
Extended scalar sectors at the LHC - 
my theory overview

R. Santos 
ISEL & CFTC-UL

23 May 2023

LHCP2023, Belgrade

Funded by FCT, projects no. UIDB/00618/2020, UIDP/00618/2020.



Scalar Extensions of the SM - why do they make us happy?

 They provide  Dark Matter candidates compatible with all available 
experimental constraints; 

 They provide new sources of CP-violation; 

They can change the di-Higgs cross section; 

 They provide a means of having a strong first order phase transition; 

 They provide a 125 GeV scalar in agreement with all data; 

 You get a bunch of extra scalars, keeping everybody busy and happy.
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Particle (type) spectrum 
depends on the symmetries 

imposed 
on the model, and whether they 

are  
spontaneously broken or not. 

  
The one with the larger 

spectrum is the N2HDM with 
two charged and four neutral 

particles.

softly broken Z2 2HDM : Φ1 → Φ1; Φ2 → − Φ2

softly broken Z2 N 2HDM : Φ1 → Φ1; Φ2 → − Φ2; ΦS → ΦS

exact Z′ 2 N 2HDM : Φ1 → Φ1; Φ2 → Φ2; ΦS → − ΦS

• m2
12 and λ5 real 2HDM

• m2
12 and λ5 complex C2HDM

All potentials in one slide
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Allows for a decoupling limit

, dark matter, IDMv2 = 0

Complex version - CP-violation

, singlet dark mattervS = 0
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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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Although the models look very different, the couplings to 
gauge bosons have the same structure and are multiplied by a 
numerical factor (except for CP-violating Yukawa couplings).



IV = II’ = X = Lepton Specific= 3…

III = I’ = Y = Flipped = 4… 
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κD
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sinα
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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)
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CP-violation
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ψ̄ ψ
ψ̄γ5ψ

C even P even -> CP even

C even P odd -> CP odd ψ̄(a + ibγ5)ψ ϕ
C conserving, CP violating interaction

Fermion currents with scalars can be CP (P) violating. Is there room for a CP-violating piece of 
the SM Higgs?

CP violation from P violation

pp → (h → γγ)t̄t

ℒCPV
t̄th = −

yf

2
t̄(κt + iκ̃tγ5) t h

κt = κ cos α

κ̃t = κ sin α

Consistent with the SM.  Pure CP-odd coupling excluded at 3.9σ, and |α| > 43°  excluded at 95% CL.

To probe this type of CP-violation we 
need one Higgs only.

Rates alone already constrained a lot 
the CP-odd component.

R. Santos, LHCP2023,  Belgrade, 23 May 2023
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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

Scenario excluded  
at 95% CL
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Measurement of CPV angle in ττh

R. Santos, LHCP2023,  Belgrade, 23 May 2023
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Figure 8: A 2D likelihood scan of the observed signal strength `gg versus the ⇠%-mixing angle qg . The 1f and 2f
confidence regions are shown.
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Figure 9: Combined post-fit distribution of i⇤
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Events are weighted with ln(1 + (/⌫) for the corresponding signal region. The background is subtracted from data.
The best-fit � ! gg signal is shown in solid pink, while the red and green lines indicate the predictions for the pure
⇠%-even (scalar, SM) and pure CP-odd (pseudoscalar) hypotheses, respectively, all scaled to the best-fit � ! gg

signal yield. The hatched uncertainty band includes all sources of uncertainty after the fit to data, and represents the
same uncertainty in the total signal and background predictions as in Figures 4-6.
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ATLAS collaboration, ArXiv:2212.05833v1.



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

Find two particles of the same mass one produced in 
Association with tops as CP-even

and the other decaying to taus as CP-odd

h2 = H; pp → Htt̄

h2 = A → τ+τ−

YC2HDM = aF + iγ5bF

bU ≈ 0; aD ≈ 0

9

CP violation from P violation (only strange!)

With the latest 
EDM result

R. Santos, LHCP2023,  Belgrade, 23 May 2023

[Fontes eal’15]

[ACME 18]



Any scenario in any extension of the SM involving couplings to top-quarks and to tau-leptons, where 
the 125 GeV has an anomalous coupling (close to pure pseudoscalar) is now excluded. Can we still 
have 

and the other decaying to b-quarks as CP-odd?
In many extensions of the SM, 
probing one Yukawa coupling is 

not enough!  

h2 = H; pp → Htt̄

h2 = A → b̄b

10

CP violation from P violation (only strange!)

LHC (direct) 
experiments give us 
information beyond 

EDMs. 

R. Santos, LHCP2023,  Belgrade, 23 May 2023

[Alonso eal’21]

One attempt I know of

“The Higgs boson yields therefore need to be very high to approach sensitivity, O(109 ) events, 
beyond the reach of all proposed colliders except a high-luminosity 100 TeV muon collider. With 
such a collider it may be possible to test maximal CP violation at the 2σ level.”
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1 Introduction

The Higgs boson of the Standard Model (h) is a CP-even state, and all CP-sensitive
measurements are consistent with this hypothesis. These measurements include direct
tests of the CP structure of hV V (V = g,W,Z) [1, 2], hττ [3], and htt [4, 5] couplings.
Tests of the Higgs boson couplings to other fermions are more challenging, due to the
limited measurability of the fermion polarization. They however provide unique sensitivity
to sources of new physics, and thus merit investigation. In addition, methods for testing
the CP structure of Higgs-boson interactions could be applicable to any new (pseudo)scalar
that may be discovered.

The CP structure of the hqq vertex affects the polarizations of the quark and anti-quark
in the h → qq̄ decay. For b and c quarks we can take ΛQCD/mQ → 0 and use heavy-quark
effective theory to predict the transfer of the quark spin to the hadron, see e.g. [6]. In
the majority of cases this information is lost in the incoherent sum over spin states in
hadronization and decay due to parity conservation in QCD and QED. For example, the
lowest mass pseudoscalar mesons (Pq) have zero spin, so the spin information is lost in the
hadronizaton process. The spin-1 vector mesons (P ∗

q ) preserve polarization information but
it is subsequently lost in the strong decay P ∗

q → Pqπ [7]. Vector-meson decay to polarized

– 1 –
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CP violation from C violation

Decay CP eigenstates Model

None C2HDM, other CPV extensions

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

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

Here we just need an extra scalar.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

Combinations of three decays can also signal CP-violation

Forbidden in the exact alignment limit

R. Santos, LHCP2023,  Belgrade, 23 May 2023

[Fontes eal’15]



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

12

C2HDM T1 HSM=H1

Resonant 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, LHCP2023,  Belgrade, 23 May 2023

[Abouabid eal’22]



Another possibility of detecting P-even CP-violating signals is via loops. Remember 
CP-violation could be seen via the combination:

CP violation from loops (ZZZ)

h3 → h2Z CP(h3) = − CP(h2)

h3 → h1Z CP(h3) = − CP(h1)

h2 → h1Z CP(h2) = − CP(h1)
So we can take these three processes and 

build a nice Feynman diagram.

And see if it is possible to extract 
information from the measurement of the 

triple ZZZ anomalous coupling.

13R. Santos, LHCP2023,  Belgrade, 23 May 2023

[Fontes eal’15, Fontes eal’19]



iΓμαβ = − e
p2

1 − m2
Z

m2
Z

fZ
4 (gμα p2,β + gμβ p3,α) + . . .

The most general form of the vertex includes a P-even CP-violating term of the form

CP violation from loops (ZZZ)

−1.2 × 10−3 < f Z
4 < 1.0 × 10−3

−1.5 × 10−3 < f Z
4 < 1.5 × 10−3

CMS collaboration, EPJC78 (2018) 165.

ATLAS collaboration, PRD97 (2018) 032005.
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Figure 6. Scatter plots showing the absolute value of the CP violating form factor fZ

4 (q2) for two
values of

p
q2 for points in the parameter space of the type-1 C2HDM satisfying theoretical (unitar-

ity, bounded from below) and experimental (LHC Higgs, electric dipole moments, and electroweak
precision measurements) constraints.

mitigated in the C2HDM because of a combination of two facts. First, we know from the

h125 ! ZZ measurements that the corresponding coupling in the C2HDM lies very close to

the SM value (the so-called alignment limit). Second, the sum rule in eq. (3.24) guarantees

that any heavier scalar will have a very small coupling to ZZ. Nevertheless, once statistics

improve at LHC, a precise constraint on fZ

4
can best be achieved by a detailed simulation

of the C2HDM within the experimental analysis of the collaborations, which is beyond the

scope of this work. Our results for the maximum of |fZ

4
| are slightly below those reported in

Ref. [26]. This is mainly due to the e↵ect of including in our scan the bound on the electron

EDM [52]. The sign di↵erence that we have found does not a↵ect much the absolute value,

because the diagram where it occurs is typically the dominant one (in the gauge ⇠ = 1) [26].

For future reference, we also give the final form of the Z3 vertex before evaluating the

– 12 –

PLOT for the C2HDM

14R. Santos, LHCP2023,  Belgrade, 23 May 2023

9

5 10 15 20 25 30 35 40

-1.0

-0.5

0.0

0.5

1.0

f
Z 4

f 1
23
[1
0�

5 ]

p21/m
2
Z

Re(fZ

4
/f123)

Im(fZ

4
/f123)

FIG. 4: The CP-violating fZ
4 (p21) form factor, normalized to f123, for mh1 = 80.5 GeV, mh2 = 162.9 GeV and mh3 = 256.9

GeV, as a function of the squared o↵-shell Z boson 4-momentum p21, normalized to m2
Z .

which implies that the 3⇥ 3 matrix R should approximately have the form of one diagonal element with value close
to 1, the corresponding row and column with elements very small and a 2⇥ 2 matrix mixing the other eigenstates4.
Within our model, however, the three neutral dark fields can mix as much or as little as possible.

In Fig. 4 we show, for a random combination of dark scalar masses (mh1 ' 80.5 GeV, mh2 ' 162.9 GeV and
mh3 ' 256.9 GeV) the evolution of fZ

4 normalized to f123
5 with p

2
1, the 4-momentum of the o↵-shell Z boson. This

can be compared with Fig. 2 of Ref. [34], where we see similar (if a bit larger) magnitudes for the real and imaginary
parts of f

Z

4 , despite the di↵erences in masses for the three neutral scalars in both situations (in that figure, the
masses taken for h1 and h3 were, respectively, 125 and 400 GeV, and several values for the h2 mass were considered).
As can be inferred from Fig. 4, f

Z

4 is at most of the order of ⇠ 10�5. For the parameter scan described in the
previous section, we obtain, for the imaginary part of fZ

4 , the values shown in Fig. 5. We considered two values of
p
2
1 (corresponding to two possible collision energies for a future linear collider). The imaginary part of fZ

4 (which,
as we will see, contributes directly to CP-violating observables such as asymmetries) is presented as a function of
the overall coupling f123 defined in Eq. (19). We in fact present results as a function of f123/(1/

p
3)3, to illustrate

that indeed the model perfectly allows maximum mixing between the neutral, dark scalars. Fig. 5 shows that the
maximum values for |Im(fZ

4 )| are reached for the maximum mixing scenarios. We also highlight in red the points
for which the dark neutral scalars hi have masses smaller than 200 GeV. The loop functions in the definition of fZ

4 ,
Eq. (17), have a complicated dependence on masses (and external momentum p1) so that an analytical demonstration
is not possible, but the plots of Fig. 5 strongly imply that choosing all dark scalar masses small yields smaller values
for |Im(fZ

4 )|. Larger masses, and larger mass splittings, seem to be required for larger |Im(fZ

4 )|. A reduction on the
maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) with increasing external momentum is observed (though that variation is
not linear, as can be appreciated from Fig. 4). A reduction of the maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) when
the external momentum tends to infinity is also observed.

The smaller values for |Im(fZ

4 )| for the red points can be understood in analogy with the 2HDM. The authors of
Ref. [34] argue that the occurrence of CPV in the model implies a non-zero value for the basis-invariant quantities
introduced in Refs. [60, 61], in particular for the imaginary part of the J2 quantity introduced therein. Since Im(J2)
is proportional to the product of the di↵erences in mass squared of all neutral scalars, having all those scalars with
lower masses and lower mass splittings reduces Im(J2) and therefore the amount of CPV in the model. Now, in our
model the CPV basis invariants will certainly be di↵erent from those of the 2HDM, but we can adapt the argument to

4
Meaning, a neutral scalar mixing very similar to the CP-conserving 2HDM, where h and H mix via a 2⇥ 2 matrix but A does not mix

with the CP-even states.
5
For this specific parameter space point, we have f123 ' �0.1835.

PLOT for CP in the Dark

[Azevedo eal’18]

[Bélusca-Maïto eal’18]

CMS collaboration, EPJC81 (2021) 81.



Higgs pair production
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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

R. Santos, LHCP2023,  Belgrade, 23 May 2023
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New Physics Effects in Higgs Pair Production

๏Example: extended sector only

๏Example: extension with a strange dark sector
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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
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๏ Cross section: - different trilinear couplings - different Yukawa couplings - new particles in the loop - 
resonant enhancement 
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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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Model Higgs Spectrum In principle possible Higgs pair final  
states from resonant production 
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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.
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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

R. Santos, LHCP2023,  Belgrade, 23 May 2023

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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Maximum Cross Section Values for HSMHSM final states - Resonant

NLO SM value: 38 fb

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

R. Santos, LHCP2023,  Belgrade, 23 May 2023
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Figure 7. Scatter plots for SM-like Higgs pair production including a factor of 2 for estimating
the NLO QCD corrections, for all points passing the constraints, as a function of the mass of the
heavier of the non-SM-like Higgs bosons m↑ for the R2HDM (upper), the C2HDM (middle), and the
N2HDM (lower line), for type 1 (left column) and type 2 (right column). Red points for scenarios
with H1 ≡ HSM, green ones for those where H2 ≡ HSM, and blue points for those where H3 ≡ HSM.
Horizontal line: SM result.

– 24 –
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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

Maximum values of cross sections in the different models with 
with one of the scalars being the SM-like Higgs.



Multi Higgs Final States

No SM-like Higgs in the final state.

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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More benchmarks and details of each BP can be provided upon request.
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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
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Maximum rates in the 4b final state.  
All cross section values at NLO.

One SM-like Higgs in the final state.
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The last slide - Single Higgs vs. Di-Higgs

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 - final state with 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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Non-SM- like H2 has better chances of being discovered in di-Higgs than in single Higgs channels 
(W bosons still have to decay).

R. Santos, LHCP2023,  Belgrade, 23 May 2023
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Summary

Direct searches for a CP-odd component in the Higgs Yukawa couplings gives information that 
cannot be obtained from the EDMs. 

Anomalous couplings experimental information is moving closer to the largest theoretical 
estimates in simple models with CP-violation in the scalar sector. 

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 the SM. 

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

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, LHCP2023,  Belgrade, 23 May 2023



The End



ℳ(hW+W−) ∼ aW+W−

1 m2
Wϵ*W+ϵ*W− + aW+W−

3 f *+
μν f̃ *− μν

Term in the SM at tree-level  
but also in models with CP-violation

Term coming from a CPV operator. 
Contribution from the Sm at 2-loop

aW+W−

3

aW+W−
1

∈ [−0.81, 0.31]

experimental bound from atlas and cms

In this case we start with the most general WWh vertex

CP violation from loops (hWW)

CMS collaboration, PRD100 (2019) 112002.

ATLAS collaboration, EPJC 76 (2016) 658.

The SM contribution should be proportional 

to the Jarlskog invariant J = Im(VudVcd
∗ 

VcsVcd
∗ ) = 3.00×10−5 . the CPV hW+W− vertex 

can only be generated at two-loop. 

R. Santos, LHCP2023,  Belgrade, 23 May 2023

The constraints on fai cosðϕaiÞ appear relatively tight
compared to similar constraints utilizing the H boson
decay information, e.g., in Ref. [17]. This is because
the cross section in VBF and VH production increases
quickly with fai. The definition of fai in Eq. (3) uses the
cross section ratios defined in the H → 2e2μ decay as the
common convention across various measurements.
Because the cross section increases with respect to fai
at different rates for production and decay, relatively
small values of fai correspond to a substantial anomalous
contribution to the production cross section. This leads
to the plateau in the −2 lnðL=LmaxÞ distributions for
larger values of fai cosðϕaiÞ in Fig. 10. If we had used
the cross section ratios for VBF production in the fai
definition in Eq. (3), the appearance of the plateau and the
narrow exclusion range would change. For example, the
68% C.L. upper constraint on fa3 cosðϕa3Þ < 0.00093 is
dominated by the VBF production information. If we
were to use the VBF cross section ratio σVBF1 =σVBF3 ¼
0.089 in the fVBFa3 definition in Eq. (3), this would
correspond to the upper constraint fVBFa3 cosðϕa3Þ < 0.064
at 68% C.L.
The observed maximum value of −2 lnðL=LmaxÞ is

somewhat different from expectation and between the
four analyses, mostly due to statistical fluctuations in the
distribution of events across the dedicated discriminants
and other observables, leading to different significances
of the observed signal driven by VBF and VH production.
In particular, the best-fit values for ðμV; μfÞ in the four
analyses, under the assumption that fai ¼ 0, are ð0.55$
0.48; 1.03þ0.45

−0.40Þ at fa3¼0, ð0.72þ0.48
−0.46 ;0.89

þ0.43
−0.37Þ at fa2 ¼ 0,

ð0.92þ0.44
−0.45 ; 0.82

þ0.46
−0.38Þ at fΛ1 ¼ 0, and ð0.94þ0.48

−0.46 ; 0.79$
0.40Þ at fZγΛ1 ¼ 0. This results in a somewhat lower yield
of VBF and VH events observed in the first two cases,
leading to lower confidence levels in constraints on
fa3 cosðϕa3Þ and fa2 cosðϕa2Þ.
In the fa3 analysis, a simultaneous measurement of fa3

and fggHa3 is performed. These are the parameters sensitive to
CP in the VBF and gluon fusion processes, respectively.
Both the observed and expected exclusions from the null
hypothesis for any BSM gluon fusion scenario with either
MELA or the ΔΦJJ observable are below one standard
deviation.

VIII. COMBINATION OF RESULTS
WITH OTHER CHANNELS

The precision of the coupling measurements can be
improved by combining the results in the H → ττ channel,
presented here, with those of other H boson decay
channels. A combination is possible only with those
channels where anomalous couplings in the VH, VBF,
and gluon fusion processes are taken into account in the
fit in a consistent way. If it is not done, the kinematics
of the associated jets and of the H boson would not be

modeled correctly for BSM values of the fai or fggHa3
parameters.
In the example of the CP fit, in the stand-alone fit

with the H → ττ channel, the parameters of interest are
fa3 cosðϕa3Þ, fggHa3 cosðϕggH

a3 Þ, μHττ
V , and μHττ

f . When report-
ing one parameter, all other parameters are profiled. In a
combined fit of theH → ττ andH → VV channels, such as
in Ref. [17], in principle there are four signal strength
parameters in the two channels (μHττ

V , μHττ
f , μHVV

V , μHVV
f ).

However, this can be reduced to three parameters because
the ratio between the VBFþ VH and gluon fusion cross
sections is expected to be the same in each of the two
channels, that is μHττ

V =μHττ
f ¼ μHVV

V =μHVV
f . Therefore, the

three signal strength parameters are chosen as μV , μf , and
ητ, where the last one is the relative strength of theH boson
coupling to the τ leptons. We should note that, as discussed
earlier, the HWW couplings are analyzed together with the
HZZ couplings assuming aZZi ¼ aWW

i . The results can be
reinterpreted for a different assumption of the aZZi =aWW

i
ratio [17]. In the combined likelihood fit, all common
systematic uncertainties are correlated between the chan-
nels, both theoretical uncertainties, such as those due to the
PDFs, and experimental uncertainties, such as jet energy
calibration.
The results using the H → ττ decay are combined with

those presented in Ref. [17] using the on-shell H → 4l
decay. The latter employs results from Run 1 (from 2011
and 2012) and Run 2 (from 2015, 2016, and 2017) with
data corresponding to integrated luminosities of 5.1, 19.7,
and 80.2 fb−1 at center-of-mass energies 7, 8, and 13 TeV,
respectively. In this analysis, information about HVV
anomalous couplings both in VBFþ VH production and
in H → VV → 4l decay is used. In all cases, the signal
strength parameters are profiled, and the parameters
common to the two analyses are correlated. The combined
68% C.L. and 95% C.L. intervals are presented in Table III,
and the likelihood scans are shown in Fig. 11. While the
constraints at large values of fai are predominantly driven
by the decay information in the H → VV analysis, the
constraints in the narrow range of fai near 0 are dominated
by the production information where the H → ττ channel

TABLE III. Allowed 68% C.L. (central values with uncertain-
ties) and 95% C.L. (in square brackets) intervals on anomalous
coupling parameters using a combination of the H → ττ and
H → 4l [17] decay channels.

Observed=ð10−3Þ Expected=ð10−3Þ
Parameter 68% C.L. 95% C.L. 68% C.L. 95% C.L.

fa3 cosðϕa3Þ 0.00$ 0.27 ½−92; 14' 0.00$ 0.23 ½−1.2; 1.2'
fa2 cosðϕa2Þ 0.08þ1.04

−0.21 ½−1.1; 3.4' 0.0þ1.3
−1.1 ½−4.0; 4.2'

fΛ1 cosðϕΛ1Þ 0.00þ0.53
−0.09 ½−0.4; 1.8' 0.00þ0.48

−0.12 ½−0.5; 1.7'
fZγΛ1 cosðϕ

Zγ
Λ1Þ 0.0þ1.1

−1.3 ½−6.5; 5.7' 0.0þ2.6
−3.6 ½−11; 8.0'

A.M. SIRUNYAN et al. PHYS. REV. D 100, 112002 (2019)

112002-18

CMS collaboration, ArXiv:2205.05120v1.
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the anomalous HVV and Hgg coupling measurements is improved by combining the H ! tt
and H ! 4` decay channels, where we consider H production via VBF, VH, and ggH. We
additionally constrain the anomalous Htt couplings by combining the ggH ! tt/4` and
ttH/tH ! gg/4` channels.

For all combinations, each H decay channel treats anomalous couplings in H production pro-
cesses in the likelihood in a consistent manner. As with the H ! tt only fits, in the likelihood
fit for a given parameter the values of the other anomalous couplings are set to zero with the
exception of the fits to fa3 and f

ggH
a3 , and the signal strength parameters are profiled in the

combined likelihood fit. The number of signal strength parameters in the combined fit can
be reduced by using a relationship between the production cross section ratios. For example,
there are in principle four signal strength parameters for the combination of the H ! tt and
H ! 4` channels (µtt

qqH, µtt
ggH, µZZ

qqH, µZZ
ggH). However, one degree of freedom is removed be-

cause the ratio between the ggH and VBF+VH cross sections is the same in both channels,
µtt

qqH/µtt
ggH = µZZ

qqH/µZZ
ggH. Therefore, we can parameterize the combined fit with three signal

strength parameters µqqH, µggH, and ht , where ht stands for the relative strength of the H cou-
pling to the t leptons. For the combination with the ttH and tH results using the H ! 4` and
H ! gg channels, the signal strengths µZZ

ttH and µgg
ttH are not related for the f

Htt
CP

measurement
because they could differ by the loop involved in the H ! gg decay. In the EFT approach, the
fully-resolved loop parameterization following Ref. [46] is used to correlate them. All common
systematic uncertainties are treated as being correlated between the channels in the combined
likelihood fit.

The measurements of anomalous Hgg and HVV couplings using the MELA method are com-
bined with the results using the on-shell H ! 4` decay [21]. In the H ! 4` analysis, anomalous
HVV couplings can affect both production (VBF+VH) and decay (H ! VV ! 4`) processes.
Information from both processes is taken into account in the analysis. The combination im-
proves the limits on the anomalous coupling parameters typically by about 20–50%.

The combined likelihood scans for the HVV anomalous coupling measurements are shown
in Figs. 11–12, and the allowed 68 and 95% CL intervals are listed in Table 9. The H ! tt
channel results mainly constrain small values of fai where the H production information is the
dominant factor, whereas the H ! 4` analysis provides major constraints at large values of fai

based on the decay information.

Table 9: Allowed 68% (central values with uncertainties) and 95% CL (in square brackets) in-
tervals on anomalous HVV coupling parameters using the H ! tt and H ! 4` [21] decay
channels, using two approaches described in Section 2 that define the relationship between the
a

WW
i

and a
ZZ
i

couplings.

Approach Parameter Observed/(10�3) Expected/(10�3)

68% CL 95% CL 68% CL 95% CL

Approach 1

fa3 0.20+0.26
�0.16 [�0.01, 0.88] 0.00 ± 0.05 [�0.21, 0.21]

fa2 0.7+0.8
�0.6 [�1.0, 2.5] 0.0+0.5

�0.4 [�1.1, 1.2]
fL1 �0.04+0.04

�0.08 [�0.22, 0.16] 0.00+0.11
�0.04 [�0.11, 0.38]

f
Zg
L1 0.7+1.6

�1.3 [�2.7, 4.1] 0.0+1.0
�1.0 [�2.6, 2.5]

Approach 2 fa3 0.28+0.39
�0.23 [�0.01, 1.28] 0.00 ± 0.08 [�0.30, 0.30]

The combined likelihood scans for the Hgg anomalous coupling measurements are shown in
Fig. 13, and the allowed 68 and 95% CL intervals are listed in Table 10. The H ! tt channel is

The bound has improved at least two orders of magnitude



CCPV = 2
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aW+W−
1

the c2HDM

Is it worth it?Starting with f=t and f’=b

And because f=b and f’=t can also contribute, the final result is

Using all experimental (and 
theoretical) bounds

CP violation from loops (hWW)
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Other Higgs Pairs final states



A(Hi)HSM Production (4b)

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
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Maximum rates in the 4b final state. All cross section values at NLO.
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A(Hi)HSM Production (2b2W)

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

R. Santos, LHCP2023,  Belgrade, 23 May 2023



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)

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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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

R. Santos, LHCP2023,  Belgrade, 23 May 2023



Multi Higgs Final States (no SM Higgs)

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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Codes used



Remarks

ATLAS-CONF-NOTE-2021-030

ATLAS-CONF-NOTE-2021-035

R. Santos, LHCP2023,  Belgrade, 23 May 2023



HDECAY and its variations

sHDECAY (http://www.itp.kit.edu/~maggie/sHDECAY/) 

Real singlet + SM in symmetric (dark) phase, RxSM-dark: 1 Higgs + 1 Dark  

Real singlet + SM in broken phase, RxSM-broken: 1 mixing Higgs  

Complex singlet + SM in symmetric phase, CxSM-dark: 2 mixing Higgs + 1 Dark  

Complex singlet + SM in broken phase, CxSM-broken: 3 mixing Higgs 

Based on implementation of new models in HDECAY  (includes SM, MSSM and 2HDM) 

Stand-alone codes with inclusion of relevant QCD corrections and off-shell decays. EW 
corrections turned off.

Costa, Mühlleitner, Sampaio, RS, JHEP 06 (2016) 034. 

Djouadi, Kalinowski, Spira, CPC 108 (1998) 56. 
Djouadi, Kalinowski, Mühlleitner, Spira, CPC 238 (2019) 214. 

http://www.itp.kit.edu/~maggie/sHDECAY/


HDECAY and its variations

N2HDECAY (CP-conserving) (http://www.itp.kit.edu/~maggie/N2HDECAY/) and 
(https://gitlab.com/jonaswittbrodt/N2HDECAY) 

 2HDM + real singlet in broken phase (dark) phase, 3 CP-even, 1 CP-odd, 1 Charged scalar  

2HDM + real singlet  in unbroken phase (singlet DM), 2 CP-even, 1 CP-odd, 1 Charged, 1DM  

2HDM + real singlet in unbroken phase (IDM+singlet), 2 CP-even + IDM 

Mühlleitner, Sampaio, RS, Wittbrodtm JHEP 1703 (2017) 094. 

Engeln, Mühlleitner, Wittbrodt CPC 234 (2019), 256. 

C2HDECAY (http://www.itp.kit.edu/~maggie/C2HDM/) 

CP-violating 2HDM: 3 CP-mixed scalars, 1 charged Higgs pair 

Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 180206 (2018) 073. 

http://www.itp.kit.edu/~maggie/N2HDECAY
https://gitlab.com/jonaswittbrodt/N2HDECAY
http://www.itp.kit.edu/~maggie/sHDECAY/


More decays

2HDECAY (CP-conserving) EW corrections to 2HDM scalar decays in different gauge 
independent renormalisation schemes (https://github.com/marcel-krause/2HDECAY)

Krause, Mühlleitner, Spira, CPC 246 (2020) 106852. 

ewN2HDECAY (CP-conserving) EW corrections in the broken N2HDM in different gauge 
independent renormalisation schemes (https://github.com/marcel-krause/ewN2HDECAY)

anyHDECAY (Wittbrodt) Modern C++17 library that wraps the non-supersymmetric 
HDECAY variants  (https://gitlab.com/jonaswittbrodt/anyhdecay)

Krause, Mühlleitner, 1904.02103. 

Altenkamp, Dittmaier, Rzehak, JHEP 09 (2017) 134. 

Denner, Dittmaier, Lang, JHEP 11 (2018) 104. 

https://github.com/marcel-krause/2HDECAY
https://github.com/marcel-krause/ewN2HDECAY
https://gitlab.com/jonaswittbrodt/anyhdecay


Mühlleitner, Sampaio, RS, Wittbrodt, 2007.02985. 

Coimbra, Sampaio, RS, EPJ C73 (2013) 2428. 

(https://jonaswittbrodt.gitlab.io/ScannerS/)

https://jonaswittbrodt.gitlab.io/ScannerS/


HPAIR

HPAIR (SPIRA) SM and MSSM,  (http://
tiger.web.psi.ch/hpair/)

gg, qq → hh, HH, AA, hH, hA, HA

NMSSM version (private)

C2HDM version  (private)

Baglio, Dao, Gröber, Mühlleitner, Rzehak, EPJ Web Conf. 49 (2013) 12001. 

2HDM and N2HDM versions  (private) Mühlleitner

Gröber, Mühlleitner, Spira, NPB925 (2017) 1. 
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http://tiger.web.psi.ch/hpair/
http://tiger.web.psi.ch/hpair/


Suppose we have a 2HDM extension of the SM but with no fermions. Also let us assume for 
the moment that the theory conserves C and P separately. The C and P quantum numbers of the 
Z boson is

C(Zμ) = P(Zμ) = − 1

P(h) = P(H ) = 1; C(h) = C(H ) = 1

C(Zμ∂μAh) = 1; P(Zμ∂μAh) = 1

Because we have vertices of the type hhh and HHH,

Since the neutral Goldstone couples derivatively to the Z boson (and mixes with the A) 

P(G0) = P(A) = 1; C(G0) = C(A) = − 1

Or without being sloppy

CP violation from C violation

CZμC−1 = − Zμ; PZμP−1 = Zμ

And
P∂μG0ZμP−1 = ∂μG0Zμ

R. Santos, LHCP2023,  Belgrade, 23 May 2023



C2HDM at future colliders
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Figure 2: σ("+"− → h2h2h3) (left) and σ("+"− → h2h3h3) (right) as a function of the CM energy,
with mh2

= 200 GeV.

and 600 GeV. The cross section for #+#− → h2h2h3 is dominated by the value Λ2 because of
the relation λh2h2h2

= 3λh3h3h2
= Λ2/v (cf. Table 10). All diagrams except for the ones with

two Zh2h3 vertices are proportional to Λ2, and in the region relevant for our analysis where
Λ2 > 1, all other contributions are negligible. The same can be said for the relation between
σ(#+#− → h3h3h2) and the value of Λ3 because λh3h3h3

= 3λh2h2h3
= −Λ3/v (cf. Table 10).

The results shown in Fig. 2 suggest that if the masses of h2 and h3 are not significantly heavier
than the scale of electroweak symmetry breaking then the observation of #+#− → hihjhj will
provide an opportunity for detecting evidence for P-even CP violation (if present), if the CM
energy of the lepton collider is in the range of 1–3 TeV.

Consider next the t-channel processes, which are dominated by γγ fusion with a cross
section that is proportional to ln2(s/m2

!). There are also Z fusion diagrams contributing but
the corresponding cross sections are proportional to ln2(s/m2

Z) [81] and are thus subdominant.
In light of eq. (22), the cross section for any final state of the type H+H−hi (for i = 1, 2, 3)
is proportional to Λ2

i . That is, by choosing Λ1 = Λ2 = Λ3 = 2π, the cross sections exhibited
in this section are applicable to any of the neutral scalars.

In Figs. 3–7, we present cross sections for the production of H+H−hi final states. In
order to confirm the existence of P-even, CP-violating phenomena (if present), we shall focus
primarily on processes that include h2 or h3 in the final state. If such channels are detected,
then it will also be possible to observe the H+H−h1 final state. Note that the production
cross section for h1 is proportional to the factor Λ1, which provides us with a benchmark
cross section for a final state with at least one known particle.

In Fig. 3, we plot the cross sections, σ(e+e− → e+e−H+H−hi), σ(µ+µ− → µ+µ−H+H−hi)
and σ(#+#− → H+H−hi), as a function of the CM energy. In the left panel we have chosen a
neutral scalar boson with mhi

= 125 GeV and a charged Higgs boson with mH± = 150 GeV.
For i = 1, the corresponding plot refers to the production of the SM-like Higgs boson. For
i = 2 and 3, the same plot refers to the production of the scalar hi of mass 125 GeV,
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Λi = 2π, mhi
= 125 GeV, mH± = 150 GeV
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Figure 3: σ(e+e− → e+e−H+H−hi), σ(µ+µ− → µ+µ−H+H−hi) and σ(!+!− → H+H−hi) as a
function of the CM energy. In the left panel mhi

= 125 GeV and mH± = 150 GeV, and in the right
panel mhi

= mH± = 300 GeV. The scalar potential parameters are chosen such that Λi = 2π.

assuming that Λi = 2π. Although we do not expect either h2 and h3 to be (approximately)
degenerate in mass with h1,14 we exhibit these figures to provide the reader with a sense of
how large the cross sections of interest may be. In the right panel, the masses are chosen to be
mhi

= mH± = 300 GeV. The parameters of the potential are Λi = 2π. As expected, the first
two cross sections that occur mainly via γγ fusion, grow with the collider energy as ln2(s/m2

!).
Taking into account only the leading term in the Equivalent Photon Approximation, which
scales as ln2(s/m2

!), the ratio of the electron to muon cross section yields 2.5 for
√
s = 1 TeV

and 2.1 for
√
s = 10 TeV. The t-channel and s-channel cross sections are complementary to

each other giving us access to the final state H+H−hi at both the low and high energy ends.
Note that even with the coupling constants as large as Λi = 2π, the maximum value for the
s-channel cross section for mhi

= mH± = 300 GeV is roughly 200 ab and the corresponding
maximum value for γγ fusion cross section is below 100 ab for e+e− and below 50 ab for
µ+µ− processes. Hence, if both the neutral and the charged Higgs bosons are simultaneously
heavy, it is unlikely that we will be able to detect these final sates. In the next plots we
present in more detail how the different cross sections vary with the scalar masses.

In Fig. 4 we exhibit the cross section σ($+$− → H+H−hi) as a function of the charged
Higgs mass for four CM energies of

√
s = 1.5, 3, 10 and 14 TeV. This covers the energy

ranges of both CLIC and the muon collider. Note that for the s-channel the e+e− and µ+µ−

cross sections have the same values. In the left panel we have set mhi
= 125 GeV, and in the

right panel mhi
= 300 GeV. Clearly there is a wide range of charged Higgs masses that can

be probed for all collider energies.

14Indeed, this possibility of an approximate mass degeneracy is either excluded based on present LHC
Higgs data or will be excluded by the time the higher energy lepton colliders are operational [82–85].
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If the new particles are heavier we will need more energy. Still it will be a hard task.

h2H+H−; h3H+H−; Zh2h3

h2h3h3; h3h2h2; Zh2h3
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t̄(at + ibtγ5)t ϕ bt ≈ 0 at t̄tϕ Scalar

There is a different way to look at the same problem

τ̄(aτ + ibτγ5)τ ϕ aτ ≈ 0 bτ τ̄τ ϕ Pseudoscalar

If an experiment can tell us that  couples approximately as scalar do top quarks and as a 
pseudoscalar to tau leptons, it is a sign of CP-violation.

ϕ

CP violation from P violation (but strange!)

ghVV
C2HDM = cos α2 cos(β − α1)ghVV

SM

ghuu
C2HDM = (cos α2

sin α1

sin β
− i

sin α2

tan β
γ5 ) ghff

SM

ghbb
C2HDM = (cos α2

cos α1

cos β
− i sin α2 tan β γ5 ) ghff

SM

ghVV
C2HDM = cos α2 sin β ghVV

SM

ghuu
C2HDM = ( cos α2

sin β
− i

sin α2

tan β
γ5 ) ghff

SM

ghbb
C2HDM = (−i sin α2 tan β γ5 ) ghff

SM

Experiment tells us 

sin α2

tan β
≪ 1 But sin α2 tan β = 𝒪(1)

Can be large

Small

Close to 1

α1 = π /2
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