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HH: the cross-sections

Gluon gluon fusion 

dominates 
σ~40fb at 14TeV

VBF and ttHH potentially 
interesting e.g. ttHH 
arxiv:1409.8074, VBF: 
1506.08008,1611.0386010-3
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HH production at pp colliders at NLO in QCD
MH=125 GeV, MSTW2008 NLO pdf (68%cl)
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Frederix et al. arxiv:1401.7340 See also Baglio et al.  
arxiv:1212.5581 for a 
survey of all channels Tree-level processes available at NLO+PS 

through public MC codes
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Borowka et al 1604.06447 and 1608.04798 
NLO computation for gluon fusion with the exact top mass 
dependence complete 

2-loop amplitudes computed with  
GOSAM-2L          REDUZE            SECDEC 3 
Numerical evaluation of integrals

HH at NLO with exact top mass dependence

3
-14% -4%

HH@NLO: Full top mass dependence 

See more in Javier’s talk 
for further progress
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Differential distributions at NLO

• Exact NLO result softer than all other approximations in high 
mhh region (up to ~20% difference) 

• FTapprox in MG5_aMC good for high pT (boosted searches)

Borowka et al arXiv:1604.06447 and 1608.04798 
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HH@NLO+PS: prerequisites
2D grid: s,t           x, cθ  for a uniform distribution

Use of grid necessary to 
ensure reasonable 
running times

• Finite pieces of the virtual corrections obtained in the 
FKS convention as needed in the Powheg and 
MG5_aMC@NLO frameworks 

• One-loop amplitudes for born and real kinematics: 
• Powheg: Implementation based on GoSam 
• MG5_aMC@NLO: MadLoop 

• Both implementations allow comparisons to previous 
approximations: Born-improved and FTapprox
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arXiv:1703.09252
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HH@NLO+PS: Results

Insensitive to the PS, serve as validation
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HH@NLO+PS:Results

Parton shower needed to provide reliable predictions at low 
HH and jet pT, where the fixed-order predictions diverge

arXiv:1703.09252
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Comparison between Powheg and MG5_aMC

Same parton shower              differences due to matching 
mhh, pTH, pTH1, pTH2 largely insensitive to the matching  
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Comparison between Powheg and MG5_aMC

• hdamp limits the amount of exponentiated radiation in 
Powheg 

• Reducing hdamp gives softer distributions in Powheg 
• Default MG5_aMC@NLO gives relatively soft 

distributions
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Shower parameters: shower scale in MG5

Default shower scale in MC@NLO (since 2.5.3): 
picked in the interval 

Impact of reducing the shower scale: Softer pTHH distributions
can be set in the run_card
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Shower parameters in MG5_aMC and Powheg

• Previous shower scale used in MG5_aMC:                     gives 
significantly harder distributions close to hdamp=infinity 

• New default scale approaches the fixed-order result much 
faster: a more natural choice 

• Similarly hdamp=250 gives softer results, closer to the FO
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Comparison with previous approximations

• Born-improved predictions much harder than exact 
computation 

• FT_approx giving a good description of the high pT regions 
also in the NLO+PS predictions: exact real matrix element
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More on NLO+PS
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Comparison with resummation

Jones and Kuttimalai arXiv:1711.03319
Comparison between 
shower algorithms

• Small shower uncertainties 
• Larger matching uncertainties 
• Good agreement with resummation

http://arxiv.org/abs/arXiv:1711.03319
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Merging and matching 

14

+

Maierhöfer, Papaefstathiou, arXiv:1401.0007 
and comparison in YR4

MLM, CKKW merging 
Available in Herwig and MG5 (better solution than LO+PS)

better description 
at high-pt



E.Vryonidou HH Workshop

Monte Carlo tools for BSM in HH

15

• EFT 
• Resonances
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How to extract λHHH from HH: EFT

16

Other couplings enter in the same 
process:  
top Yukawa, ggh(h) coupling, top-
gluon interaction
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How to extract λHHH from HH: EFT

16

Best LHC limit on σHH

Other couplings enter in the same 
process:  
top Yukawa, ggh(h) coupling, top-
gluon interaction

The present
Given the current constraints on σ(HH), σ(H) and 
the fresh ttH measurement, the Higgs self-
coupling can be currently constrained “ignoring” 
other couplings 
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How to extract λHHH from HH: EFT

16

Best LHC limit on σHH

Other couplings enter in the same 
process:  
top Yukawa, ggh(h) coupling, top-
gluon interaction

The present
Given the current constraints on σ(HH), σ(H) and 
the fresh ttH measurement, the Higgs self-
coupling can be currently constrained “ignoring” 
other couplings 

The future
Precise knowledge of other Wilson 
coefficients will be needed to bound λ as the 
bound gets closer to SM 
Differential distributions will also be 
necessary
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Resonant Higgs pair production:2HDM

17

Relevant couplings:  
Heavy quark Yukawas  

Trilinear Higgs couplings 

Type I Type II

1 +∆h0

t

cosα

sin β
= 1 + ξ/ tan β − ξ2/2 +O(ξ3)

cosα

sin β
= 1 + ξ/ tan β − ξ2/2 +O(ξ3)

1 +∆h0

b

cosα

sin β
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t

sinα

sin β
= −1/ tan β + ξ + ξ2/(2 tan β) +O(ξ3)

sinα

sin β
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Table 1: Heavy–quark Yukawa couplings to the light (heavy) CP–even Higgs bosons for type I
and type II 2HDM. These are parametrized as a shift from the SM, according to Eq. 2.2. Their
decoupling behavior is given in terms of the expansion parameter ξ ≡ cos(β − α) up to O(ξ3).

neutral, CP–even state h0 (resp. H0); one neutral, CP-odd state A0; and two charged

Higgs bosons H±. Throughout the paper we identify the state h0 with the Higgs particle

observed at the LHC and fix its mass to mh0 = 126 GeV. The mixing angle α is introduced

to diagonalize the CP–even squared mass matrix. Assuming natural flavor conservation [?],

the absence of tree–level flavor–changing neutral–current (FCNC) interactions is protected

by a global, flavor–blind, Z2 discrete symmetry Φi → (−1)iΦi. The latter is approximate

up to the soft–breaking mass term Lsoft ⊃ m2
12 Φ

†
1Φ2+h.c. We neglect extra sources of CP–

violation by considering real mass terms and self–couplings in the Higgs potential. After

electroweak symmetry breaking, the neutral components of the Higgs doublets acquire real

VEVs, ⟨Φ0
i ⟩ = vi/

√
2, where v2 ≡ v21 + v22 = G−1

F /
√
2. The ratio of the two VEVs is given

by tan β ≡ v2/v1. Overall, we are left with 7 free input parameters, which we can sort out

as:

tan β , sinα ,mh0 ,mH0 ,mA0 ,mH± ,m2
12. (2.1)

The convention 0 ≤ β−α < π (with 0 < β < π/2) guarantees that the Higgs coupling

to the weak gauge bosons g2HDM
hV V = sin(β − α) gSMhV V has the same sign in the 2HDM and

in the SM. This criterion fixes the possible sign ambiguities in the generic parametrization

of the model [?,?].

The different possible choices of fermion field transformations under Z2 lead to different

Yukawa coupling patterns. We will hereafter concentrate on the two canonical setups: i)

type–I, in which all fermions couple to just one of the Higgs doublets; and ii) type–II,

where up–type (down–type) fermions couple exclusively to Φ2 (Φ1). The resulting Yukawa

couplings deviate from the SM in a way that we parametrize in the notation of [?],

ghxx ≡ ghx =
!

1 +∆h
x

"

gSMx . (2.2)

Analytic expressions for these coupling shifts are provided in Table ?? for both type–I

and type–II 2HDMs. For further reference, also the trilinear Higgs self–couplings involving

the CP–even neutral states are quoted below in Table ??.
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λh0h0h0 : −
3

sin 2β

!

4 cos(α+ β) cos2(β − α)m2
12

sin 2β
−m2

h0 (2 cos(α+ β) + sin 2α sin(β − α))

"

= 3m2
h0 + ξ2

!

9m2
h0

2
−

12m2
12

sin 2β

"

+O(ξ3)

λh0h0H0 :
cos(β − α)

sin 2β

!

sin 2α (2m2
h0 +m2

H0)−
2m2

12

sin 2β
(3 sin 2α − sin 2β)

"

= −ξ

#

2m2
h0 +m2

H0 −
8m2

12

sin 2β

$

−
2ξ2

tan 2β

#

2m2
h0 +m2

H0 −
6m2

12

sin 2β

$

+O(ξ3)

λH0H0h0 : −
sin(β − α)

sin 2β

!

sin 2α (m2
h0 + 2m2

H0)−
2m2

12

sin 2β
(3 sin 2α+ sin 2β)

"
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h0 + 2m2

H0 −
4m2

12

sin 2β
+

2ξ

tan 2β

#

m2
h0 + 2m2

H0 −
6m2

12

sin 2β

$

+ ξ2

#

14m2
12

sin 2β
−

5

2
(m2

h0 + 2m2
H0)

$

+O(ξ3)

λH0H0H0 : −
3

sin 2β

!

m2
H0 (cos(β − α) sin 2α− 2 sin(α+ β)) +

4m2
12 sin(α+ β) sin2(β − α)

sin 2β

"

=
− 6

tan 2β

!

m2
H0 −

2m2
12

sin 2β

"

+ ξ

#

9m2
H0 −

12m2
12

sin 2β

$

+
3ξ2

tan 2β

#

3m2
H0 −

6m2
12

sin 2β

$

+O(ξ3)

Table 2: Triple Higgs self–interactions involving the neutral CP–even Higgs fields in the 2HDM.
These are normalized as λhhh ≡ i v ghhh. The Higgs self–coupling in the SM is given by gSMHHH =
−3im2

h/v. Their decoupling behavior is given in terms of the expansion parameter ξ ≡ cos(β − α)
up to O(ξ3).

limit ξ ≪ 1 is not the unique 2HDM setup consistent with a SM–like ∼ 126 GeV resonance

is another remarkable feature of the model. In the so–called alignment limit [?, ?, ?, ?],

a SM–like Higgs state can still be made compatible with additional Higgs bosons as light

as ∼ 200 GeV [?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?, ?]. Interestingly, this

low–mass region mH0 ! 250 GeV is also elusive to direct searches – mainly because of the

problematic background isolation [?].

These rich phenomenological possibilities are captured by the set of 2HDM benchmark

scenarios which we introduce in Table ??. We employ them further down in Section ?? to

examine the distinctive 2HDM signatures on the Higgs pair production observables. They

have been constructed in agreement with all up–to–date parameter space constraints, which

we have included through an in–house interface of the public tools 2HDMC [?], Higgs-

Bounds [?,?], SuperIso [?,?] and HiggsSignals [?,?] along with additional routines of

our own. For the most recent direct heavy Higgs searches [?, ?, ?] not yet available from
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Higgs pair production 
Resonant 2HDM scenario: Heavy H

2HDM input: Type-II

✦ Slightly reduced top Yukawa 
✦ 40% reduction of the hhh 

coupling  
✦ Enhanced Hhh coupling

σhh∼ 4 times the SM prediction

tan β α/π mH0 mA0 mH± m2
12

B1 1.75 -0.1872 300 441 442 38300

B2 1.50 -0.2162 700 701 670 180000

B3 2.22 -0.1397 200 350 350 12000

B4 1.20 -0.1760 200 500 500 -60000

B5 20.00 0.0000 200 500 500 2000

B6 10.00 -0.0382 500 500 500 24746

B7 10.00 0.0323 500 500 500 24746

Table 3: Parameter choices for the different 2HDM benchmarks used in our study. All masses are
given in GeV. The lightest Higgs mass is fixed in all cases to mh0 = 126 GeV.

ĝh0tt ĝh0bb ĝH0tt ĝH0bb ĝh0h0h0 ĝH0h0h0

B1 0.958 1.118 -0.639 1.677 0.956 -0.317

B2 0.935 1.132 -0.755 1.403 0.592 -2.058

B3 0.993 1.035 -0.466 2.204 0.999 -0.019

B4 1.108 1.108 -0.684 -0.684 1.324 -1.542

B5 1.001 1.001 0 0 0.995 0.042

B6 0.998 1.203 -0.120 9.978 0.986 -0.346

B7 0.999 -1.018 0.102 9.998 0.991 -0.951

Table 4: Normalized heavy–quark Yukawa and trilinear Higgs self–couplings for the different
2HDM benchmarks defined in Table 3. All couplings are normalized to their SM counterparts.

deviations slightly beyond 1σ in the averaged Higgs signal strength.

In Table ?? we quote the numerical values for sample Yukawa and Higgs self–couplings

(a selection which is relevant to the light Higgs pair production) for all seven 2HDM

benchmarks defined in Table ??. All couplings are normalized to their SM counterparts,

as denoted by ĝhxx ≡ g2HDM
hxx /gSMHxx, where H stands for the SM Higgs boson. The heavy

Higgs trilinear coupling is normalized as ĝH0h0h0 ≡ gH0h0h0/g
SM
HHH .

The key physics properties of the different 2HDM scenarios can be summarized as

follows:

• B1: Moderate mass hierarchy - taken from benchmark H1 in Ref. [?]. It

corresponds to a type II 2HDM with moderate (viz. 300 − 500 GeV) heavy Higgs

masses. The small values of tan β and ξ ≡ cos(β − α) guarantee that all light

Higgs boson couplings remain very close to the SM – with an O(5)% suppression in

the triple Higgs self coupling and an O(10)% enhancement in the bottom Yukawa.
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Availability of tools: 2HDM

• 2HDM HH calculation using the NLO-ready 2HDM model: Degrande 
arXiv:1406.3030

• Model available in Feynrules database
• http://feynrules.irmp.ucl.ac.be/wiki/NLOModels
• Exact LO computation with the full top and bottom mass dependence
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Availability of tools: 2HDM

• 2HDM HH calculation using the NLO-ready 2HDM model: Degrande 
arXiv:1406.3030

• Model available in Feynrules database
• http://feynrules.irmp.ucl.ac.be/wiki/NLOModels
• Exact LO computation with the full top and bottom mass dependence
• MG5_aMC@NLO: loop-induced event generation

• import model 2HDM_NLO
• generate g g > h1 h1 [QCD]
• output gghh

•This includes the SM-like diagrams + heavy Higgs diagrams + 
interference

c.f. generate g g > h2 > h1 h1 [QCD] (signal only)
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General comments on parameter space 
for models with extra scalars

yb,yt,λhhh Yb,Yt,λHhh yb,yt

Hh
In models with extra scalars: 
• Parameters of interest for HH: 

• Light and Heavy Higgs Yukawas 
• Trilinear Hhh coupling 
• Trilinear hhh coupling

Width is not a free parameter

                                      

For a pronounced resonance:  

+ Enhanced Heavy Higgs top Yukawa  

+ Large trilinear Hhh coupling  

+ Relatively Low Mass Heavy Higgs  

• Going beyond the NWA approximation needed as the sensitivity improves, 
reaching cross-sections larger by factors of a few above the SM prediction 
and for resonances with larger widths

20
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Summary and conclusions

21

• HH gluon-fusion cross section known at NLO with the 
exact top mass dependence 

• NLO+PS predictions including full mass effects 
• Available implementations 

• POWHEG-BOX V2: User-Processes-V2/ggHH/ 
• MG5_aMC@NLO (contact me) 

• EFT implementation available 
• 2HDM implementation (with interference) available



Thanks for your attention


