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Higgs Pair Production - probing the shape of the potential

๏SM Higgs pair production at the LHC - dominant process: Gluon fusion

✴ mediated by top and bottom loops

✴ SM: destructive interference triangle and box diagrams

๏Cross section: 

at FTapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects  
and full mass dependence in the one-loop double real corrections at NNLO

[Grazzini eal’19; Baglio eal,’20]

for extensive list of refs.


see |di Micco eal’19]

๏Challenge: small cross sections and large QCD backgrounds
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New Physics Effects in Higgs Pair Production

[taken from Dao, Mühlleitner eal’13]๏Example NMSSM:

resonant enhancement

for mHk = 2*mh

stop, sbottomdiffering

from SM value

differing

from SM value

M.M.Mühlleitner, LHC Extended Scalars, 6 July 2021

๏Cross section: - different trilinear couplings - different Yukawa couplings  
- new particles in the loop - resonant enhancement 
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New Physics Effects in Higgs Pair Production
๏Example: extended sector only

๏Example: extension with a strange dark sector

R. Santos, Higgs Pairs Workshop, 1 June 2022
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Figure 1: Generic diagrams contributing to leading-order C2HDM Higgs HiHj (i, j, k = 1, 2, 3) pair production
in gluon fusion.

diagram also has to be taken into account in the CP-conserving models when the production
of a mixed pair of one CP-even and one CP-odd Higgs boson in the final state is considered.
Note that the contribution of the Z boson exchange diagram to the overall cross section is small.
Furthermore, the QCD corrections from the SM cannot be taken over here. Our implementation
of the BSM models in HPAIR allows us to take the QCD corrections (in the heavy top limit)
correctly into account also for this diagram.

In extended Higgs sectors we have several modifications compared to the SM. The additional
Higgs bosons Hk can lead to resonant enhancement of the di-Higgs cross section compared to the
SM in case mHk

> mHi
+mHj

. In Higgs pair production we will call parameter configurations
where the resonant rates makes up for a significant part of the cross section “resonant produc-
tion”. For mediator masses of mHk

< mHi
+ mHj

resonant enhancement is kinematically not
possible. This is a clear case of “non-resonant” production. However, note that, for parameter
configurations with mHk

> mHi
+ mHj

, the resonance contribution may be very suppressed if
the involved couplings are small, the mediator mass is very heavy, its total width is large, or
if there are destructive interferences between di↵erent diagrams. From an experimental point
of view, the cross section would not be distinguishable from “non-resonant” production then.
The transition between “resonant” and “non-resonant” is of course fluid. We will address this
in detail in the discussion of our application of the experimental limits from resonant and non-
resonant di-Higgs production. Further di↵erences from the SM case arise from Higgs-Yukawa
and trilinear Higgs couplings deviating from those of the SM Higgs boson and from additional
particles running in the loop. The latter is the case for the NMSSM where supersymmetric
partners of the top and bottom quark contribute to the loop. An interesting feature is that in
the SM we have a destructive interference between the triangle and the box diagrams, implying
possible enhancements in extended Higgs sectors where the couplings di↵er from the SM case.
This can be inferred from Fig. 2, where we show the LO Higgs pair production cross section
when we vary the SM Higgs top-Yukawa coupling (upper left), the trilinear Higgs self-coupling
(upper right) and both couplings (lower) while keeping all other couplings fixed to the SM val-
ues. Note, that for the sake of illustration we varied the top-Yukawa coupling in ranges beyond
the experimental exclusion limits.3 We see the destructive interference which becomes largest
for �HHH/�

SM
HHH

= 2.48. The cross section drops to zero (modulo the small bottom quark
contribution) for the top-Yukawa coupling yt = 0 as the Higgs does not couple to the top quarks
any more. Note finally that the di-Higgs cross section values through the s-channel exchange
triangle diagrams are sensitive to the total widths of the exchanged Higgs bosons as well, that

3In the subsequently presented analyses, the experimental limits on the couplings are taken into account.

12

[thanks to D. Neacsu]
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Varying the SM couplings

R. Santos, Higgs Pairs Workshop, 1 June 2022
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 LO Higgs pair production cross section when we vary the SM 
Higgs top-Yukawa coupling (upper left), the trilinear Higgs self-
coupling (upper right) and both couplings (lower) while keeping all 
other couplings fixed to the SM values.


 Destructive interference largest for λHHH/λSM = 2.48. Cross 
section drops to zero (modulo b-quark contribution) for yt = 0. 
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Experimental Results - Limits on Trilinear Higgs Self-Coupling

[Rui Zhang, ATLAS, this workshop]

[Fabio Monti, CMS, this workshop

R. Santos, Higgs Pairs Workshop, 1 June 2022

 R. Zhang                                Higgs Pair Workshop 2022, May 30

HH combination 126–139 fb-1, √s = 13 TeV

27

๏ Previous observed (expected) results @ 36 fb-1

• bb̄ττ signal strength: 12.5 (15) 

• bb̄γγ signal strength: 20.3 (26)

• Combined with 6 channels: 6.9 (10) ➞ 3x improvement

• !": [-5.0, 12.0] ([-5.8, 11.5])

 R. Zhang                                Higgs Pair Workshop 2022, May 30

HH combination 126–139 fb-1, √s = 13 TeV

27

๏ Previous observed (expected) results @ 36 fb-1

• bb̄ττ signal strength: 12.5 (15) 

• bb̄γγ signal strength: 20.3 (26)

• Combined with 6 channels: 6.9 (10) ➞ 3x improvement

• !": [-5.0, 12.0] ([-5.8, 11.5])

● Obs.(exp.) upper limit on HH XS of 3.9(7.8)×SM
Non-resonant resolved HH→4b - results

20

➢ Obs < exp limits because of small data under-fluctuation

Limit on HH XS vs kλ Limit on VBF HH XS vs k2V

Obs. kλ ∈ [-2.3, 9.4] 
Exp.  kλ ∈ [-5.0, 12.0]

Obs. k2V ∈ [-0.1, 2.2] 
Exp.  k2V ∈ [-0.4, 2.5]

arXiv:2202.09617 More in D. Guerrero and R.T. De Lima talkFabio Monti - IHEP CAS
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Today we have

An overview of Higgs Pair production possibilities

including theoretical and experimental constraints


in BSM Higgs sectors.

benchmark points / lines / planes

for experiment

R. Santos, Higgs Pairs Workshop, 1 June 2022



LHC

RxSM

CxSM NMSSM

2HDM
C2HDM

N2HDMGM

Extensions of the SM

There is a 125 GeV Higgs (other scalars can be lighter 
and/or heavier).

From the 2HDM on, tan β=v2/v1. Also charged Higgs 
are present.

Models (except singlet extensions) can be CP-violating.

They all have ρ=1 at tree-level.

You get a few more scalars (CP-odd or CP-even or with 
no definite CP)

In case all neutral scalars mix there will be three 
mixing angles 

They can have dark matter candidates (or not)

u-type d-type leptons

Type I �2 �2 �2

Type II �2 �1 �1

Lepton-specific �2 �2 �1

Flipped �2 �1 �2

Table 1: The four Yukawa types of the Z2-symmetric 2HDM defined by the Higgs doublet that couples to each

kind of fermions.

CxSM (RxSM) 2HDM C2HDM N2HDM

Model SM+Singlet SM+Doublet SM+Doublet 2HDM+Singlet

Scalars h1,2,(3) (CP even) H, h, A, H±
H1,2,3 (no CP), H±

h1,2,3 (CP-even), A, H±

Motivation DM, Baryogenesis + H
± + CP violation + ...

Table 2: Components of the Yukawa couplings of the Higgs bosons Hi in the C2HDM. The expressions correspond

to [c
e
(Hiff) + ic

o
(Hiff)�5] from Eq. (2.6) and t� stands for tan�.

and gHSMV V denotes the SM Higgs coupling factors. In terms of the gauge boson massesMW and
MZ , the SU(2)L gauge coupling g and the Weinberg angle ✓W they are given by gHSMV V = gMW

for V = W and gMZ/ cos ✓W for V = Z.
Both the 2HDM and C2HDM are free from tree-level FCNCs by extending the global Z2

symmetry to the Yukawa sector. The four independent Z2 charge assignments of the fermion
fields determine the four types of 2HDMs depicted in Table 1. The Yukawa Lagrangian is defined
by

LY = �
3X

i=1

mf

v
 ̄f [c

e(Hiff) + ic
o(Hiff)�5] fHi , (2.6)

where  f is the fermion field with mass mf . In Table 2 we present the CP-even and the CP-odd
components of the Yukawa couplings, ce(Hiff) and c

o(Hiff), respectively [?].
All Higgs branching ratios can be obtained from C2HDM HDECAY [?]1 which implements the

C2HDM in HDECAY [?, ?]. These include state-of-the art higher order QCD corrections and
possible o↵-shell decays. The complete set of Feynman rules for the C2HDM is available at:

http://porthos.tecnico.ulisboa.pt/arXiv/C2HDM/

where for the SM subset the notation for the covariant derivatives is the one in [?] with all ⌘’s
positive, where the ⌘’s define the sign of the covariant derivative (see [?]). Note that the 2HDM
branching ratios are part of the HDECAY release (see [?,?,?] for details).

2.2 The N2HDM

The version of the N2HDM used in this work was discussed in great detail in [?]. This extension
consists of the addition of an extra doublet and an extra real singlet to the SM field content.

1
The program C2HDM HDECAY can be downloaded from the url: https://www.itp.kit.edu/~maggie/C2HDM.

2

8R. Santos, Higgs Pairs Workshop, 1 June 2022



Φ1 =
ϕ+

1
1

2
(v1 + ρ1 + iη1)

Φ2 =
ϕ+

2
1

2
(v2+ρ2 + iη2)

ΦS = vS+ρS

magenta + blue ⟹ RxSM (also CxSM)

with fields

V = m2
11 |Φ1 |2 +m2

22 |Φ2 |2 − m2
12 (Φ†

1Φ2 + h . c.)+
m2

S

2
Φ2

S

+
λ1

2
(Φ†

1Φ1)2+
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)

+
λ5

2 [(Φ†
1Φ2) + h . c . ]+

λ6

4
Φ4

S +
λ7

2
(Φ†

1Φ1)Φ2
S+

λ8

2
(Φ†

2Φ2)Φ2
S

magenta + black ⟹ 2HDM (also C2HDM)

magenta + black + blue + red ⟹ N2HDM

magenta ⟹ SM

Particle (type) spectrum

depends on the 

symmetries imposed

on the model, and 
whether they are 


spontaneously broken or 
not. There are two 

charged particles and 4 
neutral.

softly broken Z2 : Φ1 → Φ1; Φ2 → − Φ2

softly broken Z2 : Φ1 → Φ1; Φ2 → − Φ2; ΦS → ΦS

exact Z′￼2 : Φ1 → Φ1; Φ2 → Φ2; ΦS → − ΦS

• m2
12 and λ5 real 2HDM

• m2
12 and λ5 complex C2HDM

The model can be CP 
violating or not.

The potentials

9R. Santos, Higgs Pairs Workshop, 1 June 2022
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Model Higgs Spectrum In principle possible Higgs pair final 

states from resonant production 

RxSM

SM+real singlet   

`dark phase’: HSM, DM


`broken phase´: HSM, S                             
DMDM 

HSMHSM  SS

TRSM

SM+2real singlets

`broken phase´: HSM,H1,H2
HSMHSM   H1H1   H2H2 


H1H2  HSMH1

CxSM 
SM+complex singlet

`dark phase´: HSM,S,DM

`broken phase´: HSM,H1,H2 

HSMHSM  SS  DMDM

HSMHSM   H1H1   H2H2 


H1H2  HSMH1

2HDM

2 Higgs doublets

CP-conserving: HSM,H,A HSMHSM    HH

MSSM

2 Higgs doublets, SUSY!

CP-conserving: HSM,H,A HSMHSM 

no HH (due to constraints)

C2HDM

2 doublets, 3 Higgses mix

CP-violating: HSM,H1,H2
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H1H2   HSMH1

N2HDM

2 doublets, 1 real singlet

HSM,H1,H2,A
HSMHSM   H1H1   H2H2
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Models

Model Higgs Fields Spectrum

R2HDM 2 SU(2) doublets,

CP-conserving

h, H, A, H+

C2HDM 2 SU(2) doublets,

CP-violating

H1, H2, H3, H+

N2HDM 2 SU(2) doublets, 1 real 
singlet, CP-conserving H1, H2, H3, A, H+

NMSSM
2 SU(2) doublets, 1 

complex singlet super- 
field, CP-conserving

H1, H2, H3, A1, A2, 
H+

R. Santos, Higgs Pairs Workshop, 1 June 2022
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"Pseudoscalar" component (doublet)

CP-violating 2HDM

SM + Real singlet

singlet component

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟   
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟   ( )

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟   a+ ib( )  

SM + Complex singlet

ghVV
2HDM = sin(β − α)ghVV

SM

ghVV
C2HDM = cos α2 ghVV

2HDM

ghVV
N2HDM = cos α2 ghVV

2HDM

ghVV
RxSM = cos α1 ghVV

SM
ghVV

CxSM = cos α1 cos α2 ghVV
SM

h125 couplings (gauge)
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IV = II’ = X = Lepton Specific= 3…

III = I’ = Y = Flipped = 4… 

€ 

κU
I =κD

I =κL
I =
cosα
sinβ

Type I

Type II

€ 

κU
II =

cosα
sinβ

€ 

κD
II =κL

I I = −
sinα
cosβ

Type F(Y)

Type LS(X)
€ 

κU
F =κL

F =
cosα
sinβ

€ 

κU
LS =κD

LS =
cosα
sinβ

€ 

κL
LS = −

sinα
cosβ€ 

κD
F = −

sinα
cosβ

YC2HDM = cos α2Y2HDM ± iγ5 sin α2 tan β(1/tan β)

YN2HDM = cos α2Y2HDM

These are coupling modifiers 

relative to the SM coupling. 


May increase Yukawa 

relative to the SM.

h125 couplings (Yukawa)

13R. Santos, Higgs Pairs Workshop, 1 June 2022



Overview of resonant production



15

Remarks

R. Santos, Higgs Pairs Workshop, 1 June 2022

ATLAS-CONF-NOTE-2021-030

ATLAS-CONF-NOTE-2021-035
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Allowed SM-like Higgs in each model

R. Santos, Higgs Pairs Workshop, 1 June 2022

Figure 5: Mass distributions of the non-SM-like neutral Higgs bosons in the C2HDM-I and II (upper left and
right), the N2HDM-I and II (middle left and right), and the NMSSM (lower) for the parameter points respecting
all applied constraints. The colour of the points denotes which Higgs boson is SM-like. In the shaded region
m"  m#.

in contrast to the R2HDM or MSSM e.g. which feature only two CP-even neutral Higgs bosons.
We can hence expect such decays in the N2HDM-I, II, and the NMSSM, and to a less extent
in the C2HDM-I because of the more compressed mass spectrum. We further found that in the
C2HDM-II only the case H1 ⌘ HSM is realized in our scan after including the constraints. In
the N2HDM-II and the NMSSM, H1 and H2 being SM-like is still possible but not H3. In the
R2HDM, not shown in the plots, in type I, for H1 ⌘ HSM, the heavier H2 mass ranges between
130 GeV and, the upper scan limit of 3 TeV. For H2 ⌘ HSM, the lighter H1 mass varies between
30 and 122.5 GeV.11 In type II, mH2 ranges between 800 GeV and the upper scan limit. Also

11Note that we applied a gap of ±2.5 GeV around 125.09 GeV.
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From very constrained 
(C2HDM).

To very unconstrained 
(N2HDM).



What is resonant?
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Additional Higgs bosons Hk - possible resonant enhancement of the di-Higgs cross section. 


• If mHk < mHi + mHj - clear case of “non-resonant” production. 

• If mHk > mHi + mHj , resonance contribution may be suppressed (small couplings, large masses, 

large widths or destructive interference). 


From an experimental point of view, the cross section would not be distinguishable from “non-
resonant” production then. So our recipe is:


• HiggsBounds turned off for di-Higgs.

• Use Sushi to calculate σ(Hk), for all possible intermediate resonances Hk (NNLO QCD).

• Calculate σ(Hk) × BR(Hk → HSMHSM) and compare with experiment.

• Exception - exp. limits assume narrow resonances, keep points if (Γtot(Hk)/mHk )limit > 5%. 


Final states: most recent 4b, (2b)(2τ), (2b)(2γ), (2b)(2W), (2b)(ZZ), (2W)(2γ) and 4W 


Suppress interfering Higgs signals by forcing any other neutral scalar mass to deviate by 
more than ±2.5 GeV from mHSM .
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type I (N2HDM-I) where the lightest CP-even scalar H1 is the SM-like Higgs boson HSM. The
yellow points in Fig. 3 (left) show for the points of our scan in the N2HDM-I parameter space
that pass the constraints described in Sec. 3, the single production cross sections of the heavy
Higgs boson H2, computed with SusHi, and multiplied with the branching ratio into a pair of
two SM-like Higgs bosons H1. In other words, they represent one of the resonant production
modes of a SM-like Higgs pair. The dashed line and the dot-dashed line are the experimental
limits obtained from resonant di-Higgs production searches in the 4b final state [192] and the
(2b)(2⌧) final state [194], respectively. These limits are now applied on all yellow points. Note,
however, that we not only apply them on resonant H2 but also on resonant H3 production.
The right plot in Fig. 3 shows the situation after applying the aforementioned experimental
constraints plus the bounds from (2b)(2�) [195] and the CMS bounds from 4b [193], which only
a↵ect the very low and heavy mass region, respectively, and, due to better visibility, were not
added in the plot. All previous experimental results are weaker in the whole heavy resonance
mass range and thus automatically satisfied. We see that some of the yellow points above the
experimental limits are left over. Here we do not fulfil our criteria of (�tot(Hk)/mHk

)limit < 5%
so that the experimental limits cannot be applied and, thus, no statement about the validity of
these points can be made.

The red points in Fig. 3 (left) show for all parameter scenarios passing the constraints of
Sec. 3, the cross sections for SM-like Higgs pair production as a function of the mass of the non-
SM-like Higgs bosonH2. As described above, the cross section is calculated at LO and multiplied
by a factor two to approximately take into account NLO QCD corrections. The constraints from
resonant di-Higgs searches are taken into account by referring to the yellow points. Only those
scenarios where the yelow points passed the resonant search limits are retained for the di-Higgs
cross sections and result in the allowed red points presented in Fig. 3 (right). The comparison
of the left and right plot in Fig. 3 clearly shows that the present di-Higgs searches are already
sensitive to the N2HDM parameter space and exclude parts of it beyond single Higgs data
constraints.

Figure 3: N2HDM-I: Yellow points: �(pp ! H2)
SusHi
NNLO ⇥ BR(H2 ! H1H1). Red points: 2 ⇥ �

HPAIR
LO (gg !

HSMHSM), with HSM ⌘ H1, as function of mH2 . Left (right) panel without (with) the constraints from exper-
imental resonant di-Higgs searches, cf. text for details. The dashed (dot-dashed) line denotes the ATLAS limit
from the (bb̄)(bb̄) ((bb̄)(⌧⌧)) final state. Horizontal line: Higgs pair production cross section in the SM.

From the right plot, we infer that there are many points left after application of the resonant
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What is resonant? The N2HDM-I

Situation after applying the experimental constraints. Some 
of the yellow points above the experimental limits do not 

fulfil (Γtot(Hk)/mHk )limit < 5%. 

Impact from resonant searches (N2HDM-I with H1  SM-like Higgs). Yellow points passed described constraints. 
σ(Hk) × BR(Hk → HSMHSM) with SusHi and dedicated codes for branching ratios.


Dashed line (4b) and the dot-dashed line (2b2τ)  are the experimental limits obtained from resonant di-Higgs 
production. Limits applied both on H2  and H3 production.

 R. Zhang                                Higgs Pair Workshop 2022, May 30

HH combination 126–139 fb-1, √s = 13 TeV

28

๏ Combining three channels 
allows to obtain optimal 
exclusion limits across mX

bb̄γγ dominates 
sensitivity at low mX

bb̄ττ dominates 
sensitivity at medium mX

bb̄bb̄ dominates 
sensitivity at high mX
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search limits. In many of them, the contribution from resonant diagrams is suppressed or
kinematically forbidden. From an experimental point of view, they correspond to non-resonant
di-Higgs searches so that the corresponding non-resonant limits have to be applied. We come
back to this point below. One can also see from this plot that for mH2

<
⇠ 2mH1 the cross section

can be suppressed relative to SM value. This is to be attributed to destructive interferences
between the various diagrams contributing to the di-Higgs cross section.

Figure 4: N2HDM: LO gluon fusion cross sections, multiplied by a factor 2 to approximate the NLO QCD
corrections, into a SM-like Higgs pair with H1 ⌘ HSM (red) and H2 ⌘ HSM (green) for all points passing our
constraints, as a function of the NNLO cross section for resonant heavy Higgs Hi production with subsequent
decay into a SM-like Higgs pair. For H1 ⌘ HSM (red points) we sum up the single Higgs production cross sections
of H2 and H3. Left: type I, right: type II. The horizontal line denoted by SM corresponds to the SM Higgs pair
production value, and the one denoted by bb̄�� to the limit from non-resonant di-Higgs searches in the 2b2� final
state. For the shaded region, see text.

As for the experimental limits from non-resonant searches, they mostly do not constrain
our models. The latest results in (bb̄)(��) [195], however, start cutting on the N2HDM-I (with
H1 ⌘ HSM) parameter space as is illustrated in Fig. 4 for type I (left) and type II (right).
For all points passing our constraints, we plot the NLO QCD (approximated by a factor 2)
gluon fusion SM-like Higgs pair production cross sections for the N2HDM-I (left) and II (right),
versus the NNLO QCD gluon fusion production cross section of a heavy non-SM-like Higgs
Hi that subsequently decays into the SM-like Higgs pair. For H2 ⌘ HSM, we have Hi = H3,
for H1 ⌘ HSM we sum over the two possibilities Hi = H2, H3. From the plot, we can infer
that for parameter points where HSMHSM production from resonant heavy Higgs production
dominates the di-Higgs process, both cross sections, di-Higgs and single Higgs times Higgs-
to-Higgs decay, approach each other (see diagonal line in the plot).7 For the smaller cross
sections, resonant production stops playing a significant role and the experimental limits from
non-resonant di-Higgs searches can be applied. The most stringent one among the various final
states is presently given by the (2b)(2�) final state [195]8, which is visualized in the plots by the

7Note that the di-Higgs and single Higgs cross sections are not exactly the same for several reasons. The SusHi
single Higgs gluon fusion results are computed at NNLO QCD and

p
s = 13 TeV whereas HPAIR for di-Higgs

production is run at
p
s = 14 TeV for LO QCD and multiplies the result afterwards by a factor of two. (The SM

Higgs pair production cross sections at FTapprox [30] di↵er by 18% at
p
s = 13 TeV and 14 TeV, respectively.)

Furthermore, di↵erent pdfs were used in the computation. Also, HPAIR includes all s-channel Higgs exchange and
the box diagrams in the computation of the cross section. The impact of the di↵erence between the cross sections
w.r.t. to the application of the experimental limits is negligible, however, as we explicitly verified.

8Apart from the combined limit which we do not apply.
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What is resonant? - the N2HDM

Low impact from non-resonant searches. Most stringent search (2b)(2γ) already constraints the (non-
resonant Higgs search constraints start to play a role but only for this model).

Cross section resonantly dominated if 

σ(gg → HSMHSM) < 0.1 σ(Hk) × BR(Hk → HSMHSM).


Region shown by the diagonal dashed line in each plot. Shaded region where we apply the non-resonant search limits.

(2b)(2γ) start cutting on the N2HDM-I (with H1 ≡ HSM) parameter space. 



Figure 6: Absolute value of the Higgs top Yukawa coupling yt,HSM versus the trilinear Higgs self-coupling �3HSM

of the SM-like Higgs boson HSM given by H1, H1 ⌘ HSM, normalised each to the SM values yt,H and �3H for
the R2HDM-I (left) and the N2HDM-I (right) for the parameter points passing all constraints without single
and double Higgs constraints (black), including single Higgs constraints (blue) and also including di-Higgs search
constraints (red). Dashed lines correspond to the SM-case of each coupling ratio.

combinations in the respective model.13 We found that this additional constraint only a↵ects
the N2HDM. In all other models the inclusion of the constraints through ScannerS left over
only scenarios that already respect this unitarity constraint. Besides the latter, we also found
that the di-Higgs searches cut on the allowed trilinear Higgs self-coupling values, though to a
lesser extent.

The unitarity constraints are responsible for the wedge regions in the plots. Comparing
the shape of the wedge regions in the R2HDM-I and the N2HDM-I we see that an increased
precision in the Yukawa coupling will a↵ect the allowed deviation in the trilinear coupling in the
N2HDM-I more than in the R2HDM-I. Overall, we find that the trilinear coupling gets more
and more restricted but significant deviations are still possible and that they come along with a
non-SM-like Yukawa coupling. The present (observed) limits on the trilinear Higgs self-coupling
assuming a SM top-Yukawa coupling are -1.0 to 6.6 times the SM trilinear Higgs self-coupling
at 95% CL as derived by ATLAS [51] and -3.3 to 8.5 as given by CMS [52]. These experimental
sensitivities to the trilinear Higgs self-coupling of the SM start to constrain the parameter space
of our models, namely the N2HDM.14 This can be inferred from Tab. 5 where we list the allowed
ranges for the top-Yukawa and the trilinear Higgs self-couplings in our investigated models after
applying all described constraints. For all models, due to the single Higgs constraints, the
top-Yukawa coupling is bounded to a range of at most ±0.1 around the SM case, with the
exception of the NMSSM where it can deviate by up to 17%.15 The trilinear couplings are less
constrained. For the N2HDM-I with H1 or H2 being SM-like they are outside the lower ATLAS

13The value is derived by assuming a rough perturbative limit on the Higgs mass of MH = 700 GeV, implying
a limit on the trilinear coupling of �perturb

3H = 3M2
H/v = 5975 GeV compared to the value of �3H ⇡ 190 GeV for

the SM-like Higgs mass MH = 125.09 GeV.
14This is only true, however, if we assume a SM-like Yukawa coupling which is not appropriate in all models.

We will come back to this point later.
15Note that we excluded all scenarios where the mass gap between the SM-like and one non-SM-like Higgs boson

is less than 2.5 GeV. Would we allow for these scenarios as well then the top-Yukawa coupling could substantially
deviate from the SM case, as the Higgs signal is now built up by two Higgs bosons close in mass.

20

20

R2HDM T1: Impact H and HH Constraints

All but single Higgs constraints

R. Santos, Higgs Pairs Workshop, 1 June 2022

All but double Higgs constraints

All, incl. double Higgs constraints
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only scenarios that already respect this unitarity constraint. Besides the latter, we also found
that the di-Higgs searches cut on the allowed trilinear Higgs self-coupling values, though to a
lesser extent.
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the shape of the wedge regions in the R2HDM-I and the N2HDM-I we see that an increased
precision in the Yukawa coupling will a↵ect the allowed deviation in the trilinear coupling in the
N2HDM-I more than in the R2HDM-I. Overall, we find that the trilinear coupling gets more
and more restricted but significant deviations are still possible and that they come along with a
non-SM-like Yukawa coupling. The present (observed) limits on the trilinear Higgs self-coupling
assuming a SM top-Yukawa coupling are -1.0 to 6.6 times the SM trilinear Higgs self-coupling
at 95% CL as derived by ATLAS [51] and -3.3 to 8.5 as given by CMS [52]. These experimental
sensitivities to the trilinear Higgs self-coupling of the SM start to constrain the parameter space
of our models, namely the N2HDM.14 This can be inferred from Tab. 5 where we list the allowed
ranges for the top-Yukawa and the trilinear Higgs self-couplings in our investigated models after
applying all described constraints. For all models, due to the single Higgs constraints, the
top-Yukawa coupling is bounded to a range of at most ±0.1 around the SM case, with the
exception of the NMSSM where it can deviate by up to 17%.15 The trilinear couplings are less
constrained. For the N2HDM-I with H1 or H2 being SM-like they are outside the lower ATLAS

13The value is derived by assuming a rough perturbative limit on the Higgs mass of MH = 700 GeV, implying
a limit on the trilinear coupling of �perturb

3H = 3M2
H/v = 5975 GeV compared to the value of �3H ⇡ 190 GeV for

the SM-like Higgs mass MH = 125.09 GeV.
14This is only true, however, if we assume a SM-like Yukawa coupling which is not appropriate in all models.

We will come back to this point later.
15Note that we excluded all scenarios where the mass gap between the SM-like and one non-SM-like Higgs boson

is less than 2.5 GeV. Would we allow for these scenarios as well then the top-Yukawa coupling could substantially
deviate from the SM case, as the Higgs signal is now built up by two Higgs bosons close in mass.
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All but single Higgs constraints

All but double Higgs constraints

All, incl. double Higgs constraints

N2HDM T1: Impact H and HH Constraints
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Still compatible with zero

Ranges for the trilinear couplings

R2HDM C2HDM

y
R2HDM
t,HSM

/yt,H �
R2HDM
3HSM

/�3H y
C2HDM
t,HSM

/yt,H �
C2HDM
3HSM

/�3H

light I 0.893...1.069 -0.096...1.076 0.898...1.035 -0.035...1.227

medium I n.a. n.a. 0.889...1.028 0.251...1.172

heavy I 0.946...1.054 0.481...1.026 0.893...1.019 0.671...1.229

light II 0.951...1.040 0.692...0.999 0.956...1.040 0.096...0.999

medium II n.a. n.a. – –

heavy II – – – –

N2HDM NMSSM

y
N2HDM
t,HSM

/yt,H �
N2HDM
3HSM

/�3H y
NMSSM
t,HSM

/yt,H �
NMSSM
3HSM

/�3H

light I 0.895...1.079 -1.160...1.004 n.a. n.a.

medium I 0.874...1.049 -1.247...1.168 n.a. n.a.

heavy I 0.893...1.030 0.770...1.112 n.a. n.a.

light II 0.942...1.038 -0.608...0.999 0.826...1.003 0.024...0.747

medium II 0.942...1.029 0.613...0.994 0.916...1.000 -0.502...0.666

heavy II – – – –

Table 5: Allowed ranges for the top-Yukawa and trilinear Higgs self-coupling of the SM-like Higgs boson after
application of all constraints, normalized to the corresponding SM value, for the R2HDM, C2HDM, N2HDM,
and NMSSM, respectively, for type 1 (I) and type 2 (II). Light/medium/heavy correspond to H1/2/3 being the
SM-like Higgs boson. The medium case is not applicable (n.a.) to the R2HDM, type 1 is not applicable to the
NMSSM. In our scans, for type 2 some of the cases were found not to be compatible with the constraints any
more (marked by a dash in the table).

limit; however, only assuming SM-like Yukawa couplings which is not the case as can be inferred
from Fig. 6. Note also that a vanishing trilinear SM-like Higgs self-coupling is also still allowed
in some of the models.

There is one caveat to be made on the values given in Tab. 5. These limits have been obtained
from the scans in the chosen parameter space with application of all constraints. Hence, they
depend on the constraints that we apply, and they also depend on our scanning procedure and
sampling. More extended scan ranges and scans adapted to specific parameter regions could
possibly find more points and extend these allowed coupling values somewhat. With the given
coupling values, however, we are on the conservative side. Furthermore, also note that the
C2HDM contains per definition the limit of the R2HDM. This is not reflected, however, in the
coupling ranges (and will not be in the plots shown below either). The reason is, that the scan
in the C2HDM is performed in di↵erent input parameters than in the R2HDM and for finite
scan ranges necessarily leads to di↵erences. We explicitly checked that larger R2HDM ranges
than in the C2HDM indeed coincide with the CP-conserving limit in the C2HDM and that
larger C2HDM ranges compared to the R2HDM are due to truly CP-violating points. We chose
not to merge the C2HDM sample with the R2HDM as it allows us to investigate CP-violating
e↵ects. As a side remark we add that for the values of our scan the SM-like Higgs boson in the
C2HDM-I can still have a CP-violating admixture16 of up to 16%, 20% and 10% for H1, H2 and
H3 being SM-like, respectively, and of up to 2% in the C2HDM-II with H1 ⌘ HSM.

16It is defined by the rotation matrix element squared |Ri3|2, the index i denotes the SM-like Higgs boson in
the mass basis, the index 3 the CP-violating degree of freedom in the interaction basis.
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Highlights from resonant production
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Maximum Cross Section Values - Resonant

SM-like

Model    

H1 H2

R2HDM T1 444 fb

R2HDM T2 81 fb

C2HDM T1 387 fb 47 fb

C2HDM T2 130 fb no point

N2HDM T1 376 fb 344 fb

N2HDM T2 188 fb 63 fb

NMSSM 183 fb 65 fb

NLO SM value: 38 fb

R. Santos, Higgs Pairs Workshop, 1 June 2022

2 (approx K-factor)* SIGMA (HH)_SM@LO (from HPAIR) = 39 fb



Particle H1 H2 H3 A H+

Mass [GeV] 75 125.09 311 646 659

Width [GeV] 4.67 10-4 3.61 10-3 0.137 57.43 62.72

σprod [pb] 29.98 42.39 3.08 0.95

25

N2HDM T1 HSM=H2

Resonance production : σprod(H3) x BR(H3->H2H2) = 3.08 pb x 0.123 = 379 fb

Interesting feature: large ZH1H2, ZH2H2 production:


- σprod(A) x BR(A->ZH3) x BR(H3->H1H2) = 366 fb  tests 𝛌(H1H2H3) 


- σprod(A) x BR(A->ZH3) x BR(H3->H2H2) = 54 fb  tests 𝛌(H3H2H2)


requires mass gaps A-ZH3 and H3-H1H1 / H3-H1H2

R. Santos, Higgs Pairs Workshop, 1 June 2022



Particle H1 H2 H3 H+

Mass [GeV] 125.09 265 267 236

Width [GeV] 4.106 10-3 3.265 10-3 4.880 10-3 0.37

σprod [pb] 49.75 0.76 0.84

26

C2HDM T1 HSM=H1

Resonance production : σprod(H2) x BR(H2->H1H1) = 760 fb x 0.252 = 192 fb

                                  + σprod(H3) x BR(H3->H1H1) = 840 fb x 0.280 = 235 fb

Interesting feature: Test of CP in decays:


- σprod(H3) x BR(H3->WW) = 316 fb and σprod(H3) x BR(H3->H1H1) = 235 fb CP+  AND

- σprod(H3) x BR(H3->ZH1) = 76 fb                                                              CP- 

- σprod(H2) x BR(H2->WW) = 255 fb and σprod(H3) x BR(H2->H1H1) = 192 fb CP+  AND

- σprod(H2) x BR(H2->ZH1) = 122 fb                                                              CP-

R. Santos, Higgs Pairs Workshop, 1 June 2022
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CP violation from C violation

R. Santos, Higgs Pairs Workshop, 1 June 2022

Decay CP eigenstates Model

None C2HDM, other CPV extensions

2 CP-odd; None C2HDM, NMSSM,3HDM...

3 CP-even; None C2HDM, cxSM, NMSSM,3HDM...

Combinations of three decays

CNMSSM – King, Mühlleitner, Nevzorov, Walz; NPB901 (2015) 526-555

C2HDM – Fontes, Romão, RS, Silva, PRD92 (2015) 5, 055014

h1 → ZZ( + )h2 → ZZ( + )h2 → h1Z

h1 → ZZ ⇐ CP(h1) = 1 h3 → h2h1 ⇒ CP(h3) = CP(h2)

h3 → h2Z CP(h3) = − CP(h2)

h2(3) → h1Z CP(h2(3)) = − 1

h2 → ZZ CP(h2) = 1

Many other combinations
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The C and the P in CP violation

ψ̄ψ
ψ̄γ5ψ

C even P even -> CP even

C even P odd -> CP odd

ψ̄(a + ibγ5)ψ ϕ
C conserving, CP violating interaction

C(Zμ) = P(Zμ) = − 1

P(h) = 1; P(A) = 1; C(h) = 1 C(A) = − 1;

P(h1) = 1; P(h2) = 1; C(h1) = 1 C(h2) = 1

C(Zμ∂μAh) = 1; P(Zμ∂μAh) = 1

C(Zμ∂μh1h2) = − 1; P(Zμ∂μh1h2) = 1

Example: the 2HDM

Any two scalars with 
the same C and P 

numbers



A Type II model where 
H2 is the SM-like Higgs.  

Find two particles of the same mass one decaying

to tops as CP-even

and the other decaying to taus as CP-odd

Probing one Yukawa coupling is not enough!  

h2 = H; pp → Htt̄

h2 = A → τ+τ−

YC2HDM = aF + iγ5bF

bU ≈ 0; aD ≈ 0

With the new EDM result

Fontes, Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.

29R. Santos, Higgs Pairs Workshop, 1 June 2022

A short detour from the main theme



pp → (h → γγ)t̄t

All measurements are consistent with the SM expectations, and the possibility of a pure CP-odd 
coupling between the Higgs boson and top quark is severely constrained. A pure CP-odd coupling 
is excluded at 3.9σ, and |α| > 43° is excluded at 95% CL.

ℒCPV
t̄th = −

yf

2
t̄(κt + iκ̃tγ5) t h

ATLAS collaboration, PRL 125 (2020) 6, 061802

κt = κ cos α

κ̃t = κ sin α

30R. Santos, Higgs Pairs Workshop, 1 June 2022

Measurement of CPV angle in tth
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Mixing angle between CP-even and CP-odd τ Yukawa couplings measured 4 ± 17º, compared to an 
expected uncertainty of ±23º at the 68% confidence level, while at the 95% confidence level 
the observed (expected) uncertainties were ±36º (±55)º. Compatible with SM predictions.

pp → h → τ+τ− ℒCPV
τ̄τh = −

yf

2
τ̄(κτ + iκ̃τγ5) τ h

CMS collaboration, CMS-PAS-HIG-20-006

ϕττ = α

h2 = H; pp → Htt̄
h2 = A → τ+τ−

Scenario excluded 

at 95% CL

Direct Searches at LHC 1 EDMs 0

31R. Santos, Higgs Pairs Workshop, 1 June 2022

Measurement of CPV angle in ττh



Other Higgs Pairs final states
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A(Hi)HSM Production (4b)
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Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

R2HDM-I AH1(⌘ HSM) 82 46 2.02
H1H2(⌘ HSM) 68 35 1.97

C2HDM-I H2H1(⌘ HSM) 128 19 2.02
H1H2(⌘ HSM) 122 14 2.01
H1H3(⌘ HSM) 99 11 1.96

N2HDM-I H2H1(⌘ HSM) 146 105 2.01
AH1(⌘ HSM) 75 830 2.06
H1H2(⌘ HSM) 54 2110 2.09
AH2(⌘ HSM) 101 277 2.04
H1H3(⌘ HSM) 73 44 1.97
H2H3(⌘ HSM) 83 30 1.97
AH3(⌘ HSM) 69 19 2.01

N2HDM-II H1H2(⌘ HSM) 103 18 1.86
NMSSM A1H1(⌘ HSM) 113 201 1.92

H2H1(⌘ HSM) 167 43 1.91
A1H2(⌘ HSM) 87 40 1.94
H1H2(⌘ HSM) 80 59 1.90

Table 26: Maximum rates in the 4b final state for di↵erent mixed Higgs pair final states in the investigated models.
Note, that all values quoted here are at NLO, with the K-factor given in the last column. In the third column we
also give the mass m� of the non-SM-like Higgs boson. More details on these points can be provided on request.

8.2 The (bb̄)(WW ) Final State

If the SM-like Higgs boson decays into WW then the rates are easily obtained from those of the
previous subsection in the 4b final state by multiplying them with BR(HSM ! WW )/BR(HSM !

bb̄) ⇡ 1/3. However, we can also have the case that the non-SM-like Higgs boson decays into
WW , which are the benchmark points that we list here. The maximum rate (at NLO) is obtained
for

N2HDM-I: �(pp ! H1H2(⌘ HSM) ! (WW )(bb̄)) = 590 fb . (8.57)

The related branching ratios are given by BR(H1 ! WW ) = 0.402 and BR(H2 ! bb) =
0.598. The input parameters of the corresponding benchmark point and additional relevant
information together with the rates in other final states are given in Tabs. 27 (upper) and
(lower). The maximum rates at NLO QCD for all investigated models in the various final state
Higgs pair combinations, where the non-SM-like Higgs decays into WW , are summarized in
Tab. 28 (provided they exceed 10 fb at NLO). The approximate rates for the 4W final state are
obtained from those given in the table by multiplying them with a factor 1/3.

8.3 The (bb̄)(tt̄) Final State

As the SM-Higgs decay into tt̄ is kinematically forbidden, it is always the non-SM-like Higgs
that decays into tt̄. We find the maximum rate for

N2HDM-I: �(pp ! H2H1(⌘ HSM) ! (tt̄)(bb̄)) = 88 fb . (8.58)

The related branching ratios are given by BR(H1 ! bb̄) = 0.595 and BR(H2 ! tt̄) = 0.902.
Information on this benchmark point, together with the rates into other final states, is given in

43

Maximum rates in the 4b final state. All cross section values at NLO.
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A(Hi)HSM Production (2b2W)
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mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
113 125.09 304 581 581 1.804

↵1 ↵2 ↵3 vs [GeV] m
2
12 [GeV2]

0.173 1.276 -0.651 414 999

�
NLO
H1H2(⌘HSM) [pb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]

2.453 1.691⇥ 10�5 4.103⇥ 10�3 0.477 30.41 32.10

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
67 66 2 23 210 590

Table 27: BP13 Upper: N2HDM-I input parameters. Lower: Further information on this point.

Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

N2HDM-I H2H1(⌘ HSM) 179 498 1.98
H1H2(⌘ HSM) 117 590 2.04

NMSSM H2H1(⌘ HSM) 205 47 1.92

Table 28: Maximum rates in the (bb̄)(WW ) final state for di↵erent mixed Higgs pair final states in the investigated
models with the non-SM-like Higgs decaying into WW . Note that all rates are given at NLO, with the K-factor
given in the last column. In the third column we also give the mass m� of the non-SM-like Higgs boson. More
details on these points can be provided on request.

Tabs. 29 (upper) and (lower). The maximum rates at NLO QCD into (bb̄)(tt̄) for all investigated
models in the various final state Higgs pair combinations are listed in Tab. 30 for the cases that
exceed 10 fb at NLO.

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 443.65 633.69 445.65 584.34 1.570

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.027 -0.046 -0.832 9361 52724

�H1(⌘HSM)H2
[fb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]
164 4.155 ⇥ 10�3 1.303 16.05 7.603 14.32

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
0.01 0.01 0.001 0 4 0.02

Table 29: BP14 Upper: N2HDM-I input parameters. Lower: Further information on this point.

8.4 Multi-Higgs Final States

In non-minimal Higgs models like the C2HDM, N2HDM, and NMSSM we can have multi-Higgs
final states from cascade Higgs-to-Higgs decays. In the production of a SM-like plus non-SM-like
Higgs final state, HSM�, we found that both the Higgs-to-Higgs decay of the SM-like Higgs or
the non-SM-like one can lead to substantial final state rates. The largest NLO rates that we
found above 10 fb, in the multi-Higgs final state, are summarised in Tab. 31. In the C2HDM,
we did not find NLO rates above 10 fb. We maintain the ordering of particles with regards to
their decay chains, so that it becomes clear which Higgs boson decays into which Higgs pair.
We give the rates in the (4b) final state as they lead to the largest cross sections for all shown
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mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
113 125.09 304 581 581 1.804

↵1 ↵2 ↵3 vs [GeV] m
2
12 [GeV2]

0.173 1.276 -0.651 414 999

�
NLO
H1H2(⌘HSM) [pb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]

2.453 1.691⇥ 10�5 4.103⇥ 10�3 0.477 30.41 32.10

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
67 66 2 23 210 590

Table 27: BP13 Upper: N2HDM-I input parameters. Lower: Further information on this point.

Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

N2HDM-I H2H1(⌘ HSM) 179 498 1.98
H1H2(⌘ HSM) 117 590 2.04

NMSSM H2H1(⌘ HSM) 205 47 1.92

Table 28: Maximum rates in the (bb̄)(WW ) final state for di↵erent mixed Higgs pair final states in the investigated
models with the non-SM-like Higgs decaying into WW . Note that all rates are given at NLO, with the K-factor
given in the last column. In the third column we also give the mass m� of the non-SM-like Higgs boson. More
details on these points can be provided on request.

Tabs. 29 (upper) and (lower). The maximum rates at NLO QCD into (bb̄)(tt̄) for all investigated
models in the various final state Higgs pair combinations are listed in Tab. 30 for the cases that
exceed 10 fb at NLO.

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 443.65 633.69 445.65 584.34 1.570

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.027 -0.046 -0.832 9361 52724

�H1(⌘HSM)H2
[fb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]
164 4.155 ⇥ 10�3 1.303 16.05 7.603 14.32

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
0.01 0.01 0.001 0 4 0.02

Table 29: BP14 Upper: N2HDM-I input parameters. Lower: Further information on this point.

8.4 Multi-Higgs Final States

In non-minimal Higgs models like the C2HDM, N2HDM, and NMSSM we can have multi-Higgs
final states from cascade Higgs-to-Higgs decays. In the production of a SM-like plus non-SM-like
Higgs final state, HSM�, we found that both the Higgs-to-Higgs decay of the SM-like Higgs or
the non-SM-like one can lead to substantial final state rates. The largest NLO rates that we
found above 10 fb, in the multi-Higgs final state, are summarised in Tab. 31. In the C2HDM,
we did not find NLO rates above 10 fb. We maintain the ordering of particles with regards to
their decay chains, so that it becomes clear which Higgs boson decays into which Higgs pair.
We give the rates in the (4b) final state as they lead to the largest cross sections for all shown

44

Maximum rates in the 2b2W final state. All cross section values at NLO

A BP for N2HDM-I in various final states
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A(Hi)HSM Production (2b2t)

Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

R2HDM-I AH1(⌘ HSM) 346 11 1.94
N2HDM-I H2H1(⌘ HSM) 444 88 1.86

AH1(⌘ HSM) 363 15 1.90
N2HDM-II H2H1(⌘ HSM) 511 34 1.79
NMSSM A1H1(⌘ HSM) 53 82 1.88

H2H1(⌘ HSM) 371 19 1.91

Table 30: Maximum rates in the (tt̄)(bb̄) final state at NLO for di↵erent mixed Higgs pair final states in the
investigated models with the non-SM-like Higgs decaying into tt̄. The K-factor is given in the last column. In
the third column we also give the mass m� of the non-SM-like Higgs boson. More details on these points can be
provided on request.

scenarios. In the following, we highlight a few benchmark scenarios from the table.

Model Mixed Higgs State m�1 [GeV] m�2 [GeV] Rate [fb] K-factor

N2HDM-I H2H3(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 98 41 15 1.95
H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 282 - 40 1.96
H2H1(⌘ HSM) ! AA(bb̄) ! (bb̄)(bb̄)(bb̄) 157 73 33 2.05

H1H2(⌘ HSM) ! (bb̄)H1H1 ! (bb̄)(bb̄)(bb̄) 54 - 111 2.09
H3H2(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 212 83 8 1.93

N2HDM-II H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 271 - 3 1.87
NMSSM H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 319 - 11 1.90

H2H1(⌘ HSM) ! A1A1(bb̄) ! (bb̄)(bb̄)(bb̄) 253 116 26 1.92

Table 31: Maximum rates for multi-Higgs final states given at NLO. The K-factor is given in the last column. In
the third and fourth column we also give the mass values m�1 and m�2 of the non-SM-like Higgs bosons involved
in the process, in the order of their appearance. More benchmark details can be provided on request.

8.4.1 Non-SM-like Higgs Search: Di-Higgs beats Single Higgs

In the following we present N2HDM-I and NMSSM scenarios with three SM-like Higgs bosons
in the final states with H1 being SM-like and with NLO rates above 10 fb. These benchmark
points are special in the sense that the production of the non-SM-like Higgs boson H2 from
di-Higgs states beats, or is at least comparable, to its direct production.30 This appears in cases
where the non-SM-like Higgs is singlet-like and/or is more down- than up-type like. The latter
suppresses direct production from gluon fusion. The former suppresses all couplings to SM-like
particles. In these cases the heavy non-SM-like Higgs boson might rather be discovered in the
di-Higgs channel than in direct single Higgs production.

The input parameters for the N2HDM-I point are given in Tab. 32. With the values for the

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 281.54 441.25 386.98 421.81 1.990

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.153 0.159 0.989 9639 29769

Table 32: BP15 N2HDM-I input parameters

30For another example where New Physics might first be accessible in Higgs pair production in a composite
Higgs model, see [100].
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Maximum rates in the 2b2t final state. All cross section values at NLO.

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
113 125.09 304 581 581 1.804

↵1 ↵2 ↵3 vs [GeV] m
2
12 [GeV2]

0.173 1.276 -0.651 414 999

�
NLO
H1H2(⌘HSM) [pb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]

2.453 1.691⇥ 10�5 4.103⇥ 10�3 0.477 30.41 32.10

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
67 66 2 23 210 590

Table 27: BP13 Upper: N2HDM-I input parameters. Lower: Further information on this point.

Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

N2HDM-I H2H1(⌘ HSM) 179 498 1.98
H1H2(⌘ HSM) 117 590 2.04

NMSSM H2H1(⌘ HSM) 205 47 1.92

Table 28: Maximum rates in the (bb̄)(WW ) final state for di↵erent mixed Higgs pair final states in the investigated
models with the non-SM-like Higgs decaying into WW . Note that all rates are given at NLO, with the K-factor
given in the last column. In the third column we also give the mass m� of the non-SM-like Higgs boson. More
details on these points can be provided on request.

Tabs. 29 (upper) and (lower). The maximum rates at NLO QCD into (bb̄)(tt̄) for all investigated
models in the various final state Higgs pair combinations are listed in Tab. 30 for the cases that
exceed 10 fb at NLO.

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 443.65 633.69 445.65 584.34 1.570

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.027 -0.046 -0.832 9361 52724

�H1(⌘HSM)H2
[fb] �tot

H1
[GeV] �tot

H2
[GeV] �tot

H3
[GeV] �tot

A
[GeV] �tot

H± [GeV]
164 4.155 ⇥ 10�3 1.303 16.05 7.603 14.32

(bb̄)(⌧ ⌧̄) [fb] (⌧ ⌧̄)(bb̄) [fb] (bb̄)(��) [fb] (��)(bb̄) [fb] (bb̄)(WW ) [fb] (WW )(bb̄) [fb]
0.01 0.01 0.001 0 4 0.02

Table 29: BP14 Upper: N2HDM-I input parameters. Lower: Further information on this point.

8.4 Multi-Higgs Final States

In non-minimal Higgs models like the C2HDM, N2HDM, and NMSSM we can have multi-Higgs
final states from cascade Higgs-to-Higgs decays. In the production of a SM-like plus non-SM-like
Higgs final state, HSM�, we found that both the Higgs-to-Higgs decay of the SM-like Higgs or
the non-SM-like one can lead to substantial final state rates. The largest NLO rates that we
found above 10 fb, in the multi-Higgs final state, are summarised in Tab. 31. In the C2HDM,
we did not find NLO rates above 10 fb. We maintain the ordering of particles with regards to
their decay chains, so that it becomes clear which Higgs boson decays into which Higgs pair.
We give the rates in the (4b) final state as they lead to the largest cross sections for all shown
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Multi Higgs Final States (one SM Higgs)
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Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

R2HDM-I AH1(⌘ HSM) 346 11 1.94
N2HDM-I H2H1(⌘ HSM) 444 88 1.86

AH1(⌘ HSM) 363 15 1.90
N2HDM-II H2H1(⌘ HSM) 511 34 1.79
NMSSM A1H1(⌘ HSM) 53 82 1.88

H2H1(⌘ HSM) 371 19 1.91

Table 30: Maximum rates in the (tt̄)(bb̄) final state at NLO for di↵erent mixed Higgs pair final states in the
investigated models with the non-SM-like Higgs decaying into tt̄. The K-factor is given in the last column. In
the third column we also give the mass m� of the non-SM-like Higgs boson. More details on these points can be
provided on request.

scenarios. In the following, we highlight a few benchmark scenarios from the table.

Model Mixed Higgs State m�1 [GeV] m�2 [GeV] Rate [fb] K-factor

N2HDM-I H2H3(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 98 41 15 1.95
H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 282 - 40 1.96
H2H1(⌘ HSM) ! AA(bb̄) ! (bb̄)(bb̄)(bb̄) 157 73 33 2.05

H1H2(⌘ HSM) ! (bb̄)H1H1 ! (bb̄)(bb̄)(bb̄) 54 - 111 2.09
H3H2(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 212 83 8 1.93

N2HDM-II H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 271 - 3 1.87
NMSSM H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 319 - 11 1.90

H2H1(⌘ HSM) ! A1A1(bb̄) ! (bb̄)(bb̄)(bb̄) 253 116 26 1.92

Table 31: Maximum rates for multi-Higgs final states given at NLO. The K-factor is given in the last column. In
the third and fourth column we also give the mass values m�1 and m�2 of the non-SM-like Higgs bosons involved
in the process, in the order of their appearance. More benchmark details can be provided on request.

8.4.1 Non-SM-like Higgs Search: Di-Higgs beats Single Higgs

In the following we present N2HDM-I and NMSSM scenarios with three SM-like Higgs bosons
in the final states with H1 being SM-like and with NLO rates above 10 fb. These benchmark
points are special in the sense that the production of the non-SM-like Higgs boson H2 from
di-Higgs states beats, or is at least comparable, to its direct production.30 This appears in cases
where the non-SM-like Higgs is singlet-like and/or is more down- than up-type like. The latter
suppresses direct production from gluon fusion. The former suppresses all couplings to SM-like
particles. In these cases the heavy non-SM-like Higgs boson might rather be discovered in the
di-Higgs channel than in direct single Higgs production.

The input parameters for the N2HDM-I point are given in Tab. 32. With the values for the

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 281.54 441.25 386.98 421.81 1.990

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.153 0.159 0.989 9639 29769

Table 32: BP15 N2HDM-I input parameters

30For another example where New Physics might first be accessible in Higgs pair production in a composite
Higgs model, see [100].

45

Cascade decays with a SM-like Higgs in the final states

The largest cross section we have obtained with 4 SM-like Higgs bosons is for the 
N2HDM-I

σ(pp → H2H2 → H1H1H1H1 → 4(bb̄) = 1.4 fb
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Multi Higgs Final States (no SM Higgs)
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No SM-like Higgs in the final states

Model SM-like Higgs Signature m� [GeV] Rate [fb] K-factor

N2HDM-I H3 H1H1 ! (bb̄)(bb̄) 41 14538 2.18
H3 H1H1 ! (4b); (4�) 41 4545 ; 700 2.24
H1 AA ! (bb̄)(bb̄) 75 6117 2.11
H1 H2H2 ! (bb̄)(bb̄) 146 73 2.01
H2 AA ! (bb̄)(bb̄) 80 2875 2.13
H2 AH1 ! (bb̄)(bb̄) mA : 87 921 2.09

mH1 : 91
H2 H1H1 ! (bb̄)(bb̄) 47 8968 2.17

N2HDM-II H2 H1H1 ! (bb̄)(bb̄) 44 1146 2.18
C2HDM-I H1 H2H2 ! (bb̄)(bb̄) 128 475 2.07

H2 H1H1 ! (bb̄)(bb̄) 66 814 2.16
H3 H1H1 ! (bb̄)(bb̄) 84 31 2.09

NMSSM H1 A1A1 ! (bb̄)(bb̄) 166 359 1.95
H1 A1A1 ! (��)(��) 179 34 1.96
H2 H1H1 ! (bb̄)(bb̄) 48 3359 2.18
H2 A1A1 ! (bb̄)(bb̄) 54 1100 2.18
H1 A1A1 ! (tt̄)(tt̄) 350 20 1.82

Table 37: Selected rates for non-SM-like Higgs pair final states at NLO QCD. We specify the model, which of the
Higgs bosons is the SM-like one, the signature and its rate as well as the K-factor. In the fourth column we also
give the mass value m� of the non-SM-like Higgs boson involved in the process. All benchmark details can be
provided on request.

Cascade Decays with Multiple Higgs Final States As already stated, in non-mimimal
Higgs extensions, we can have Higgs-to-Higgs cascade decays that can lead to multiple Higgs
final states. The largest rate at NLO QCD that we found, for a final state with more than three
Higgs bosons, is given in the N2HDM-I, where we have

�(pp ! H2H2 ! H1H1H1H1 ! 4(bb̄)) = 1.4 fb . (9.75)

The SM-like Higgs is H1 and the K-factor for the NLO QCD production of H2H2 is 1.82. Also
in the NMSSM and C2HDM we can have multiple Higgs production but the rates are below
10 fb after the decays of the Higgs bosons. In the N2HDM, we can even produce up to eight
Higgs bosons in the final states but the rates are small to be measurable.

10 Conclusions

In this paper, we have performed a comprehensive analysis of Higgs pair production in some
archetypical BSM models, namely the R2HDM, the C2HDM, and the N2HDM as non-SUSY
representatives, and the NMSSM as a SUSY model. After applying the relevant theoretical and
experimental constraints, in particular limits from non-resonant and resonant di-Higgs searches,
we explore the ranges of the parameter spaces of these models that are still allowed. We find that
while the SM-like Higgs top-Yukawa couplings are constrained to within about 10% of the SM
model value, there is still some freedom on the trilinear Higgs self-coupling. In particular, zero
values for the SM-like trilinear Higgs self-coupling are still allowed in all models. Interestingly,
the experimental searches start to constrain the trilinear couplings of the N2HDM. In general, in
order to derive limits on the couplings both resonant and non-resonant searches will be required.
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Other benchmark points in the paper. More benchmarks and details of each BP can be 
provided upon request.
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Abstract

In this whitepaper, I briefly review the Benchmark Planes in the Two-Real-Singlet Model

(TRSM), a model that enhances the Standard Model (SM) scalar sector by two real singlets that

obey a Z2 ⌦ Z0
2 symmetry. In this model, all fields acquire a vacuum expectation value, such

that the model contains in total 3 CP-even neutral scalars that can interact with each other. All

interactions with SM-like particles are inherited from the SM-like doublet via mixing. I remind

the readers of the previously proposed benchmark planes, and briefly discuss possible production

at future Higgs factories.

⇤ trobens@irb.hr
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FIG. 2: (a) Maximum allowed branching ratios with current LHC data for (solid) h1h1 resonance and

(dashed) h1h3 and h3h3 resonance. (c,d) Maximum h2 production and decay rates for (solid) h2 ! h1h1

and (dashed) h2 ! h1h3/h3h3. Red lines are for a 14 TeV LHC and black for a 13 TeV LHC. Both (c)

gluon fusion and (d) vector boson fusion production rates are shown. It is required that �Tot(h2)  0.1m2.

precision Higgs signal strength measurements and set sin ✓1 = 0.201. For h2 ! h1h1 direct scalar

searches are relevant. Hence, conservatively, we set sin ✓1 to be the minimum of all constraints in

Fig. 1(b).

The results are shown in Fig. 2 for (a) maximum branching ratios, (b) maximum h2 production

and decay rates in the gluon fusion channel, and (c) maximum h2 production and decay rates in

the vector boson fusion channel. Some comments are in order:

• The maximum branching ratios of h2 ! h1h3 and h2 ! h3h3 are the same. Additionally,

while kinematically allowed, the maximum branching ratios are independent of the mass of

2

the assumption they have some additional softly broken symmetries such as a U(1) or Z2 [6, 7].

Complex scalar singlet extensions are particularly interesting because there are two scalar states

in addition to the Higgs boson. Indeed, it could be that both new resonances could be discovered

by one decaying into the other.

In this paper we summarize results from Ref. [1]. We consider the general complex scalar singlet

extension of the SM with no additional symmetries [8]. This model extends the SM by two new CP

even scalars. We find benchmark points that maximize the various di-scalar resonant productions

at the HL-LHC: double 125 GeV SM-like Higgs bosons, SM-like Higgs in association with a new

scalar, and two heavy new scalar bosons. This model is equivalent to the SM extended by adding

two real scalar singlet extension with no additional symmetries beyond the SM. Benchmarks for

two real singlet extensions with Z2 symmetries have been studied previously [9, 10]. In section II,

we introduce the model and discuss the phenomenology of the scalar sector. In section III we

explore the current constraints on the model and in section IV present various benchmark points

of phenomenological interest for the High Luminosity upgrade at the Large Hadron Collider (HL-

LHC).

II. MODEL

Following Ref. [8], we use the most general scalar potential involving the complex scalar singlet,

Sc = (S0 + i A)/
p
2, and the Higgs doublet, � = (0, (vEW + h)/

p
2)T in the unitary gauge. S0,

A, and h are all real CP even scalar fields, and vEW = 246 GeV is the Higgs vacuum expectation

value. The scalar potential can be written as

V (�, Sc) =
µ
2

2
�†�+

�

4
(�†�)4 +

b2

2
|Sc|

2 +
d2

4
|Sc|

4 +
�2

2
�†�|Sc|

2

+

✓
a1 Sc +

b1

4
S
2
c +

e1

6
S
3
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e2

6
Sc|Sc|

2 +
�1

4
�†�Sc +

�3

4
�†�S

2
c

+
d1

8
S
4
c +

d3

8
S
2
c |Sc|

2 + h.c.

◆
(1)

where a1, b1, e1, e2, �1, �3, d1, d3 are complex parameters. As shown in Refs. [8, 11, 12], we can set

hSci = 0 without loss of generality.

The model contains three scalar mass eigenstates, h1, h2 and h3 with masses m1, m2, and m3,

respectively. We will take h1 to be the discovered Higgs boson with mass m1 = 125 GeV. The

mass eigenstates can be obtained from the gauge states via a SO(3) rotation with three rotation

angles, ✓1, ✓2, and ✓3. The ✓3 angle may be removed by appropriate choice of Sc phase [8]. Taking

Paper to appear soon - maximum BRs for resonant double 
SM Higgs production, resonant production of a SM-like Higgs 
+ new scalar, and double resonant new scalar production. Bus 
between 0.7 and 1. Direct production, the main production of 
a new scalar resonance may be from the s-channel production 
and decay of another scalar resonance. 
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at some high new physics scale ⇤. In the linear approach called SMEFT [201–204] new physics
is formulated as a power series in the dimensionful parameter 1/⇤. The non-linearly realized
EFT, on the other hand, can be viewed as organised by chiral dimension [205–218]. If we choose
to describe Higgs pair production in the EFT approach this means that e↵ects from additional
non-SM-like light Higgs bosons cannot be described.25 A discussion of the higher-dimensional
operators relevant for Higgs pair production can be found in [222–226]. The QCD corrections in
the infinite top mass limit, mt ! 1 have been provided at NLO QCD in [97] and also extended
to the CP-violating case in [106]. At NNLO QCD they have been calculated in [227]. The
authors of [228] presented the NLO QCD corrections including the full top quark mass e↵ects
in a non-linearly realized EFT. An interface with POWHEG [229–231] has been provided in [121].

For the models that we considered, only the new physics operators that modify the trilinear
Higgs self-coupling and the Yukawa coupling are relevant. The induced e↵ective couplings of one
or two Higgs bosons to two gluons only appear in the NMSSM, where integrating out heavy stops
and sbottoms in the Higgs-to-gluon loop couplings would induce such couplings. We neglect that
e↵ect in the present discussion for simplicity, by setting the associated couplings (cg and cgg in
the notation of the non-linear Lagrangian of Ref. [97]) to zero. In the R2HDM, C2HDM and
N2HDM, these couplings do not appear as long as we do not include additional heavy coloured
particles beyond the SM. Furthermore, we do not consider e↵ects from the chromomagnetic
operator as they are of di↵erent order in the chiral expansion.26 Finally, integrating out a
possible heavy Higgs boson exchange in the s-channel leads to an e↵ective two-Higgs-two-fermion
coupling. Denoting by c3 the trilinear coupling modification and by ct the top-Yukawa coupling
modification with respect to the SM and by ctt the e↵ective two-Higgs-two-fermion coupling
coe�cient, i.e. adapting the notation of [97], our considered correction �Lnon-lin to the SM
Lagrangian reads,

�Lnon-lin � �mttt̄

✓
ct
h

v
+ ctt

h
2

2v2

◆
� c3

1

6

✓
3M2

h

v

◆
h
3
, (7.48)

where h denotes the physical Higgs boson. Since the single and double-Higgs coe�cients ct

and ctt to the top-quark pair are taken to be independent, we adapt the non-linear e↵ective
Lagrangian approach here. In SMEFT, they are correlated (as well as cg and cgg). In Fig. 12,
we show the generic diagrams that contribute to our EFT approach to Higgs pair production
and indicate the EFT coupling modifiers. In the notation of [29] and [97], we have the following

Figure 12: Diagrams contributing to Higgs pair production in the EFT approach (with cg = cgg = 0 and
neglecting the chromomagnetic operator). The blue, red and green blobs denote the modified Higgs trilinear,
Higgs top-Yukawa and the new two-Higgs-two-top-quark couplings, respectively.

25For an extension of the EFT approach to include an extended particle content, an EFT for the 2HDM, cf. [219].
Also for composite Higgs models a concrete model with two Higgs doublets has been proposed, cf. [220,221].

26For a discussion on the chromomagnetic operator, see [228].
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matching relations of our specific models to the EFT Lagrangian,

Higgs-top Yukawa coupling : g
HSM
t

(↵i,�) ! ct

trilinear Higgs coupling :
g
HSMHSMHSM
3 (pi)

3M2
HSM

/v
! c3
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H
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◆
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HkHSMHSM
3 (pi) g

Hk

t
(↵i,�) ! ctt

(7.50)

Here g
�

t
(↵i,�) denotes the dimensionless function of the mixing angles ↵i and � that specifies

for each model under consideration the modification of the Yukawa coupling of a Higgs boson �

of the model with respect to the SM Yukawa coupling. The function g
HSMHSMHSM
3 (pi) denotes

the dimensionful trilinear coupling of three SM-like Higgs bosons HSM in our BSM model that
in the SM case would approach 3M2

HSM
/v. We denote by pi the various parameters on which the

trilinear coupling depends in the respective model. The third matching relation to ctt is obtained
by assuming a possible heavy Higgs Hk s-channel exchange (cf. the first diagram in Fig. 1 for
Hk 6= HSM) where the mass of the exchanged Higgs boson, denoted by mHk

, is very large. By

g
HkHSMHSM
3 we denote the corresponding Hk trilinear coupling to two SM-like Higgs bosons.
Note that, in non-minimal models, we would have two such contributions. Hence kmax = 1 in
the R2HDM and 2 in the C2HDM, N2HDM and NMSSM.27 Table 5 gives us an overview of the
ct and c3 values that are allowed by the bulk of the parameter points.

We have chosen a few benchmark points from our samples in order to investigate the validity
of the EFT approach. In Tab. 21, we present the benchmark point SMEFTBP1 for the R2HDM-
II with the heavy scalar Higgs MH2 mass above 1 TeV so that the EFT approach should be
justified. The corresponding SMEFT coupling coe�cients are

SMEFTBP1: c3 = 0.782 , ct = 0.951 , ctt = �0.122 . (7.51)

In Tab. 22 we give, for the listed mH2 , ctt, the corresponding R2HDM cross section values and

mH1 [GeV] mH2 [GeV] mA [GeV] mH± [GeV] ↵ tan� m
2
12 [GeV2]

125.09 1131 1082 1067 -0.924 0.820 552749

Table 21: SMEFTBP1: R2HDM-II input parameters.

27We only take into account in the cross section linear EFT contributions and no squared ones. For details on
the LO partonic cross section, we refer to Eqs. (2.5)-(2.13) of Ref. [97].
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Effective Lagrangian with three terms: c3, the trilinear coupling modification; ct, the top-Yukawa 
coupling modification; ctt, the effective two-Higgs-two-fermion coupling coefficient,

The matching relations of our specific models to the EFT Lagrangian is 
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mH2 [GeV] �H2 [GeV] ctt g
H2H1H1
3 [GeV] �

w/ res
R2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

1131 78.80 -0.1222 -504.52 30.5 26.1 86%
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.853 10�2 -352.42 21.8 21.4 98%

Table 22: SMEFTBP1: Value of mH2 and corresponding �H2 , ctt and g
H2H1H1
3 values together with the R2HDM-II

and the SMEFT results for LO H2H2 production including the resonance contribution.

the results in the SMEFT approach, as well as the ratios of these two cross sections. Note that
g
H2H1H1
3 also changes when we change mH2 , whereas g

H2
t

= �1.126 remains the same. Thus, we
list g

H2H1H1
3 in Tab. 22. We also give the value of the total width �H2 which changes as well.

Note that in this subsection all gluon fusion cross sections are given at LO. From the second
line, we read o↵ that in our scenario the SMEFT approach approximates the cross section in the
full model by only 86% for a Higgs mass mH2 of the order of 1 TeV. When we turn o↵ the H2

resonance and compare the results with the one in the SMEFT approach where we accordingly
set ctt = 0 we get

�
w/o res
R2HDM = 18.6 fb and �

ctt=0
SMEFT = 18.6 fb . (7.52)

Both cross sections agree as expected in contrast to the case with the resonance included. Since
in the di-Higgs cross section we integrate

p
s in the s-channel exchange across the resonance,

the SMEFT approach is not a good approximation. We want to investigate the minimum mass
values from which the SMEFT rate is close to the full R2HDM result. For this, we gradually
increase mH2 and calculate for the corresponding ctt and trilinear Higgs coupling values the
SMEFT cross section and also the full R2HDM cross section.28 The values are given in the
third and fourth line in Tab. 22. We clearly see that with increasing mH2 , and hence decreasing
contribution of the resonance to the cross section, the SMEFT and the full R2HDM results
approach each other. Starting from about mH2 = 1200 GeV the deviation is less than 10%,
continuously decreasing with increasing mH2 .

We perform the same investigation but now for the N2HDM-I with H1 = HSM where we have
two resonance contributions. As benchmark point SMEFTBP2 we take the N2HDM benchmark
point BP6 given in Tab. 13. For convenience, we repeat the input parameters in Tab. 23. The
SMEFT coupling coe�cients read

SMEFTBP2: c3 = 0.877 , ct = 1.012 , ctt = 4.127 ⇥ 10�2
. (7.53)

And we have for this scenario

g
H2
t

= 0.179 and g
H3
t

= 2.337 ⇥ 10�2
. (7.54)

The cross section values for the N2HDM and the SMEFT calculation are given in the second
line of Tab. 24. We vary mH2 together with the corresponding total width �H2 , accordingly.
The mass mH3 is kept at its original value. Its total width is given by �H3 = 15.28 GeV. We
also list the corresponding ctt value for H2 only, named c

H2
tt

, as well as the sum ctt of the H2

and H3 contributions, i.e. ctt = c
H2
tt

+ c
H3
tt

with c
H3
tt

= �2.832 ⇥ 10�3. We furthermore give the
corresponding trilinear coupling g

H2H1H1
3 . For gH3H1H1

3 which does not change as we keep mH3

28The resulting scenarios do not then necessarily fulfil all applied constraints any more. We still take them for
illustrative purposes.
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Consider the R2HDM-II with the following set of parameters

Figure 12: Diagrams contributing to Higgs pair production in the EFT approach (with cg = cgg = 0 and
neglecting the chromomagnetic operator). The blue, red and green blobs denote the modified Higgs trilinear,
Higgs top-Yukawa and the new two-Higgs-two-top-quark couplings, respectively.

matching relations of our specific models to the EFT Lagrangian,

Higgs-top Yukawa coupling : g
HSM
t

(↵i,�) ! ct

trilinear Higgs coupling :
g
HSMHSMHSM
3 (pi)

3M2
HSM

/v
! c3

two-Higgs-two-top quark coupling :
P

kmax
k=1

✓
�v

m
2
H
k

◆
g
HkHSMHSM
3 (pi) g

Hk

t
(↵i,�) ! ctt

(7.50)

Here g
�

t
(↵i,�) denotes the dimensionless function of the mixing angles ↵i and � that specifies

for each model under consideration the modification of the Yukawa coupling of a Higgs boson �

of the model with respect to the SM Yukawa coupling. The function g
HSMHSMHSM
3 (pi) denotes

the dimensionful trilinear coupling of three SM-like Higgs bosons HSM in our BSM model that
in the SM case would approach 3M2

HSM
/v. We denote by pi the various parameters on which the

trilinear coupling depends in the respective model. The third matching relation to ctt is obtained
by assuming a possible heavy Higgs Hk s-channel exchange (cf. the first diagram in Fig. 1 for
Hk 6= HSM) where the mass of the exchanged Higgs boson, denoted by mHk

, is very large. By

g
HkHSMHSM
3 we denote the corresponding Hk trilinear coupling to two SM-like Higgs bosons.
Note that, in non-minimal models, we would have two such contributions. Hence kmax = 1 in
the R2HDM and 2 in the C2HDM, N2HDM and NMSSM.27 Table 5 gives us an overview of the
ct and c3 values that are allowed by the bulk of the parameter points.

We have chosen a few benchmark points from our samples in order to investigate the validity
of the EFT approach. In Tab. 21, we present the benchmark point SMEFTBP1 for the R2HDM-
II with the heavy scalar Higgs MH2 mass above 1 TeV so that the EFT approach should be
justified. The corresponding SMEFT coupling coe�cients are

SMEFTBP1: c3 = 0.782 , ct = 0.951 , ctt = �0.122 . (7.51)

In Tab. 22 we give, for the listed mH2 , ctt, the corresponding R2HDM cross section values and

mH1 [GeV] mH2 [GeV] mA [GeV] mH± [GeV] ↵ tan� m
2
12 [GeV2]

125.09 1131 1082 1067 -0.924 0.820 552749

Table 21: SMEFTBP1: R2HDM-II input parameters.

27We only take into account in the cross section linear EFT contributions and no squared ones. For details on
the LO partonic cross section, we refer to Eqs. (2.5)-(2.13) of Ref. [97].
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And the extra choices that impact on ctt

mH2 [GeV] �H2 [GeV] ctt g
H2H1H1
3 [GeV] �

w/ res
R2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

1131 78.80 -0.1222 -504.52 30.5 26.1 86%
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.853 10�2 -352.42 21.8 21.4 98%

Table 22: SMEFTBP1: Value of mH2 and corresponding �H2 , ctt and g
H2H1H1
3 values together with the R2HDM-II

and the SMEFT results for LO H2H2 production including the resonance contribution.

the results in the SMEFT approach, as well as the ratios of these two cross sections. Note that
g
H2H1H1
3 also changes when we change mH2 , whereas g

H2
t

= �1.126 remains the same. Thus, we
list g

H2H1H1
3 in Tab. 22. We also give the value of the total width �H2 which changes as well.

Note that in this subsection all gluon fusion cross sections are given at LO. From the second
line, we read o↵ that in our scenario the SMEFT approach approximates the cross section in the
full model by only 86% for a Higgs mass mH2 of the order of 1 TeV. When we turn o↵ the H2

resonance and compare the results with the one in the SMEFT approach where we accordingly
set ctt = 0 we get

�
w/o res
R2HDM = 18.6 fb and �

ctt=0
SMEFT = 18.6 fb . (7.52)

Both cross sections agree as expected in contrast to the case with the resonance included. Since
in the di-Higgs cross section we integrate

p
s in the s-channel exchange across the resonance,

the SMEFT approach is not a good approximation. We want to investigate the minimum mass
values from which the SMEFT rate is close to the full R2HDM result. For this, we gradually
increase mH2 and calculate for the corresponding ctt and trilinear Higgs coupling values the
SMEFT cross section and also the full R2HDM cross section.28 The values are given in the
third and fourth line in Tab. 22. We clearly see that with increasing mH2 , and hence decreasing
contribution of the resonance to the cross section, the SMEFT and the full R2HDM results
approach each other. Starting from about mH2 = 1200 GeV the deviation is less than 10%,
continuously decreasing with increasing mH2 .

We perform the same investigation but now for the N2HDM-I with H1 = HSM where we have
two resonance contributions. As benchmark point SMEFTBP2 we take the N2HDM benchmark
point BP6 given in Tab. 13. For convenience, we repeat the input parameters in Tab. 23. The
SMEFT coupling coe�cients read

SMEFTBP2: c3 = 0.877 , ct = 1.012 , ctt = 4.127 ⇥ 10�2
. (7.53)

And we have for this scenario

g
H2
t

= 0.179 and g
H3
t

= 2.337 ⇥ 10�2
. (7.54)

The cross section values for the N2HDM and the SMEFT calculation are given in the second
line of Tab. 24. We vary mH2 together with the corresponding total width �H2 , accordingly.
The mass mH3 is kept at its original value. Its total width is given by �H3 = 15.28 GeV. We
also list the corresponding ctt value for H2 only, named c

H2
tt

, as well as the sum ctt of the H2

and H3 contributions, i.e. ctt = c
H2
tt

+ c
H3
tt

with c
H3
tt

= �2.832 ⇥ 10�3. We furthermore give the
corresponding trilinear coupling g

H2H1H1
3 . For gH3H1H1

3 which does not change as we keep mH3

28The resulting scenarios do not then necessarily fulfil all applied constraints any more. We still take them for
illustrative purposes.
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⇒

For masses of the order of 1 TeV the ratio is 86% although for 1.5 TeV we get 98%. Note that if we 
turn-off the H2 resonance by setting ctt= 0, we get
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mH2 [GeV] �H2 [GeV] ctt g
H2H1H1
3 [GeV] �

w/ res
R2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

1131 78.80 -0.1222 -504.52 30.5 26.1 86%
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.853 10�2 -352.42 21.8 21.4 98%

Table 22: SMEFTBP1: Value of mH2 and corresponding �H2 , ctt and g
H2H1H1
3 values together with the R2HDM-II

and the SMEFT results for LO H2H2 production including the resonance contribution.

the results in the SMEFT approach, as well as the ratios of these two cross sections. Note that
g
H2H1H1
3 also changes when we change mH2 , whereas g

H2
t

= �1.126 remains the same. Thus, we
list g

H2H1H1
3 in Tab. 22. We also give the value of the total width �H2 which changes as well.

Note that in this subsection all gluon fusion cross sections are given at LO. From the second
line, we read o↵ that in our scenario the SMEFT approach approximates the cross section in the
full model by only 86% for a Higgs mass mH2 of the order of 1 TeV. When we turn o↵ the H2

resonance and compare the results with the one in the SMEFT approach where we accordingly
set ctt = 0 we get

�
w/o res
R2HDM = 18.6 fb and �

ctt=0
SMEFT = 18.6 fb . (7.52)

Both cross sections agree as expected in contrast to the case with the resonance included. Since
in the di-Higgs cross section we integrate

p
s in the s-channel exchange across the resonance,

the SMEFT approach is not a good approximation. We want to investigate the minimum mass
values from which the SMEFT rate is close to the full R2HDM result. For this, we gradually
increase mH2 and calculate for the corresponding ctt and trilinear Higgs coupling values the
SMEFT cross section and also the full R2HDM cross section.28 The values are given in the
third and fourth line in Tab. 22. We clearly see that with increasing mH2 , and hence decreasing
contribution of the resonance to the cross section, the SMEFT and the full R2HDM results
approach each other. Starting from about mH2 = 1200 GeV the deviation is less than 10%,
continuously decreasing with increasing mH2 .

We perform the same investigation but now for the N2HDM-I with H1 = HSM where we have
two resonance contributions. As benchmark point SMEFTBP2 we take the N2HDM benchmark
point BP6 given in Tab. 13. For convenience, we repeat the input parameters in Tab. 23. The
SMEFT coupling coe�cients read

SMEFTBP2: c3 = 0.877 , ct = 1.012 , ctt = 4.127 ⇥ 10�2
. (7.53)

And we have for this scenario

g
H2
t

= 0.179 and g
H3
t

= 2.337 ⇥ 10�2
. (7.54)

The cross section values for the N2HDM and the SMEFT calculation are given in the second
line of Tab. 24. We vary mH2 together with the corresponding total width �H2 , accordingly.
The mass mH3 is kept at its original value. Its total width is given by �H3 = 15.28 GeV. We
also list the corresponding ctt value for H2 only, named c

H2
tt

, as well as the sum ctt of the H2

and H3 contributions, i.e. ctt = c
H2
tt

+ c
H3
tt

with c
H3
tt

= �2.832 ⇥ 10�3. We furthermore give the
corresponding trilinear coupling g

H2H1H1
3 . For gH3H1H1

3 which does not change as we keep mH3

28The resulting scenarios do not then necessarily fulfil all applied constraints any more. We still take them for
illustrative purposes.
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mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 269 582 390 380 4.190

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.432 -0.109 0.535 1250 28112

Table 23: SMEFTBP2=BP6: N2HDM-I input parameters

mH2 �H2 c
H2
tt

ctt g
H2H1H1
3 �

w/ res
N2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

269 0.075 4.410 ⇥ 10�2 4.127 ⇥ 10�2 -72.42 183.70 20.56 11%
300 0.083 3.170 ⇥ 10�2 2.877 ⇥ 10�2 -64.80 162.80 21.28 13%
400 0.177 9.544 ⇥ 10�3 6.721 ⇥ 10�3 -34.68 43.33 22.60 52%
420 0.229 6.895 ⇥ 10�3 4.063 ⇥ 10�3 -27.62 31.70 22.76 72%
440 0.284 4.600 ⇥ 10�3 1.767 ⇥ 10�3 -20.22 26.26 22.90 87%
450 0.315 3.564 ⇥ 10�3 7.323 ⇥ 10�4 -16.39 24.84 22.96 92%
500 2.567 �7.132 ⇥ 10�4

�3.545 ⇥ 10�3 4.05 23.56 23.22 99%

Table 24: SMEFTBP2: Values of mH2 in GeV, �H2 in GeV, c
H2
tt

, ctt, and g
H2H1H1
3 in GeV together with the

N2HDM-I and the SMEFT result for H1H1 production at LO including the resonance contribution.

at its original value, we have g
H3H1H1
3 = 167 GeV. With a rather light H2 mass and a medium-

valued H3 mass we expect significant resonance contributions. This was already confirmed by
the investigation of this parameter point in Subsec. 5.6 where we found that the resonance
contribution is given by the s-channel H2 exchange whereas the H3 resonance contribution
is negligible which can be explained by the tiny H3 top-Yukawa coupling. Due to the large
resonance contribution of the rather light H2 the result in the SMEFT approach is completely
o↵. When we turn o↵ the H2 and H3 resonances (where H3 has only a tiny e↵ect) and compare
the result with the one in the SMEFT approach where we accordingly set ctt = 0 we obtain

�
w/o res
N2HDM = 23.05 fb and �

ctt=0
SMEFT = 23.01 fb . (7.55)

The cross sections in the two approaches agree as expected. Starting from our original N2HDM-
I scenario we then gradually increase the mH2 mass which hence changes c

H2
tt

and thereby
ctt in order to investigate when the SMEFT result starts to reproduce the full result. The
corresponding values are given in Tab. 24 from the third line onwards. The SMEFT and the
N2HDM results start to deviate by less than 10% for H2 masses above about 440 GeV. This
agreement also depends on the total width �H2 of the s-channel resonance. Keeping e.g. the total
width at the value �H2 = 0.075 GeV (corresponding to the mass mH2 = 269 GeV) the agreement
between full and EFT approach within 10% would be reached around MH2 = 465 GeV.29 We
hence find in this scenario with two possible heavy resonances that the Higgs mass limit, from
which the SMEFT approach starts to approximate the full result, ranges at lower values.

The investigation of these two benchmarks with additional Higgs bosons has shown that first,
the results calculated in the full theory and in the EFT approach can di↵er severly. Second,
the agreement between the full theory and the EFT approach depends on the masses of the
additionally present Higgs bosons and their total widths. The total width plays an important
role when we integrate across the resonance in the s-channel within HPAIR. A priori, one cannot

29In our investigation of di↵erent benchmark scenarios we also found cases where the total width has a much
more dramatic e↵ect, moving agreement e.g. from a resonance mass of 410 GeV to 2.1 TeV if the width is kept
at its original value.
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mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 269 582 390 380 4.190

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.432 -0.109 0.535 1250 28112

Table 23: SMEFTBP2=BP6: N2HDM-I input parameters

mH2 �H2 c
H2
tt

ctt g
H2H1H1
3 �

w/ res
N2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

269 0.075 4.410 ⇥ 10�2 4.127 ⇥ 10�2 -72.42 183.70 20.56 11%
300 0.083 3.170 ⇥ 10�2 2.877 ⇥ 10�2 -64.80 162.80 21.28 13%
400 0.177 9.544 ⇥ 10�3 6.721 ⇥ 10�3 -34.68 43.33 22.60 52%
420 0.229 6.895 ⇥ 10�3 4.063 ⇥ 10�3 -27.62 31.70 22.76 72%
440 0.284 4.600 ⇥ 10�3 1.767 ⇥ 10�3 -20.22 26.26 22.90 87%
450 0.315 3.564 ⇥ 10�3 7.323 ⇥ 10�4 -16.39 24.84 22.96 92%
500 2.567 �7.132 ⇥ 10�4

�3.545 ⇥ 10�3 4.05 23.56 23.22 99%

Table 24: SMEFTBP2: Values of mH2 in GeV, �H2 in GeV, c
H2
tt

, ctt, and g
H2H1H1
3 in GeV together with the

N2HDM-I and the SMEFT result for H1H1 production at LO including the resonance contribution.

at its original value, we have g
H3H1H1
3 = 167 GeV. With a rather light H2 mass and a medium-

valued H3 mass we expect significant resonance contributions. This was already confirmed by
the investigation of this parameter point in Subsec. 5.6 where we found that the resonance
contribution is given by the s-channel H2 exchange whereas the H3 resonance contribution
is negligible which can be explained by the tiny H3 top-Yukawa coupling. Due to the large
resonance contribution of the rather light H2 the result in the SMEFT approach is completely
o↵. When we turn o↵ the H2 and H3 resonances (where H3 has only a tiny e↵ect) and compare
the result with the one in the SMEFT approach where we accordingly set ctt = 0 we obtain

�
w/o res
N2HDM = 23.05 fb and �

ctt=0
SMEFT = 23.01 fb . (7.55)

The cross sections in the two approaches agree as expected. Starting from our original N2HDM-
I scenario we then gradually increase the mH2 mass which hence changes c

H2
tt

and thereby
ctt in order to investigate when the SMEFT result starts to reproduce the full result. The
corresponding values are given in Tab. 24 from the third line onwards. The SMEFT and the
N2HDM results start to deviate by less than 10% for H2 masses above about 440 GeV. This
agreement also depends on the total width �H2 of the s-channel resonance. Keeping e.g. the total
width at the value �H2 = 0.075 GeV (corresponding to the mass mH2 = 269 GeV) the agreement
between full and EFT approach within 10% would be reached around MH2 = 465 GeV.29 We
hence find in this scenario with two possible heavy resonances that the Higgs mass limit, from
which the SMEFT approach starts to approximate the full result, ranges at lower values.

The investigation of these two benchmarks with additional Higgs bosons has shown that first,
the results calculated in the full theory and in the EFT approach can di↵er severly. Second,
the agreement between the full theory and the EFT approach depends on the masses of the
additionally present Higgs bosons and their total widths. The total width plays an important
role when we integrate across the resonance in the s-channel within HPAIR. A priori, one cannot

29In our investigation of di↵erent benchmark scenarios we also found cases where the total width has a much
more dramatic e↵ect, moving agreement e.g. from a resonance mass of 410 GeV to 2.1 TeV if the width is kept
at its original value.
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Consider now the N2HDM-I with the following set of parameters

mH2 [GeV] �H2 [GeV] ctt g
H2H1H1
3 [GeV] �

w/ res
R2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

1131 78.80 -0.1222 -504.52 30.5 26.1 86%
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.853 10�2 -352.42 21.8 21.4 98%

Table 22: SMEFTBP1: Value of mH2 and corresponding �H2 , ctt and g
H2H1H1
3 values together with the R2HDM-II

and the SMEFT results for LO H2H2 production including the resonance contribution.

the results in the SMEFT approach, as well as the ratios of these two cross sections. Note that
g
H2H1H1
3 also changes when we change mH2 , whereas g

H2
t

= �1.126 remains the same. Thus, we
list g

H2H1H1
3 in Tab. 22. We also give the value of the total width �H2 which changes as well.

Note that in this subsection all gluon fusion cross sections are given at LO. From the second
line, we read o↵ that in our scenario the SMEFT approach approximates the cross section in the
full model by only 86% for a Higgs mass mH2 of the order of 1 TeV. When we turn o↵ the H2

resonance and compare the results with the one in the SMEFT approach where we accordingly
set ctt = 0 we get

�
w/o res
R2HDM = 18.6 fb and �

ctt=0
SMEFT = 18.6 fb . (7.52)

Both cross sections agree as expected in contrast to the case with the resonance included. Since
in the di-Higgs cross section we integrate

p
s in the s-channel exchange across the resonance,

the SMEFT approach is not a good approximation. We want to investigate the minimum mass
values from which the SMEFT rate is close to the full R2HDM result. For this, we gradually
increase mH2 and calculate for the corresponding ctt and trilinear Higgs coupling values the
SMEFT cross section and also the full R2HDM cross section.28 The values are given in the
third and fourth line in Tab. 22. We clearly see that with increasing mH2 , and hence decreasing
contribution of the resonance to the cross section, the SMEFT and the full R2HDM results
approach each other. Starting from about mH2 = 1200 GeV the deviation is less than 10%,
continuously decreasing with increasing mH2 .

We perform the same investigation but now for the N2HDM-I with H1 = HSM where we have
two resonance contributions. As benchmark point SMEFTBP2 we take the N2HDM benchmark
point BP6 given in Tab. 13. For convenience, we repeat the input parameters in Tab. 23. The
SMEFT coupling coe�cients read

SMEFTBP2: c3 = 0.877 , ct = 1.012 , ctt = 4.127 ⇥ 10�2
. (7.53)

And we have for this scenario

g
H2
t

= 0.179 and g
H3
t

= 2.337 ⇥ 10�2
. (7.54)

The cross section values for the N2HDM and the SMEFT calculation are given in the second
line of Tab. 24. We vary mH2 together with the corresponding total width �H2 , accordingly.
The mass mH3 is kept at its original value. Its total width is given by �H3 = 15.28 GeV. We
also list the corresponding ctt value for H2 only, named c

H2
tt

, as well as the sum ctt of the H2

and H3 contributions, i.e. ctt = c
H2
tt

+ c
H3
tt

with c
H3
tt

= �2.832 ⇥ 10�3. We furthermore give the
corresponding trilinear coupling g

H2H1H1
3 . For gH3H1H1

3 which does not change as we keep mH3

28The resulting scenarios do not then necessarily fulfil all applied constraints any more. We still take them for
illustrative purposes.
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mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 269 582 390 380 4.190

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.432 -0.109 0.535 1250 28112

Table 23: SMEFTBP2=BP6: N2HDM-I input parameters

mH2 �H2 c
H2
tt

ctt g
H2H1H1
3 �

w/ res
N2HDM [fb] �

ctt 6=0
SMEFT [fb] ratio

269 0.075 4.410 ⇥ 10�2 4.127 ⇥ 10�2 -72.42 183.70 20.56 11%
300 0.083 3.170 ⇥ 10�2 2.877 ⇥ 10�2 -64.80 162.80 21.28 13%
400 0.177 9.544 ⇥ 10�3 6.721 ⇥ 10�3 -34.68 43.33 22.60 52%
420 0.229 6.895 ⇥ 10�3 4.063 ⇥ 10�3 -27.62 31.70 22.76 72%
440 0.284 4.600 ⇥ 10�3 1.767 ⇥ 10�3 -20.22 26.26 22.90 87%
450 0.315 3.564 ⇥ 10�3 7.323 ⇥ 10�4 -16.39 24.84 22.96 92%
500 2.567 �7.132 ⇥ 10�4

�3.545 ⇥ 10�3 4.05 23.56 23.22 99%

Table 24: SMEFTBP2: Values of mH2 in GeV, �H2 in GeV, c
H2
tt

, ctt, and g
H2H1H1
3 in GeV together with the

N2HDM-I and the SMEFT result for H1H1 production at LO including the resonance contribution.

at its original value, we have g
H3H1H1
3 = 167 GeV. With a rather light H2 mass and a medium-

valued H3 mass we expect significant resonance contributions. This was already confirmed by
the investigation of this parameter point in Subsec. 5.6 where we found that the resonance
contribution is given by the s-channel H2 exchange whereas the H3 resonance contribution
is negligible which can be explained by the tiny H3 top-Yukawa coupling. Due to the large
resonance contribution of the rather light H2 the result in the SMEFT approach is completely
o↵. When we turn o↵ the H2 and H3 resonances (where H3 has only a tiny e↵ect) and compare
the result with the one in the SMEFT approach where we accordingly set ctt = 0 we obtain

�
w/o res
N2HDM = 23.05 fb and �

ctt=0
SMEFT = 23.01 fb . (7.55)

The cross sections in the two approaches agree as expected. Starting from our original N2HDM-
I scenario we then gradually increase the mH2 mass which hence changes c

H2
tt

and thereby
ctt in order to investigate when the SMEFT result starts to reproduce the full result. The
corresponding values are given in Tab. 24 from the third line onwards. The SMEFT and the
N2HDM results start to deviate by less than 10% for H2 masses above about 440 GeV. This
agreement also depends on the total width �H2 of the s-channel resonance. Keeping e.g. the total
width at the value �H2 = 0.075 GeV (corresponding to the mass mH2 = 269 GeV) the agreement
between full and EFT approach within 10% would be reached around MH2 = 465 GeV.29 We
hence find in this scenario with two possible heavy resonances that the Higgs mass limit, from
which the SMEFT approach starts to approximate the full result, ranges at lower values.

The investigation of these two benchmarks with additional Higgs bosons has shown that first,
the results calculated in the full theory and in the EFT approach can di↵er severly. Second,
the agreement between the full theory and the EFT approach depends on the masses of the
additionally present Higgs bosons and their total widths. The total width plays an important
role when we integrate across the resonance in the s-channel within HPAIR. A priori, one cannot

29In our investigation of di↵erent benchmark scenarios we also found cases where the total width has a much
more dramatic e↵ect, moving agreement e.g. from a resonance mass of 410 GeV to 2.1 TeV if the width is kept
at its original value.
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Now we vary the H2 mass but keep H3 fixed (ctt has now two terms)

⇒

In this case we start a ratio of 11%, 

but when we set both masses to about 500 GeV we get a ratio of 99%.

Comparison with EFT



Single Higgs vs. Di-Higgs
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Model Mixed Higgs State m� [GeV] Rate [fb] K-factor

R2HDM-I AH1(⌘ HSM) 346 11 1.94
N2HDM-I H2H1(⌘ HSM) 444 88 1.86

AH1(⌘ HSM) 363 15 1.90
N2HDM-II H2H1(⌘ HSM) 511 34 1.79
NMSSM A1H1(⌘ HSM) 53 82 1.88

H2H1(⌘ HSM) 371 19 1.91

Table 30: Maximum rates in the (tt̄)(bb̄) final state at NLO for di↵erent mixed Higgs pair final states in the
investigated models with the non-SM-like Higgs decaying into tt̄. The K-factor is given in the last column. In
the third column we also give the mass m� of the non-SM-like Higgs boson. More details on these points can be
provided on request.

scenarios. In the following, we highlight a few benchmark scenarios from the table.

Model Mixed Higgs State m�1 [GeV] m�2 [GeV] Rate [fb] K-factor

N2HDM-I H2H3(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 98 41 15 1.95
H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 282 - 40 1.96
H2H1(⌘ HSM) ! AA(bb̄) ! (bb̄)(bb̄)(bb̄) 157 73 33 2.05

H1H2(⌘ HSM) ! (bb̄)H1H1 ! (bb̄)(bb̄)(bb̄) 54 - 111 2.09
H3H2(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 212 83 8 1.93

N2HDM-II H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 271 - 3 1.87
NMSSM H2H1(⌘ HSM) ! H1H1(bb̄) ! (bb̄)(bb̄)(bb̄) 319 - 11 1.90

H2H1(⌘ HSM) ! A1A1(bb̄) ! (bb̄)(bb̄)(bb̄) 253 116 26 1.92

Table 31: Maximum rates for multi-Higgs final states given at NLO. The K-factor is given in the last column. In
the third and fourth column we also give the mass values m�1 and m�2 of the non-SM-like Higgs bosons involved
in the process, in the order of their appearance. More benchmark details can be provided on request.

8.4.1 Non-SM-like Higgs Search: Di-Higgs beats Single Higgs

In the following we present N2HDM-I and NMSSM scenarios with three SM-like Higgs bosons
in the final states with H1 being SM-like and with NLO rates above 10 fb. These benchmark
points are special in the sense that the production of the non-SM-like Higgs boson H2 from
di-Higgs states beats, or is at least comparable, to its direct production.30 This appears in cases
where the non-SM-like Higgs is singlet-like and/or is more down- than up-type like. The latter
suppresses direct production from gluon fusion. The former suppresses all couplings to SM-like
particles. In these cases the heavy non-SM-like Higgs boson might rather be discovered in the
di-Higgs channel than in direct single Higgs production.

The input parameters for the N2HDM-I point are given in Tab. 32. With the values for the

mH1 [GeV] mH2 [GeV] mH3 [GeV] mA [GeV] mH± [GeV] tan�
125.09 281.54 441.25 386.98 421.81 1.990

↵1 ↵2 ↵3 vs [GeV] Re(m2
12) [GeV2]

1.153 0.159 0.989 9639 29769

Table 32: BP15 N2HDM-I input parameters

30For another example where New Physics might first be accessible in Higgs pair production in a composite
Higgs model, see [100].
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NLO H1H2 cross section and the branching ratios BR(H2 ! H1H1) and BR(H1 ! bb̄) we get
the following rate in the 6b final state,

�
NLO
H1H2

⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)3 = 509 · 0.37 · 0.603 fb = 40 fb . (8.59)

We can compare this with direct H2 production (we use the NNLO value calculated with SusHi)
in either the 4b final state from the H2 ! H1H1 decay,

�
NNLO(H2)⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)2 = 161 · 0.37 · 0.602 fb = 21 fb , (8.60)

or direct H2 production in the other dominant decay channel given by the WW final state,

�
NNLO(H2)⇥ BR(H2 ! WW ) = 161 · 0.44 fb = 71 fb . (8.61)

Note that the H2 branching ratio into (bb̄) is tiny. The second lightest Higgs boson H2 has a
significant down-type and large singlet admixture but only a small up-type admixture so that its
production in gluon fusion is not very large31 and also its decay branching ratios into a lighter
Higgs pair are comparable to the largest decay rates into SM particles. In this case, the non-SM-
like Higgs boson H2 has better chances of being discovered in di-Higgs when compared to single
Higgs channels. Note, that the W bosons still need to decay into fermionic final states where
additionally the neutrinos are not detectable so that the H2 mass cannot be reconstructed.

The input parameters for the first NMSSM scenario that we discuss here are given in Tab. 33.
We also specify in Tab. 34 the parameters required for the computation of the Higgs pair
production cross sections through HPAIR.

�  A� [GeV] A [GeV] µe↵ [GeV] tan�
0.593 0.390 296 5.70 200 2.815

mH± [GeV] M1 [GeV] M2 [GeV] M3 [TeV] At [GeV] Ab [GeV]
505 989.204 510.544 2 -2064 -1246

m
Q̃3

[GeV] m
t̃R

[GeV] m
b̃R

[GeV] A⌧ [GeV] m
L̃3

[GeV] m⌧̃R
[GeV]

1377 1207 3000 -1575.91 3000 3000

Table 33: BP16 NMSSM input parameters required by NMSSMCALC for the computation of the NMSSM spectrum.

Since H2 is rather singlet-like, its production cross section through gluon fusion is small and
also its decay branching ratios into SM-final states. The gluon fusion production cross section
amounts to

�
NNLO(H2) = 13.54 fb . (8.62)

Its dominant branching ratio is given by the decay into A1A1, reaching

BR(H2 ! A1A1) = 0.887 . (8.63)

We hence get for direct H2 production in the A1A1 final state the rate

�
NNLO(H2)⇥ BR(H2 ! A1A1) = 12.01 fb . (8.64)

On the other hand, we have for di-Higgs production of H1H2 at NLO QCD where H1 is the
SM-like Higgs state,

�
NLO(H1H2) = 111 fb . (8.65)

31The production in association with b quarks is very small for the small tan� value of this scenario.
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N2HDM-I and NMSSM - 3 SM-like Higgs bosons (H1). NLO rates above 10 fb. Di-Higgs states larger/
comparable with direct production. 


Reason: non-SM-like Higgs is singlet-like (suppressed couplings to SM-like particles)  and/or is more 
down- than up-type like (suppressed direct production).

NLO H1H2 cross section and the branching ratios BR(H2 ! H1H1) and BR(H1 ! bb̄) we get
the following rate in the 6b final state,

�
NLO
H1H2

⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)3 = 509 · 0.37 · 0.603 fb = 40 fb . (8.59)

We can compare this with direct H2 production (we use the NNLO value calculated with SusHi)
in either the 4b final state from the H2 ! H1H1 decay,

�
NNLO(H2)⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)2 = 161 · 0.37 · 0.602 fb = 21 fb , (8.60)

or direct H2 production in the other dominant decay channel given by the WW final state,

�
NNLO(H2)⇥ BR(H2 ! WW ) = 161 · 0.44 fb = 71 fb . (8.61)

Note that the H2 branching ratio into (bb̄) is tiny. The second lightest Higgs boson H2 has a
significant down-type and large singlet admixture but only a small up-type admixture so that its
production in gluon fusion is not very large31 and also its decay branching ratios into a lighter
Higgs pair are comparable to the largest decay rates into SM particles. In this case, the non-SM-
like Higgs boson H2 has better chances of being discovered in di-Higgs when compared to single
Higgs channels. Note, that the W bosons still need to decay into fermionic final states where
additionally the neutrinos are not detectable so that the H2 mass cannot be reconstructed.

The input parameters for the first NMSSM scenario that we discuss here are given in Tab. 33.
We also specify in Tab. 34 the parameters required for the computation of the Higgs pair
production cross sections through HPAIR.

�  A� [GeV] A [GeV] µe↵ [GeV] tan�
0.593 0.390 296 5.70 200 2.815

mH± [GeV] M1 [GeV] M2 [GeV] M3 [TeV] At [GeV] Ab [GeV]
505 989.204 510.544 2 -2064 -1246

m
Q̃3

[GeV] m
t̃R

[GeV] m
b̃R

[GeV] A⌧ [GeV] m
L̃3

[GeV] m⌧̃R
[GeV]

1377 1207 3000 -1575.91 3000 3000

Table 33: BP16 NMSSM input parameters required by NMSSMCALC for the computation of the NMSSM spectrum.

Since H2 is rather singlet-like, its production cross section through gluon fusion is small and
also its decay branching ratios into SM-final states. The gluon fusion production cross section
amounts to

�
NNLO(H2) = 13.54 fb . (8.62)

Its dominant branching ratio is given by the decay into A1A1, reaching

BR(H2 ! A1A1) = 0.887 . (8.63)

We hence get for direct H2 production in the A1A1 final state the rate

�
NNLO(H2)⇥ BR(H2 ! A1A1) = 12.01 fb . (8.64)

On the other hand, we have for di-Higgs production of H1H2 at NLO QCD where H1 is the
SM-like Higgs state,

�
NLO(H1H2) = 111 fb . (8.65)

31The production in association with b quarks is very small for the small tan� value of this scenario.
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NLO H1H2 cross section and the branching ratios BR(H2 ! H1H1) and BR(H1 ! bb̄) we get
the following rate in the 6b final state,

�
NLO
H1H2

⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)3 = 509 · 0.37 · 0.603 fb = 40 fb . (8.59)

We can compare this with direct H2 production (we use the NNLO value calculated with SusHi)
in either the 4b final state from the H2 ! H1H1 decay,

�
NNLO(H2)⇥ BR(H2 ! H1H1)⇥ BR(H1 ! bb̄)2 = 161 · 0.37 · 0.602 fb = 21 fb , (8.60)

or direct H2 production in the other dominant decay channel given by the WW final state,

�
NNLO(H2)⇥ BR(H2 ! WW ) = 161 · 0.44 fb = 71 fb . (8.61)

Note that the H2 branching ratio into (bb̄) is tiny. The second lightest Higgs boson H2 has a
significant down-type and large singlet admixture but only a small up-type admixture so that its
production in gluon fusion is not very large31 and also its decay branching ratios into a lighter
Higgs pair are comparable to the largest decay rates into SM particles. In this case, the non-SM-
like Higgs boson H2 has better chances of being discovered in di-Higgs when compared to single
Higgs channels. Note, that the W bosons still need to decay into fermionic final states where
additionally the neutrinos are not detectable so that the H2 mass cannot be reconstructed.

The input parameters for the first NMSSM scenario that we discuss here are given in Tab. 33.
We also specify in Tab. 34 the parameters required for the computation of the Higgs pair
production cross sections through HPAIR.

�  A� [GeV] A [GeV] µe↵ [GeV] tan�
0.593 0.390 296 5.70 200 2.815

mH± [GeV] M1 [GeV] M2 [GeV] M3 [TeV] At [GeV] Ab [GeV]
505 989.204 510.544 2 -2064 -1246

m
Q̃3

[GeV] m
t̃R

[GeV] m
b̃R

[GeV] A⌧ [GeV] m
L̃3

[GeV] m⌧̃R
[GeV]

1377 1207 3000 -1575.91 3000 3000

Table 33: BP16 NMSSM input parameters required by NMSSMCALC for the computation of the NMSSM spectrum.

Since H2 is rather singlet-like, its production cross section through gluon fusion is small and
also its decay branching ratios into SM-final states. The gluon fusion production cross section
amounts to

�
NNLO(H2) = 13.54 fb . (8.62)

Its dominant branching ratio is given by the decay into A1A1, reaching

BR(H2 ! A1A1) = 0.887 . (8.63)

We hence get for direct H2 production in the A1A1 final state the rate

�
NNLO(H2)⇥ BR(H2 ! A1A1) = 12.01 fb . (8.64)

On the other hand, we have for di-Higgs production of H1H2 at NLO QCD where H1 is the
SM-like Higgs state,

�
NLO(H1H2) = 111 fb . (8.65)

31The production in association with b quarks is very small for the small tan� value of this scenario.
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H2 BR to bb tiny.

Non-SM- like H2 has better chances of being discovered in di-Higgs than in single Higgs 

channels (W bosons still have to decay).
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Conclusions

Numerous BSM Higgs sector extensions with large variety of (resonant) Higgs pair final states 

Large scan in various BSM models taking into account theoretical and experimental constraints 

Non-resonant SM Higgs pair cxns in BSM models can be significantly larger than in SM 

Single Higgs production impacts Yukawa coupling and thereby trilinear Higgs coupling 

Large enhancement through resonant production -> also ZHiHj and triple or quartic Higgs  
production possible; test of CP violation through Higgs decays possible 

Will continue to provide benchmark points - INPUT WELCOME!

R. Santos, Higgs Pairs Workshop, 1 June 2022
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Thank you!



Real Singlet Extension

✦ Simplest SM extension: additional real singlet field;  
no ℤ2 symmetry 

✦ Higgs and singlet mix: 

Lewis, Sullivan, PRD96 (2017) 035037; Review in Physics (2020) 100045

✦ Simple production rate: 

✦ Maximizing resonant di-Higgs production: 

h2→h1h1
perturbative unitarity, correct VEV,  
sinθ=0.1 consistent w/ current Higgs constraints

39R. Santos, Higgs Pairs Workshop, 1 June 2022



C2HDM: Single versus Double Higgs Production 
[Basler,Dawson,Englert,Mühlleitner, Phys.Rev.D101 (2020) 1]

46R. Santos, Higgs Pairs Workshop, 1 June 2022



2HDM+Complex Singlet - h125,H,A,h,a

in general here

h125+visible

Z+visible: 
H->h125h 
A-> Zh 

mono-Higgs

mono-Z:

A->h125a

H->Za

Baum, Shah, JHEP12 (2018) 044

44R. Santos, Higgs Pairs Workshop, 1 June 2022


