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

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

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

IX. RESULTS

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

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

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

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

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

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

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

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

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

Analysis γγbb γγWW! bbττ bbbb Combined

Upper limit on the cross section [pb]

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

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70

SEARCHES FOR HIGGS BOSON PAIR PRODUCTION IN … PHYSICAL REVIEW D 92, 092004 (2015)

092004-11

[ATLAS, PRD 92, 092004 (2015)]non-resonant hh production (e.g. ATLAS run I)

resonant hh production
[ATLAS, PRD 92, 092004 (2015)]
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hh x-Subgroup Taks

• recommendations for precise SM gluon fusion hh production cross 
sections and differential distributions

• recommendations for SM cross sections for additional subdominant 
production modes

• recommendations for new physics searches in the hh final state

non-resonant: EFT resonant: simple 
and transparent
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Total SM Cross Sections: Gluon Fusion
• finite top mass effects crucial already at LO

[Glover, van der Bij `88] [Plehn, Spira, Zerwas `96] [Djouadi et al `99] … 
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pair production modes at the LHC; special care is devoted to the dominant gluon fusion
production mode in Sec. 2.1. Sec. 3 contains representative distributions to NLO for
the SM gluon fusion pair production channel. Sec. 4 discusses benchmarks of motivated
BSM scenarios. The BSM phenomenology of multi-Higgs final states can be divided
into resonant and non-resonant extensions of the SM. The latter is discussed in Sec. 4.1
using the language of E↵ective Field Theory. Benchmarks for resonant di-Higgs final
state searches are discussed using the singlet-extended SM in Sec. 4.2, which provides
a theoretically clean and minimal avenue to introduce new resonant physics into Higgs
pair production.

2 Total rates in the SM

2.1 Gluon fusion

The NLO [6] and NNLO [7] fixed order corrections to gg ! hh are known in the large
top mass limit. The QCD corrections are large, typically doubling the cross section from
LO to NLO, with another ⇠ 20% increase going from NLO to NNLO. The threshold
resummation corrections for Higgs pair production at NNLL [5] further increase the
rate. The fixed order NNLO cross sections are combined consistently with the NNLL
threshold resummed results in Tab. 1, with the rate being weighted by the exact LO
result. The scale choice µ0 = Mhh/2 is shown, with the scale variation taken to be
µ0/2 < µ < 2µ0. The e↵ect of choosing the central scale to be µ0 = Mhh is shown
in Tab. 2. The numerical importance of the threshold resummation is minimized for
µ0 = Mhh/2, and so we recommend this as our preferred choice. The scale uncertainties
are ⇠ 5 � 6% and the PDF uncertainties are ⇠ 3 � 4%.

For convenience, we define 2 K factors for the total cross sections, where �NNLL is
the fixed order NNLO rate matched to the NNLL rate,

K ⌘ �NNLL

�NLO

K 0 ⌘ �NNLL

�LO
. (2.1)

The K factors for the scale choices, µ0 = Mhh and µ0 = Mhh/2 are shown in Tabs. 3
and 4, respectively. The K factors are computed in the mt ! 1 limit.
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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 1: Feynman diagrams contributing to Higgs pair production via gluon fusion at
leading order.
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Total SM Cross Sections: Gluon Fusion

• recent developments 

• NNLO+NNLL in                       limit (normalised to exact LO) 

•          expansion of NNLO cross section 

• exact          for real emission  & LO reweighted virtuals 

• progress towards full         dependence at NLO

[de Florian, Mazzitelli `13, `15]
mt � �

• finite top mass effects crucial already at LO
[Glover, van der Bij `88] [Plehn, Spira, Zerwas `96] [Djouadi et al `99] … 

mt
[Grigo, Hoff, Melnikov, Steinhauser `13]

mt
[Frederix et al `14] [Maltoni, Vryonidou, Zaro `14]

mt

O(5%)

O(10%)

[Dawson, Dittmaier, Spira `98] [de Florian, Mazzitelli `13]
• QCD corrections dominated by soft radiation: use 

5

mt � �

→  Stephen Jones’ talk



• currently we can only estimate NLO         uncertainties by comparing 
different approximations

mt

Recommendation: 
assign 10% uncertainty to unknown         effects: largest uncertainty  mt

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
124.5 6.17+17.8%

�15.9% ± 4.0% 8.89+17.3%
�15.4% ± 3.6% 29.81+15.5%

�13.7% ± 2.7% 35.70+15.3%
�13.4% ± 2.6% 1271+14.8%

�14.4% ± 2.1%

125 6.12+17.7%
�15.8% ± 4.0% 8.87+17.3%

�15.4% ± 3.6% 29.76+15.5%
�13.4% ± 2.7% 35.31+15.1%

�13.4% ± 2.6% 1262+14.8%
�14.4% ± 2.1%

125.09 6.14+17.7%
�15.9% ± 4.0% 8.85+17.3%

�15.4% ± 3.6% 29.75+15.5%
�13.7% ± 2.7% 35.22+15.2%

�13.4% ± 2.6% 1253+15.1%
�14.5% ± 2.1%

125.5 6.08+17.8%
�15.9% ± 4.0% 8.78+17.4%

�15.4% ± 3.6% 29.69+15.3%
�13.6% ± 2.7% 35.09+15.4%

�13.5% ± 2.6% 1251+14.7%
�14.3% ± 2.1%

Table 5: Signal cross section (in fb) for gg ! hh at NLO QCD in the HEFT approximation of Ref. [12, 13], with a central scale
choice, µ0 = Mhh/2. The first uncertainty is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500
LHAPDF set.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
125 6.415+20%

�16.8% 9.318+19.5%
�16.4% 31.81+18.2%

�15.0% 37.79+18%
�14.8% 1464+16.1%

�13.8%

Table 6: Signal cross section (in fb) for gg ! hh at NLO QCD in the mt ! 1 limit, reweighted by exact LO result, of Ref. [6, 7],
with a central scale choice, µ0 = Mhh/2. Only the uncertainties due to scale variation are shown.
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NLO QCD reweighted by 
exact LO

[Dawson, Dittmaier, Spira `98] 
[de Florian, Mazzitelli `13]

mh (GeV )
p

s = 7 TeV
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Table 5: Signal cross section (in fb) for gg ! hh at NLO QCD in the HEFT approximation of Ref. [12, 13], with a central scale
choice, µ0 = Mhh/2. The first uncertainty is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500
LHAPDF set.
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Table 6: Signal cross section (in fb) for gg ! hh at NLO QCD in the mt ! 1 limit, reweighted by exact LO result, of Ref. [6, 7],
with a central scale choice, µ0 = Mhh/2. Only the uncertainties due to scale variation are shown.
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exact          for real emission  & 
virtual reweighting at NLO by LO

mt [Frederix et al `14] 
[Maltoni, Vryonidou, Zaro `14]

Total SM Cross Sections: Gluon Fusion

Example
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Gluon Fusion: QCD and Scales

7

  

Total cross section

Less differences between 
FO and RES for Q/2

Use Q/2 for FO predictions

Almost no difference 
between Q and Q/2 at NNLL

Great stability of the 
resummed NNLL XS

9

de Florian, Mazzitelli

invariant Higgs 
pair mass



Gluon Fusion: SM Cross Section[de Florian, Mazzitelli `13, `15]

Recommended values

 ( + conservative     10% top mass uncertainty) 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGHH

µ0 = Mhh/2
8

mh = 124.5 GeV �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+↵s Unc. (%)p
s = 7 TeV 7.77 +4.0 � 5.7 ±3.4 ±4.4p
s = 8 TeV 11.3 +4.1 � 5.7 ±3.0 ±4.0p
s = 13 TeV 38.2 +4.3 � 6.0 ±2.1 ±3.1p
s = 14 TeV 45.3 +4.4 � 6.0 ±2.1 ±3.0p
s = 100 TeV 1760 +5.0 � 6.7 ±1.7 ±2.7

mh = 125 GeV �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+↵s Unc. (%)p
s = 7 TeV 7.72 +4.0 � 5.7 ±3.4 ±4.4p
s = 8 TeV 11.2 +4.1 � 5.7 ±3.1 ±4.0p
s = 13 TeV 38.0 +4.3 � 6.0 ±2.1 ±3.1p
s = 14 TeV 45.1 +4.4 � 6.0 ±2.1 ±3.0p
s = 100 TeV 1749 +5.1 � 6.6 ±1.7 ±2.7

mh = 125.09 GeV �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+↵s Unc. (%)p
s = 7 TeV 7.71 +4.0 � 5.7 ±3.4 ±4.4p
s = 8 TeV 11.2 +4.1 � 5.7 ±3.1 ±4.0p
s = 13 TeV 37.9 +4.3 � 6.0 ±2.1 ±3.1p
s = 14 TeV 45.0 +4.4 � 6.0 ±2.1 ±3.0p
s = 100 TeV 1748 +5.0 � 6.5 ±1.7 ±2.6

mh = 125.5 GeV �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+↵s Unc. (%)p
s = 7 TeV 7.66 +4.0 � 5.7 ±3.4 ±4.4p
s = 8 TeV 11.1 +4.1 � 5.7 ±3.1 ±4.0p
s = 13 TeV 37.7 +4.3 � 6.0 ±2.1 ±3.1p
s = 14 TeV 44.8 +4.4 � 5.9 ±2.1 ±3.1p
s = 100 TeV 1738 +5.2 � 6.4 ±1.7 ±2.7

Table 1: NNLL matched to NNLO cross sections for gg ! hh with a central scale,
µ0 = Mhh/2 with mh = 124.5 GeV , mh = 125 GeV , mh = 125.09 GeV and
mh = 125.5 GeV [5]. The numbers in this table are our recommended rates. In ad-
dition to the uncertainties shown in this table, there is an additional ±10% uncertainty
from unknown top quark mass e↵ects. Uncertainties are evaluated using the PDF4LHC
recommendation and are based on the PDF4LHC15 nnlo mc set.

2.1.1 Top Quark Mass Uncertainties

We can only estimate the theoretical uncertainties to these rates resulting from the
mt ! 1 approximation [6, 8], based on comparing NLO calculations with incomplete
approximations for the top mass dependence:

• An mt expansion to NNLO estimates uncertainties at O(5%) [9–11].

• The exact inclusion of the mt dependence in the real contributions to the NLO cor-
rections estimates uncertainties to be �O(10%). This is the HEFT approximation
of Refs. [12, 13]

The complete NLO mt dependent calculation is necessary for a better understanding
of the mt uncertainties in the NNLO-NNLL matched calculation and we currently assign
an uncertainty of ±10% due to these unknown finite mass e↵ects’ impact on the NLO

3
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Gluon Fusion: K Factors
µ0 = Mhh �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+ ↵s Unc. (%)p
s = 7 TeV 7.61 +5.6 � 6.0 ±3.3 ±4.3p
s = 8 TeV 11.0 +5.5 � 6.0 ±3.0 ±4.0p
s = 13 TeV 37.3 +5.1 � 6.1 ±2.1 ±3.1p
s = 14 TeV 44.2 +5.2 � 6.1 ±2.0 ±3.0p
s = 100 TeV 1712 +5.2 � 6.2 ±1.7 ±2.6

Table 2: NNLL cross sections for gg ! hh with a central scale, µ0 = Mhh with mh =
125 GeV . In addition to the uncertainties shown in this table, there is an additional
±10% uncertainty from unknown top quark mass e↵ects.

p
s = 7 TeV

p
s = 8 TeV

p
s = 13 TeV

p
s = 14 TeV

p
s = 100 TeV

K 1.203 1.200 1.193 1.192 1.195
K 0 2.299 2.296 2.301 2.304 2.472

Table 3: K factors as defined in Eq. (2.1) for gg ! hh with a central scale, µ0 =
Mhh/2 [5].

p
s = 7 TeV

p
s = 8 TeV

p
s = 13 TeV

p
s = 14 TeV

p
s = 100 TeV

K 1.426 1.413 1.378 1.373 1.305
K 0 2.987 2.949 2.847 2.835 2.699

Table 4: K factors as defined in Eq. (2.1) for gg ! hh with a central scale, µ0 = Mhh [5].

cross section. Note that this is the largest uncertainty; we suppress these unknown mass
e↵ect uncertainties when quantifying the gluon fusion cross sections. Furthermore, it is
well known that even at LO, the large mt limit fails to correctly reproduce kinematic
distributions [14–16].

We provide approximate NLO rates for hh production in Tab. 5 in the limit in which
the top mass e↵ects are retained in the contributions where they are known, the HEFT
approximation of Refs. [12] and [13]. These can be compared with the NLO results
obtained by computing a K factor in the mt ! 1 limit and weighting by the exact LO
result as shown in Tab. 6 [6,7]. There is good but not exact agreement between the two
approximations.

2.2 Other production channels

There are a number of additional subdominant Higgs pair production modes at the
LHC [12,17]. In particular, Higgs pairs can be produced in association with electroweak
bosons (W±hh, Zhh), top quarks (tthh and tjhh) or jets (hhjj). The associated produc-
tion of hh with vector bosons in known at NNLO QCD [18], where the NNLO corrections
to the NLO rate are of order 10%. The NNLO rates are given in Tables 7- 9. For the
processes involving top quarks and jets only the weak boson fusion configuration (WBF)
is reliably known at NLO precision [12, 17]. A LO estimate of the gluon fusion contri-

4

pair production modes at the LHC; special care is devoted to the dominant gluon fusion
production mode in Sec. 2.1. Sec. 3 contains representative distributions to NLO for
the SM gluon fusion pair production channel. Sec. 4 discusses benchmarks of motivated
BSM scenarios. The BSM phenomenology of multi-Higgs final states can be divided
into resonant and non-resonant extensions of the SM. The latter is discussed in Sec. 4.1
using the language of E↵ective Field Theory. Benchmarks for resonant di-Higgs final
state searches are discussed using the singlet-extended SM in Sec. 4.2, which provides
a theoretically clean and minimal avenue to introduce new resonant physics into Higgs
pair production.

2 Total rates in the SM

2.1 Gluon fusion

The NLO [6] and NNLO [7] fixed order corrections to gg ! hh are known in the large
top mass limit. The QCD corrections are large, typically doubling the cross section from
LO to NLO, with another ⇠ 20% increase going from NLO to NNLO. The threshold
resummation corrections for Higgs pair production at NNLL [5] further increase the
rate. The fixed order NNLO cross sections are combined consistently with the NNLL
threshold resummed results in Tab. 1, with the rate being weighted by the exact LO
result. The scale choice µ0 = Mhh/2 is shown, with the scale variation taken to be
µ0/2 < µ < 2µ0. The e↵ect of choosing the central scale to be µ0 = Mhh is shown
in Tab. 2. The numerical importance of the threshold resummation is minimized for
µ0 = Mhh/2, and so we recommend this as our preferred choice. The scale uncertainties
are ⇠ 5 � 6% and the PDF uncertainties are ⇠ 3 � 4%.

For convenience, we define 2 K factors for the total cross sections, where �NNLL is
the fixed order NNLO rate matched to the NNLL rate,

K ⌘ �NNLL

�NLO

K 0 ⌘ �NNLL

�LO
. (2.1)

The K factors for the scale choices, µ0 = Mhh and µ0 = Mhh/2 are shown in Tabs. 3
and 4, respectively. The K factors are computed in the mt ! 1 limit.
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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
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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 1: Feynman diagrams contributing to Higgs pair production via gluon fusion at
leading order.
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µ0 = Mhh �NNLL(fb) Scale Unc. (%) PDF Unc. (%) PDF+ ↵s Unc. (%)p
s = 7 TeV 7.61 +5.6 � 6.0 ±3.3 ±4.3p
s = 8 TeV 11.0 +5.5 � 6.0 ±3.0 ±4.0p
s = 13 TeV 37.3 +5.1 � 6.1 ±2.1 ±3.1p
s = 14 TeV 44.2 +5.2 � 6.1 ±2.0 ±3.0p
s = 100 TeV 1712 +5.2 � 6.2 ±1.7 ±2.6

Table 2: NNLL cross sections for gg ! hh with a central scale, µ0 = Mhh with mh =
125 GeV . In addition to the uncertainties shown in this table, there is an additional
±10% uncertainty from unknown top quark mass e↵ects.

p
s = 7 TeV

p
s = 8 TeV

p
s = 13 TeV

p
s = 14 TeV

p
s = 100 TeV

K 1.203 1.200 1.193 1.192 1.195
K 0 2.299 2.296 2.301 2.304 2.472

Table 3: K factors as defined in Eq. (2.1) for gg ! hh with a central scale, µ0 =
Mhh/2 [5].

p
s = 7 TeV

p
s = 8 TeV

p
s = 13 TeV

p
s = 14 TeV

p
s = 100 TeV

K 1.426 1.413 1.378 1.373 1.305
K 0 2.987 2.949 2.847 2.835 2.699

Table 4: K factors as defined in Eq. (2.1) for gg ! hh with a central scale, µ0 = Mhh [5].

cross section. Note that this is the largest uncertainty; we suppress these unknown mass
e↵ect uncertainties when quantifying the gluon fusion cross sections. Furthermore, it is
well known that even at LO, the large mt limit fails to correctly reproduce kinematic
distributions [14–16].

We provide approximate NLO rates for hh production in Tab. 5 in the limit in which
the top mass e↵ects are retained in the contributions where they are known, the HEFT
approximation of Refs. [12] and [13]. These can be compared with the NLO results
obtained by computing a K factor in the mt ! 1 limit and weighting by the exact LO
result as shown in Tab. 6 [6,7]. There is good but not exact agreement between the two
approximations.

2.2 Other production channels

There are a number of additional subdominant Higgs pair production modes at the
LHC [12,17]. In particular, Higgs pairs can be produced in association with electroweak
bosons (W±hh, Zhh), top quarks (tthh and tjhh) or jets (hhjj). The associated produc-
tion of hh with vector bosons in known at NNLO QCD [18], where the NNLO corrections
to the NLO rate are of order 10%. The NNLO rates are given in Tables 7- 9. For the
processes involving top quarks and jets only the weak boson fusion configuration (WBF)
is reliably known at NLO precision [12, 17]. A LO estimate of the gluon fusion contri-
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the

4
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Other Processes: NLO Recommendations 

hhjj (WBF)

tt̄hh

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.117+2.6%
�2.3% ± 2.8% 0.149+2.6%

�2.2% ± 2.6% 0.333+1.9%
�1.3% ± 2.1% 0.371+2.0%

�1.4% ± 2.0% 4.57+4.2%
�5.9% ± 1.9%

125 0.116+2.5%
�2.2% ± 2.8% 0.149+2.4%

�2.0% ± 2.6% 0.330+1.9%
�1.4% ± 2.0% 0.367+2.1%

�1.5% ± 2.0% 4.47+4.1%
�5.7% ± 1.9%

125.09 0.115+2.6%
�2.2% ± 2.8% 0.147+2.7%

�2.3% ± 2.6% 0.329+1.9%
�1.4% ± 2.1% 0.368+2.1%

�1.5% ± 2.0% 4.47+4.2%
�5.8% ± 1.9%

125.5 0.114+2.5%
�2.2% ± 2.8% 0.146+2.6%

�2.2% ± 2.6% 0.327+2.3%
�1.7% ± 2.1% 0.365+1.8%

�1.3% ± 2.0% 4.44+3.9%
�5.6% ± 1.9%

Table 9: Signal cross section (in fb) for hhW+ at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.320+3.2%
�3.7% ± 2.7% 0.470+2.4%

�3.1% ± 2.6% 1.65+2.4%
�2.7% ± 2.3% 1.97+2.3%

�2.6% ± 2.3% 81.9+0.2%
�0.2% ± 1.8%

125 0.316+3.7%
�4.1% ± 2.7% 0.468+2.8%

�3.3% ± 2.6% 1.64+2.0%
�2.5% ± 2.3% 1.94+2.3%

�2.6% ± 2.3% 80.3+0.5%
�0.4% ± 1.7%

125.09 0.313+3.2%
�3.8% ± 2.6% 0.459+3.2%

�3.6% ± 2.6% 1.62+2.3%
�2.7% ± 2.3% 1.95+1.8%

�2.3% ± 2.4% 80.8+0.8%
�0.8% ± 1.8%

125.5 0.312+3.6%
�4.0% ± 2.7% 0.458+2.9%

�3.4% ± 2.6% 1.63+2.0%
�2.5% ± 2.3% 1.94+1.3%

�1.9% ± 2.3% 80.7+0.7%
�0.7% ± 1.8%

Table 10: Cross section (in fb) for weak boson fusion hhjj at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty
is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.112+3.5%
�12.5% ± 4.2% 0.176+2.9%

�10.7% ± 3.9% 0.786+1.3%
�4.5% ± 3.2% 0.968+1.7%

�4.6% ± 3.1% 87.2+7.9%
�7.3% ± 1.6%

125 0.110+3.5%
�12.5% ± 4.2% 0.174+2.9%

�10.6% ± 3.9% 0.775+1.5%
�4.3% ± 3.2% 0.949+1.7%

�4.5% ± 3.1% 82.1+7.9%
�7.4% ± 1.6%

125.09 0.109+3.5%
�12.8% ± 4.2% 0.174+2.8%

�10.6% ± 3.9% 0.772+1.7%
�4.5% ± 3.2% 0.949+1.8%

�4.8% ± 3.2% 82.1+8.3%
�7.6% ± 1.6%

125.5 0.107+3.3%
�12.9% ± 4.2% 0.172+2.9%

�10.4% ± 4.0% 0.762+1.3%
�4.5% ± 3.2% 0.937+1.5%

�4.5% ± 3.1% 81.9+8.2%
�7.6% ± 1.6%

Table 11: Cross section (in fb) for tt̄hh at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the scale
uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.00551+5.6%
�3.2% ± 5.8% 0.0289+5.4%

�3.4% ± 4.6% 0.0365+4.4%
�1.6% ± 4.7% 4.44+5.2%

�5.6% ± 2.3%

125 0.00538+5.3%
�3.0% ± 5.6% 0.0289+5.5%

�3.6% ± 4.7% 0.0367+4.2%
�1.8% ± 4.6% 4.27+5.0%

�5.5% ± 2.3%

125.09 0.00540+5.4%
�3.1% ± 5.6% 0.0281+5.2%

�3.2% ± 4.5% 0.0364+3.7%
�1.3% ± 4.7%

125.5 0.00521+5.5%
�3.4% ± 5.8% 0.0279+6.1%

�4.6% ± 6.4% 0.0359+3.8%
�1.6% ± 4.7%

Table 12: Signal cross section (in fb) for hhtj at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set. to do: complete numbers
[Vryonidou, Zaro]

µ0
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
mHHH/2 12.1+17.9%

�16.4% ± 5.2% 18.4+17.1%
�15.7% ± 4.8% 75.2+15.5%

�14.1% ± 3.3% 89.2+14.8%
�13.6% ± 3.2% 4819+12.3%

�11.9% ± 1.8%

mHHH 10.0+19.5%
�16.7% ± 5.2% 15.3+18.7%

�16.1% ± 4.7% 63.8+16.2%
�14.2% ± 3.3% 76.9+16.2%

�14.1% ± 3.2% 4300+14.0%
�12.3% ± 1.8%

Table 13: Signal cross section (in ab) for gg ! hhh at NLO QCD for mh = 125 GeV with µR = µF = µ0 [13]. The first uncertainty
is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.112+3.5%
�12.5% ± 4.2% 0.176+2.9%

�10.7% ± 3.9% 0.786+1.3%
�4.5% ± 3.2% 0.968+1.7%

�4.6% ± 3.1% 87.2+7.9%
�7.3% ± 1.6%

125 0.110+3.5%
�12.5% ± 4.2% 0.174+2.9%

�10.6% ± 3.9% 0.775+1.5%
�4.3% ± 3.2% 0.949+1.7%

�4.5% ± 3.1% 82.1+7.9%
�7.4% ± 1.6%

125.09 0.109+3.5%
�12.8% ± 4.2% 0.174+2.8%

�10.6% ± 3.9% 0.772+1.7%
�4.5% ± 3.2% 0.949+1.8%

�4.8% ± 3.2% 82.1+8.3%
�7.6% ± 1.6%

125.5 0.107+3.3%
�12.9% ± 4.2% 0.172+2.9%

�10.4% ± 4.0% 0.762+1.3%
�4.5% ± 3.2% 0.937+1.5%

�4.5% ± 3.1% 81.9+8.2%
�7.6% ± 1.6%

Table 11: Cross section (in fb) for tt̄hh at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the scale
uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.00551+5.6%
�3.2% ± 5.8% 0.0289+5.4%

�3.4% ± 4.6% 0.0365+4.4%
�1.6% ± 4.7% 4.44+5.2%

�5.6% ± 2.3%

125 0.00538+5.3%
�3.0% ± 5.6% 0.0289+5.5%

�3.6% ± 4.7% 0.0367+4.2%
�1.8% ± 4.6% 4.27+5.0%

�5.5% ± 2.3%

125.09 0.00540+5.4%
�3.1% ± 5.6% 0.0281+5.2%

�3.2% ± 4.5% 0.0364+3.7%
�1.3% ± 4.7%

125.5 0.00521+5.5%
�3.4% ± 5.8% 0.0279+6.1%

�4.6% ± 6.4% 0.0359+3.8%
�1.6% ± 4.7%

Table 12: Signal cross section (in fb) for hhtj at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set. to do: complete numbers
[Vryonidou, Zaro]

µ0
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
mHHH/2 12.1+17.9%

�16.4% ± 5.2% 18.4+17.1%
�15.7% ± 4.8% 75.2+15.5%

�14.1% ± 3.3% 89.2+14.8%
�13.6% ± 3.2% 4819+12.3%

�11.9% ± 1.8%

mHHH 10.0+19.5%
�16.7% ± 5.2% 15.3+18.7%

�16.1% ± 4.7% 63.8+16.2%
�14.2% ± 3.3% 76.9+16.2%

�14.1% ± 3.2% 4300+14.0%
�12.3% ± 1.8%

Table 13: Signal cross section (in ab) for gg ! hhh at NLO QCD for mh = 125 GeV with µR = µF = µ0 [13]. The first uncertainty
is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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�10.4% ± 4.0% 0.762+1.3%
�4.5% ± 3.2% 0.937+1.5%

�4.5% ± 3.1% 81.9+8.2%
�7.6% ± 1.6%

Table 11: Cross section (in fb) for tt̄hh at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the scale
uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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p
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124.5 0.00551+5.6%
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�3.4% ± 4.6% 0.0365+4.4%
�1.6% ± 4.7% 4.44+5.2%

�5.6% ± 2.3%

125 0.00538+5.3%
�3.0% ± 5.6% 0.0289+5.5%

�3.6% ± 4.7% 0.0367+4.2%
�1.8% ± 4.6% 4.27+5.0%

�5.5% ± 2.3%

125.09 0.00540+5.4%
�3.1% ± 5.6% 0.0281+5.2%

�3.2% ± 4.5% 0.0364+3.7%
�1.3% ± 4.7%

125.5 0.00521+5.5%
�3.4% ± 5.8% 0.0279+6.1%

�4.6% ± 6.4% 0.0359+3.8%
�1.6% ± 4.7%

Table 12: Signal cross section (in fb) for hhtj at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set. to do: complete numbers
[Vryonidou, Zaro]

µ0
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
mHHH/2 12.1+17.9%

�16.4% ± 5.2% 18.4+17.1%
�15.7% ± 4.8% 75.2+15.5%

�14.1% ± 3.3% 89.2+14.8%
�13.6% ± 3.2% 4819+12.3%

�11.9% ± 1.8%

mHHH 10.0+19.5%
�16.7% ± 5.2% 15.3+18.7%

�16.1% ± 4.7% 63.8+16.2%
�14.2% ± 3.3% 76.9+16.2%

�14.1% ± 3.2% 4300+14.0%
�12.3% ± 1.8%

Table 13: Signal cross section (in ab) for gg ! hhh at NLO QCD for mh = 125 GeV with µR = µF = µ0 [13]. The first uncertainty
is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.103+2.6%
�2.2% ± 2.7% 0.135+2.4%

�2.0% ± 2.4% 0.323+2.0%
�1.5% ± 1.8% 0.364+2.0%

�1.4% ± 1.7% 5.33+3.9%
�5.8% ± 1.9%

125 0.102+2.6%
�2.2% ± 2.7% 0.133+2.4%

�2.0% ± 2.4% 0.319+2.1%
�1.5% ± 1.8% 0.358+2.1%

�1.5% ± 1.7% 5.28+3.8%
�5.7% ± 1.9%

125.09 0.102+2.7%
�2.4% ± 2.7% 0.132+2.7%

�2.2% ± 2.4% 0.316+2.1%
�1.5% ± 1.8% 0.357+1.8%

�1.3% ± 1.7% 5.24+4.0%
�5.8% ± 1.9%

125.5 0.101+2.5%
�2.2% ± 2.7% 0.131+2.6%

�2.1% ± 2.4% 0.314+2.3%
�1.6% ± 1.8% 0.355+2.2%

�1.6% ± 1.7% 5.23+3.9%
�5.7% ± 1.9%

Table 7: Cross section (in fb) for hhZ production at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.0531+2.8%
�2.4% ± 3.4% 0.0714+2.4%

�2.0% ± 3.1% 0.180+1.9%
�1.4% ± 2.3% 0.205+1.9%

�1.4% ± 2.2% 3.35+4.0%
�5.7% ± 2.0%

125 0.0527+2.5%
�2.2% ± 3.4% 0.0697+2.9%

�2.3% ± 3.1% 0.177+1.9%
�1.4% ± 2.3% 0.202+2.0%

�1.4% ± 2.2% 3.32+4.1%
�5.8% ± 2.0%

125.09 0.0524+2.7%
�2.3% ± 3.4% 0.0698+2.7%

�2.2% ± 3.1% 0.177+2.4%
�1.7% ± 2.3% 0.201+2.1%

�1.4% ± 2.2% 3.33+4.0%
�5.7% ± 2.0%

125.5 0.0515+2.6%
�2.2% ± 3.4% 0.0691+2.6%

�2.1% ± 3.1% 0.175+2.3%
�1.6% ± 2.3% 0.199+1.9%

�1.3% ± 2.2% 3.25+3.7%
�5.5% ± 2.0%

Table 8: Signal cross section (in fb) for hhW� at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.
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hhZ

hhW+

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV
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�2.2% ± 2.7% 0.135+2.4%

�2.0% ± 2.4% 0.323+2.0%
�1.5% ± 1.8% 0.364+2.0%

�1.4% ± 1.7% 5.33+3.9%
�5.8% ± 1.9%

125 0.102+2.6%
�2.2% ± 2.7% 0.133+2.4%

�2.0% ± 2.4% 0.319+2.1%
�1.5% ± 1.8% 0.358+2.1%

�1.5% ± 1.7% 5.28+3.8%
�5.7% ± 1.9%

125.09 0.102+2.7%
�2.4% ± 2.7% 0.132+2.7%

�2.2% ± 2.4% 0.316+2.1%
�1.5% ± 1.8% 0.357+1.8%

�1.3% ± 1.7% 5.24+4.0%
�5.8% ± 1.9%

125.5 0.101+2.5%
�2.2% ± 2.7% 0.131+2.6%

�2.1% ± 2.4% 0.314+2.3%
�1.6% ± 1.8% 0.355+2.2%

�1.6% ± 1.7% 5.23+3.9%
�5.7% ± 1.9%

Table 7: Cross section (in fb) for hhZ production at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.0531+2.8%
�2.4% ± 3.4% 0.0714+2.4%

�2.0% ± 3.1% 0.180+1.9%
�1.4% ± 2.3% 0.205+1.9%

�1.4% ± 2.2% 3.35+4.0%
�5.7% ± 2.0%

125 0.0527+2.5%
�2.2% ± 3.4% 0.0697+2.9%

�2.3% ± 3.1% 0.177+1.9%
�1.4% ± 2.3% 0.202+2.0%

�1.4% ± 2.2% 3.32+4.1%
�5.8% ± 2.0%

125.09 0.0524+2.7%
�2.3% ± 3.4% 0.0698+2.7%

�2.2% ± 3.1% 0.177+2.4%
�1.7% ± 2.3% 0.201+2.1%

�1.4% ± 2.2% 3.33+4.0%
�5.7% ± 2.0%

125.5 0.0515+2.6%
�2.2% ± 3.4% 0.0691+2.6%

�2.1% ± 3.1% 0.175+2.3%
�1.6% ± 2.3% 0.199+1.9%

�1.3% ± 2.2% 3.25+3.7%
�5.5% ± 2.0%

Table 8: Signal cross section (in fb) for hhW� at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.
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mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.117+2.6%
�2.3% ± 2.8% 0.149+2.6%

�2.2% ± 2.6% 0.333+1.9%
�1.3% ± 2.1% 0.371+2.0%

�1.4% ± 2.0% 4.57+4.2%
�5.9% ± 1.9%

125 0.116+2.5%
�2.2% ± 2.8% 0.149+2.4%

�2.0% ± 2.6% 0.330+1.9%
�1.4% ± 2.0% 0.367+2.1%

�1.5% ± 2.0% 4.47+4.1%
�5.7% ± 1.9%

125.09 0.115+2.6%
�2.2% ± 2.8% 0.147+2.7%

�2.3% ± 2.6% 0.329+1.9%
�1.4% ± 2.1% 0.368+2.1%

�1.5% ± 2.0% 4.47+4.2%
�5.8% ± 1.9%

125.5 0.114+2.5%
�2.2% ± 2.8% 0.146+2.6%

�2.2% ± 2.6% 0.327+2.3%
�1.7% ± 2.1% 0.365+1.8%

�1.3% ± 2.0% 4.44+3.9%
�5.6% ± 1.9%

Table 9: Signal cross section (in fb) for hhW+ at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty is the
scale uncertainty and the second is the PDF + ↵s uncertainty. To be replaced by NNLO rates.

mh (GeV )
p

s = 7 TeV
p

s = 8 TeV
p

s = 13 TeV
p

s = 14 TeV
p

s = 100 TeV

124.5 0.320+3.2%
�3.7% ± 2.7% 0.470+2.4%

�3.1% ± 2.6% 1.65+2.4%
�2.7% ± 2.3% 1.97+2.3%

�2.6% ± 2.3% 81.9+0.2%
�0.2% ± 1.8%

125 0.316+3.7%
�4.1% ± 2.7% 0.468+2.8%

�3.3% ± 2.6% 1.64+2.0%
�2.5% ± 2.3% 1.94+2.3%

�2.6% ± 2.3% 80.3+0.5%
�0.4% ± 1.7%

125.09 0.313+3.2%
�3.8% ± 2.6% 0.459+3.2%

�3.6% ± 2.6% 1.62+2.3%
�2.7% ± 2.3% 1.95+1.8%

�2.3% ± 2.4% 80.8+0.8%
�0.8% ± 1.8%

125.5 0.312+3.6%
�4.0% ± 2.7% 0.458+2.9%

�3.4% ± 2.6% 1.63+2.0%
�2.5% ± 2.3% 1.94+1.3%

�1.9% ± 2.3% 80.7+0.7%
�0.7% ± 1.8%

Table 10: Cross section (in fb) for weak boson fusion hhjj at NLO QCD with the central scale µ0 = Mhh/2 [12]. The first uncertainty
is the scale uncertainty and the second is the PDF + ↵s uncertainty based on the 90500 LHAPDF set.
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… will be updated to NNLO for YR4 with different scale choice
[Baglio et al. `12]
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BSM: Effective Field Theory

relevant terms we consider for double Higgs production are

L = LSM +
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ijf i�5fj

�
, (4.2)

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 +

✓
cg

h

v
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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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• dominant CP-even interactions gluon fusion

• production not sensitive to bottom Yukawa, relevant parameters
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where i, j are generation indices, and the sum over f is over all charged fermions. A
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couplings leading to
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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,
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⇠ ��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.
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See for example, Fig. 6 in Ref. [27].
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A fit to the total cross section in terms of the EFT coe�cients has been given in
Refs. [28, 29]. These references construct a cross section fit to the e↵ective Lagrangian
motivated by the di↵erent phenomenological impact of the EFT parameters,

L0 =
1

2
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h

2
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2v
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GA

µ⌫G
A,µ,⌫ . (4.7)

This fit can be straightforwardly mapped onto the EFT parameters of Eq. (4.2) via the
identities

cg =
c1g

12⇡2
, cgg = � c2g

12⇡2
, y(2)

t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM .

(4.8)
Care must be taken that the EFT is only applied in the region of validity. The expansion
of Eq. (4.2) includes contributions of dimension-6, which typically means the expansion
will break down at an energy scale of E2 . ⇤2, where ⇤ is a typical scale of new physics.
Above this energy scale, contributions of dimension-8 and higher must be included.

The cross section can be parameterized in terms of the coe�cients as (valid for the
non-linear EFT with linear EFT as a limit),

�hh

�SM
hh

= A1
4
t + A2c

2
2 + (A3

2
t + A4c

2
g)

2
� + A5c

2
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2
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+(A8t� + A9cg�)c2 + A10c2c2g + (A11cg� + A12c2g)
2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (4.9)

The Standard Model prediction must be obtained for A1 + A3 + A7 = 1. The fit is
performed using aMC@NLO to LO, with a constant K factor, since the NLO corrections
to the EFT predictions for double Higgs production have been investigated in Ref. [30],
with the conclusion that the K factor of the EFT shows little kinematic dependence. A
fit using the parameterization of Eq. (4.7) gives the results of Table 4.1.

Further information on the EFT coe�cients can be found from hh production by
noting that di↵erent EFT operators have di↵erent kinematic dependences. The LO box
and triangle diagram exactly cancel each other at threshold in the SM. This implies that
Mhh is most sensitive to variations in �yt and ��3 at threshold, while the dependence on
��3 is suppressed at high partonic energies. In general, Mhh is a sensitive variable for
di↵erentiating the e↵ects of the di↵erent EFT coe�cients. The utility of this approach,
however, is limited by the small di-Higgs rate. There are large correlations, typically
requiring a global fit rather than a fit to a single EFT coe�cient [28, 29].

A cluster fit was given in Ref. [28] and is detailed in a separate note [31]. The
cluster analysis divides kinematic points into 12 clusters, where within the clusters the
dependence on the kinematic parameters is similar. The clusters have clear kinematic
di↵erences between them, particularly in the peak structure of the Mhh distributions.
Scanning over a range of di↵erent Wilson coe�cients this procedure allows us to for-
mulate a set of benchmark choices that exhibit a particularly interesting di-Higgs phe-
nomenology. These choices are given in Tab. 15.

to be added
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• phenomenological fit to (isomorphic to WG2 parametrisation)
 [Dall’Osso et al. `15]

[details available in separate LHCXSWG-INT-2015-007]

[WG 2]
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p
s 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.19 2.11 2.10 1.94
A2 9.91 10.16 10.19 11.27
A3 0.32 0.29 0.29 0.22
A4 0.12 0.10 0.10 0.077
A5 1.18 1.33 1.36 2.82
A6 �8.72 �8.60 �8.54 �8.29
A7 �1.51 �1.40 �1.39 �1.165
A8 3.05 2.87 2.85 2.51
A9 1.61 1.49 1.48 1.23
A10 �5.11 �4.96 �4.93 �4.32
A11 �0.77 �0.70 �0.69 �0.53
A12 2.07 1.90 1.88 1.43
A13 0.37 0.33 0.33 0.25
A14 �0.93 �0.86 �0.85 �0.70
A15 �0.61 �0.58 �0.57 �0.541

Table 14: Coe�cients in an e↵ective field theory fit to the total cross section for di-Higgs
production normalized to the LO Standard Model prediction, using the parameterization
of Eq. (4.7) [28, 31].

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 1.55 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1
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 1
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 -1
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

Table 15: Wilson coe�cent choices of EFT benchmarks.

• proper reference to separate note [Carvalho, Goertz]

• include feedback from WG2

• high precision NNLO+NNLL for 125 GeV, (8,13,14) TeV and some val-
ues of ��3, e.g. trilinears set to -1 SM, -0.5 SM, 0.5 SM, 2SM [Mazzitelli,
de Florian]
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BSM: Effective Field Theory

A fit to the total cross section in terms of the EFT coe�cients has been given in
Refs. [28, 29]. These references construct a cross section fit to the e↵ective Lagrangian
motivated by the di↵erent phenomenological impact of the EFT parameters,
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This fit can be straightforwardly mapped onto the EFT parameters of Eq. (4.2) via the
identities

cg =
c1g

12⇡2
, cgg = � c2g

12⇡2
, y(2)

t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM .

(4.8)
Care must be taken that the EFT is only applied in the region of validity. The expansion
of Eq. (4.2) includes contributions of dimension-6, which typically means the expansion
will break down at an energy scale of E2 . ⇤2, where ⇤ is a typical scale of new physics.
Above this energy scale, contributions of dimension-8 and higher must be included.

The cross section can be parameterized in terms of the coe�cients as (valid for the
non-linear EFT with linear EFT as a limit),

�hh
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+(A8t� + A9cg�)c2 + A10c2c2g + (A11cg� + A12c2g)
2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (4.9)

The Standard Model prediction must be obtained for A1 + A3 + A7 = 1. The fit is
performed using aMC@NLO to LO, with a constant K factor, since the NLO corrections
to the EFT predictions for double Higgs production have been investigated in Ref. [30],
with the conclusion that the K factor of the EFT shows little kinematic dependence. A
fit using the parameterization of Eq. (4.7) gives the results of Table 4.1.

Further information on the EFT coe�cients can be found from hh production by
noting that di↵erent EFT operators have di↵erent kinematic dependences. The LO box
and triangle diagram exactly cancel each other at threshold in the SM. This implies that
Mhh is most sensitive to variations in �yt and ��3 at threshold, while the dependence on
��3 is suppressed at high partonic energies. In general, Mhh is a sensitive variable for
di↵erentiating the e↵ects of the di↵erent EFT coe�cients. The utility of this approach,
however, is limited by the small di-Higgs rate. There are large correlations, typically
requiring a global fit rather than a fit to a single EFT coe�cient [28, 29].

A cluster fit was given in Ref. [28] and is detailed in a separate note [31]. The
cluster analysis divides kinematic points into 12 clusters, where within the clusters the
dependence on the kinematic parameters is similar. The clusters have clear kinematic
di↵erences between them, particularly in the peak structure of the Mhh distributions.
Scanning over a range of di↵erent Wilson coe�cients this procedure allows us to for-
mulate a set of benchmark choices that exhibit a particularly interesting di-Higgs phe-
nomenology. These choices are given in Tab. 15.

to be added
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• NLO QCD corrections available and flat  [Gröber, Mühlleitner, Spira, Streicher `15]

[Dall’Osso et al. `15] 
LHCXSWG-INT-2015-007
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p
s 8 TeV 13 TeV 14 TeV 100 TeV

AH
1 0.86 0.82 0.81 0.72

AH
2 0.32 0.29 0.29 0.22

AH
3 -4.86 -4.82 -4.81 -4.72

AH
4 8.92 8.76 8.73 8.38

AH
5 -3.24 -3.04 -3.01 -2.60

AH
6 -5.68 -5.70 -5.69 -5.78

AH
7 9.91 10.16 10.19 11.27

AH
8 14.41 14.27 14.24 14.08

AH
9 -3.05 -2.88 -2.85 -2.51

AH
10 -9.5E-02 -8.7E-02 -8.6E-02 -6.1E-02

AH
11 8.2E-03 9.3E-03 9.4E-03 2.0E-02

AH
12 -3.3E-02 -3.0E-02 -3.0E-02 -2.4E-02

AH
13 8.2E-04 7.3E-04 7.2E-04 5.5E-04

AH
14 4.2E-03 4.0E-03 4.0E-03 3.8E-03

AH
15 1.7E-03 2.4E-03 2.5E-03 3.1E-03

AH
16 -7.8E-02 -7.1E-02 -7.1E-02 -5.8E-02

AH
17 9.7E-02 8.8E-02 8.7E-02 6.8E-02

AH
18 0.27 0.25 0.24 0.18

AH
19 0.13 0.12 0.12 0.10

AH
20 0.43 0.41 0.41 0.36

Table 5: Central value for the coe�cients for Rhh when it is expressed in
the Higgs basis.

12

Higgs Basis 
Dorigo, Goertz, Tosi, Gouzevich, Oliveira 
LHCXSWG-INT-2015-007
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BSM: Effective Field Theory

A fit to the total cross section in terms of the EFT coe�cients has been given in
Refs. [28, 29]. These references construct a cross section fit to the e↵ective Lagrangian
motivated by the di↵erent phenomenological impact of the EFT parameters,
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This fit can be straightforwardly mapped onto the EFT parameters of Eq. (4.2) via the
identities

cg =
c1g

12⇡2
, cgg = � c2g

12⇡2
, y(2)

t = 2c2 , �yt = (t � 1) , ��3 = �v(� � 1)�SM .

(4.8)
Care must be taken that the EFT is only applied in the region of validity. The expansion
of Eq. (4.2) includes contributions of dimension-6, which typically means the expansion
will break down at an energy scale of E2 . ⇤2, where ⇤ is a typical scale of new physics.
Above this energy scale, contributions of dimension-8 and higher must be included.

The cross section can be parameterized in terms of the coe�cients as (valid for the
non-linear EFT with linear EFT as a limit),

�hh

�SM
hh

= A1
4
t + A2c

2
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2
t

+(A13�cg + A14c2g)t� + A15cgc2g� . (4.9)

The Standard Model prediction must be obtained for A1 + A3 + A7 = 1. The fit is
performed using aMC@NLO to LO, with a constant K factor, since the NLO corrections
to the EFT predictions for double Higgs production have been investigated in Ref. [30],
with the conclusion that the K factor of the EFT shows little kinematic dependence. A
fit using the parameterization of Eq. (4.7) gives the results of Table 4.1.

Further information on the EFT coe�cients can be found from hh production by
noting that di↵erent EFT operators have di↵erent kinematic dependences. The LO box
and triangle diagram exactly cancel each other at threshold in the SM. This implies that
Mhh is most sensitive to variations in �yt and ��3 at threshold, while the dependence on
��3 is suppressed at high partonic energies. In general, Mhh is a sensitive variable for
di↵erentiating the e↵ects of the di↵erent EFT coe�cients. The utility of this approach,
however, is limited by the small di-Higgs rate. There are large correlations, typically
requiring a global fit rather than a fit to a single EFT coe�cient [28, 29].

A cluster fit was given in Ref. [28] and is detailed in a separate note [31]. The
cluster analysis divides kinematic points into 12 clusters, where within the clusters the
dependence on the kinematic parameters is similar. The clusters have clear kinematic
di↵erences between them, particularly in the peak structure of the Mhh distributions.
Scanning over a range of di↵erent Wilson coe�cients this procedure allows us to for-
mulate a set of benchmark choices that exhibit a particularly interesting di-Higgs phe-
nomenology. These choices are given in Tab. 15.

to be added
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p
s 8 TeV 13 TeV 14 TeV 100 TeV

A1 2.19 2.11 2.10 1.94
A2 9.91 10.16 10.19 11.27
A3 0.32 0.29 0.29 0.22
A4 0.12 0.10 0.10 0.077
A5 1.18 1.33 1.36 2.82
A6 �8.72 �8.60 �8.54 �8.29
A7 �1.51 �1.40 �1.39 �1.165
A8 3.05 2.87 2.85 2.51
A9 1.61 1.49 1.48 1.23
A10 �5.11 �4.96 �4.93 �4.32
A11 �0.77 �0.70 �0.69 �0.53
A12 2.07 1.90 1.88 1.43
A13 0.37 0.33 0.33 0.25
A14 �0.93 �0.86 �0.85 �0.70
A15 �0.61 �0.58 �0.57 �0.541

Table 14: Coe�cients in an e↵ective field theory fit to the total cross section for di-Higgs
production normalized to the LO Standard Model prediction, using the parameterization
of Eq. (4.7) [28, 31].

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 1.55 -3.0 0.0 0.0
5 1.0 1.0 0.0 0.8 -1
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 1
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 -1
12 15.0 1.0 1.0 0.0 0.0
SM 1.0 1.0 0.0 0.0 0.0

Table 15: Wilson coe�cent choices of EFT benchmarks.

• proper reference to separate note [Carvalho, Goertz]

• include feedback from WG2

• high precision NNLO+NNLL for 125 GeV, (8,13,14) TeV and some val-
ues of ��3, e.g. trilinears set to -1 SM, -0.5 SM, 0.5 SM, 2SM [Mazzitelli,
de Florian]
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• NLO QCD corrections available and flat  [Gröber, Mühlleitner, Spira, Streicher `15]

[Dall’Osso et al. `15] 
LHCXSWG-INT-2015-007

• particularly relevant: Higgs selfcoupling                    
K* factors for NNLO+NNLL available

de Florian, Mazzitelli
17

recommendations

�NNLL/�NNLL,SM(��3)
��3/�SM �2 �1.5 �1 �0.5 1p
s = 7 TeV 4.17 3.12 2.24 1.53 0.452p
s = 8 TeV 4.09 3.06 2.21 1.52 0.455p
s = 13 TeV 3.85 2.92 2.13 1.49 0.466p
s = 14 TeV 3.82 2.90 2.12 1.49 0.467p
s = 100 TeV 3.39 2.62 1.97 1.43 0.492

Table 16: Values for �NNLL/�NNLL,SM for non-Standard Model values of the trilinear
Higgs coupling [5].

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
physical fields h, H are mixtures of the original fields

h = cos↵ �0 + sin↵ s

H =� sin↵ �0 + cos↵ s . (4.11)

The input parameters can be taken as (see e.g. [35]),

• mh = 125 GeV , MH , cos↵, v, tan � = v/hsi ,

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

�(h ! XSMXSM) = cos2 ↵�(h ! XSMXSM)SM

�(H ! XSMXSM) = sin2 ↵�(H ! XSMXSM)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 at MH which is com-
pletely fixed in terms of tan �, MH , and cos↵. ATLAS [36] 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 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 [37]. 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. 7

The NLO QCD corrections to double Higgs production can be found in the large
mt limit [38] and give a K factor which is approximately the same as in the Standard

18

[HPair]



BSM: hh Resonances

• multi-Higgs phenomenology most transparently reflected in 
singlet extension scenario

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
physical fields h, H are mixtures of the original fields

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, XSM , are:

�(h ! XSMXSM) = cos2 ↵�(h ! XSMXSM)SM

�(H ! XSMXSM) = sin2 ↵�(H ! XSMXSM)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 at MH which is com-
pletely fixed 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 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.

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 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.

5 Experimental studies

to be added later
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mt limit [37] and give a K factor which is approximately the same as in the Standard
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given in Table xx.
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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 fields h, H are mixtures of the original fields

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, XSM , are:

�(h ! XSMXSM) = cos2 ↵�(h ! XSMXSM)SM

�(H ! XSMXSM) = sin2 ↵�(H ! XSMXSM)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 at MH which is com-
pletely fixed 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 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.

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 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.

5 Experimental studies
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4.2 Higgs Singlet Model
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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
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physical fields h, H are mixtures of the original fields

h = cos↵ �0 + sin↵ s

H =� sin↵ �0 + cos↵ s . (4.11)
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and the Higgs branching ratios to SM particles, XSM , are:

�(h ! XSMXSM) = cos2 ↵�(h ! XSMXSM)SM

�(H ! XSMXSM) = sin2 ↵�(H ! XSMXSM)SM

�H = sin2 ↵�H,SM(MH) + �(H ! hh)

�h = cos2 ↵�h,SM(mh) , (4.12)
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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.

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 of O(10 � 20) and are typical of those which can be obtained in models with
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the 2HDM, the MSSM, or the NMSSM.

5 Experimental studies

to be added later

19

18



BSM: hh Resonances

• multi-Higgs phenomenology most transparently reflected in 
singlet extension, NLO QCD corrections available
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Figure 11: Invariant di-Higgs mass di↵erential distribution for pp ! hh in the singlet
model with a heavy Higgs with MH = 200 GeV
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• in YR4   (link to internal note)

• latest recommendations for gluon fusion Higgs pair 
production as well as for subdominant channels 

• recommendation for gluon fusion distributions 
• transparent and phenomenologically relevant BSM 

extension recommendations for hh final states

Thanks for contributions go to

• final meeting for YR4 :  February 1st  at  4.30pm  CERN time

LHCHXSWG-INT-2015-003
January 14, 2016

LHC Higgs Cross Section Working Group HH Cross-group (Higgs Pair Production)

HH: Status and recommendations

for LHC HXSWG
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A. Papaefstathiou, J. Rojo, M. Spannowsky, M. Spira, M. Tosi, C. Vernieri,
E. Vryonidou, M. Zaro, T. Zirke.

This document is the summary of the HH Cross-group, providing recommended cross
section for Higgs pair production in dominant and subdominant production modes, as well
as recommendations for di↵erential distributions and benchmarks for BSM scenarios.

1 Introduction

The phenomenology of multi-Higgs boson final states will provide complementary infor-
mation to that found from single Higgs physics at the LHC. Due to generically small
inclusive cross sections and a di�cult signal vs. background discrimination, the only fea-
sible multi-Higgs final states at the Large Hadron Collider are Higgs pair final states, of
which gluon fusion gg ! hh is the dominant production mode. Analyses by ATLAS [1]
and CMS based on Run 1 data imply that the rate is no larger than 70 times the SM
prediction.

Many models of physics beyond the Standard Model with SM-compatible single
Higgs signal strengths can exhibit a di-Higgs phenomenology vastly di↵erent from the
SM expectation. In this sense, a successful discovery of Higgs 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 pair production via a destructive interference of the box and
triangle diagrams shown in Fig. 1 [2–4].

To facilitate such a measurement, it is crucial to establish the Higgs pair production
cross section in the SM to the best theoretical accuracy possible and to provide BSM
benchmarks that reflect the phenomenology of Higgs 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 subdominant Higgs pair production modes at the LHC at the highest
available theoretical precision. In addition, we provide benchmarks for resonant and non-
resonant extensions of the SM phenomenology of Higgs pairs in light of current single
Higgs property measurements which are aligned with the e↵orts of other subgroups. This

1

https://svnweb.cern.ch/cern/wsvn/lhchiggsxs/documents/internal/LHCHXSWG-INT-2015-003/
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• further investigate NLO finite top mass effects in gluon fusion
[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke]

• supplement additional subdominant production cross sections at NLO 
• gluon fusion + 2 jets (similar to gluon fusion hh) 
• gluon fusion induced hhZ production, VVhh…

• specific model-dependent benchmarking of (exotic) multi-Higgs final 
states in light of improved single Higgs results: (N)MSSM, 2HDM, …

• NNLO GF differential distributions and NLO differential distribution 
recommendations for subdominant production modes

[first details to be publicised in separate LHCXSWG note]

• shower systematics


