for representative values of the
parameters.

The Mhh distributions in the singlet model show clear resonance peaks as illustrated in Figure 125.
The NLO QCD corrections to double Higgs boson production can be found in the large mt limit [483]

[Robens, Stefaniak `15,`16]

SM+singlet
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Figure 124: Total leading order width of H ! hh in the singlet model for representative values of the parameters.
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Figure 125: Invariant di-Higgs boson mass differential distribution for pp ! hh in the singlet model with a heavy
Higgs with MH = 300 GeV.

and give a K factor which is approximately the same as in the Standard Model. For MH ⇠ 2mh, the
rate is dominated by the resonance contribution which is implemented in the code sHDECAY [484]. For
fixed sin ↵ = 0.28 and tan � = 0.5, the predictions for a range of heavy Higgs boson masses are given
in Tabs. 65-68.

The enhancements of the di-Higgs cross section in the singlet model can be as large as factors of
O(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 to hh, such as the 2HDM, the MSSM, or the NMSSM. It is
interesting to tabulate the largest allowed values of the di-Higgs cross section in the singlet model using
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Table 65: NLO cross sections in the singlet model for fixed sin ✓ = 0.28, tan � = 0.50 and
p

s = 14 TeV, with
µ = Mhh/2 [483].

MH (GeV) Cross Section (fb) PDF (%) ↵s (%) scale (%)

260 278.06 2.2 2.0 + 18.9 -14.8
275 311.39 2.2 2.0 + 18.8 -14.9
300 303.35 2.2 2.0 + 18.9 -14.9
325 290.68 2.2 2.0 + 18.7 -14.9
350 307.86 2.3 1.9 + 18.7 -15.0
400 286.17 2.4 1.9 + 18.6 -15.0
450 217.24 2.5 1.9 + 18.4 -15.1
500 163.98 2.7 1.8 + 18.4 -15.1
600 103.53 2.7 1.8 + 18.3 -15.1
700 76.07 2.8 1.8 + 18.2 -15.1
750 68.32 2.8 1.8 + 18.2 -15.1
800 62.86 2.8 1.8 + 18.2 -15.1
900 56.04 2.7 1.9 + 18.3 -15.1

1000 52.28 2.6 1.9 + 18.3 -15.0
1100 50.06 2.7 1.9 + 18.3 -15.1
1200 48.71 2.7 1.9 + 18.3 -15.0
1300 47.84 2.6 1.9 + 18.3 -15.0
1400 47.22 2.6 1.9 + 18.3 -15.0
1500 46.81 2.6 1.9 + 18.3 -15.0
1600 46.48 2.6 1.9 + 18.3 -15.0
1800 46.03 2.6 1.9 + 18.3 -15.0
2000 45.71 2.6 1.9 + 18.3 -15.0
2250 45.37 2.6 1.9 + 18.3 -15.0
2500 45.03 2.6 1.9 + 18.3 -15.0
2750 44.67 2.6 1.9 + 18.3 -15.0
3000 44.25 2.6 1.9 + 18.3 -15.0

the restrictions of Table 64. These cross sections are shown in Table 69-72.

I.7.4.c 2 Higgs Doublet Model
The 2 Higgs doublet model (2HDM) is a simple extension of the SM which can exhibit large resonance
effects. The 2HDM has 5 physical Higgs bosons: 2 neutral scalars, h0, H0, a pseudo-scalar, A, and
a charged Higgs boson pair H±, In general, 2HDMs have Higgs mediated tree level flavour changing
neutral currents (FCNCs), which must be suppressed. Most 2HDMs eliminate FCNCs by imposing a
discrete Z2 symmetry in which the fermions of a given charge only couple to one of the Higgs doublets.
The two most familiar versions are the type I model, in which all of the fermions couple to the same
Higgs doublet, and the type II model, in which the Q = 2/3 quarks couple to one doublet and the
Q = �1/3 quarks and leptons couple to the other. The type II model is the Higgs sector of the MSSM.
Two additional versions interchange the lepton assignments. In the “lepton-specific" model, all of the
quarks couple to one doublet while the leptons couple to the other, and in the “flipped" model, the
Q = 2/3 quarks and leptons couple to one doublet and the Q = �1/3 quarks couple to the other. All
four of these models have been extensively studied [485].

The couplings of the Higgs bosons to fermions are described by two free parameters. The ratio
of vacuum expectation values of the two Higgs doublets is tan � ⌘ v2

v1
, and the mixing angle which

[Dawson, Lewis `15]
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e.g. [Hespel, Lopez-Val, Vryonidou `14] 
[Haber, Stal `16]

2HDM
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Table 67: NLO cross sections in the singlet model for fixed sin ✓ = 0.28, tan � = 0.50 and
p

s = 8 TeV, for
µ = Mhh/2 [483].

MH (GeV) Cross Section (fb) PDF (%) ↵s (%) scale (%)

260 85.64 2.7 2.1 + 20.7 -16.5
275 94.39 2.8 2.1 + 20.6 -16.5
300 89.08 3.0 2.1 + 20.6 -16.5
325 82.78 3.1 2.0 + 20.5 -16.6
350 85.29 3.2 2.0 + 20.4 -16.6
400 75.37 3.3 2.0 + 20.2 -16.6
450 54.71 3.6 2.0 + 20.1 -16.7
500 39.82 3.8 2.0 + 20.0 -16.7
600 24.07 3.9 2.0 + 19.9 -16.8
700 17.54 4.0 2.0 + 19.9 -16.8
750 15.82 3.9 2.0 + 19.9 -16.7
800 14.64 3.9 2.0 + 19.9 -16.8
900 13.23 3.8 2.0 + 20.0 -16.7

1000 12.49 3.8 2.1 + 19.9 -16.7
1100 12.07 3.7 2.0 + 20.0 -16.7
1200 11.82 3.7 2.0 + 20.0 -16.7
1300 11.66 3.7 2.0 + 20.0 -16.7
1400 11.55 3.7 2.0 + 20.0 -16.6
1500 11.47 3.7 2.0 + 19.9 -16.7
1600 11.41 3.7 2.0 + 20.0 -16.7
1800 11.32 3.7 2.0 + 20.0 -16.6
2000 11.25 3.7 2.0 + 20.0 -16.7
2250 11.18 3.7 2.0 + 20.0 -16.6
2500 11.10 3.7 2.0 + 19.9 -16.6
2750 11.01 3.6 2.0 + 20.0 -16.7
3000 10.91 3.6 2.0 + 20.0 -16.7
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Figure 126: Invariant mass for the pp ! h0h0 process at NLO using the benchmarks from Table 75 [462] .
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Table 74: Heavy Neutral CP Even Higgs (H0) Couplings in the 2HDMs

I II Lepton Specific Flipped

gHV V cos(� � ↵) cos(� � ↵) cos(� � ↵) cos(� � ↵)

gHtt
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 � ↵ mH0 mA0 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

cross section similar to SM, 
however including 
resonance effects
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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 color
conservation.
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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.
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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 configurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X.

ggh and gghh interactions [20]
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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
coupling‡. 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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scalars
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125 GeV Higgs

• can we make this reasonably model-independent 
• complementarity to single Higgs measurements 
• format of feeding constraints back to theory
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