
Christoph Englert

HH production for scalar Higgs 
sector extensions

17/10/2019

16th workshop of the LHC Higgs 

Cross Section Working Group

Based on 
[Basler, Dawson, CE, Mühlleitner 1812.03542]
[Basler, Dawson, CE, Mühlleitner 1909.09987]

https://arxiv.org/abs/1809.09744
https://arxiv.org/abs/1909.09987


Higgs physics as a probe of (B)SM physics
‣ Lack of CP violation, hierarchy, ….

Need new degrees of freedom, e.g. extra Higgs bosons

Why have we not 
seem them yet?

‣ Can di-Higgs phenomenology pinpoint BSM solutions?

Key Question: 
Where’s the new 

physicsEffective Field Theory

concrete models
• 2HDMs

• (N)MSSM
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Case for di-Higgs at 
3/ab
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Di-Higgs anatomy at 3/ab 
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).

channel a statistical precision of the order of 1 � 2% is expected on the SM signal cross section, while
the Higgs trilinear coupling could be determined with a precision of order 3 � 4%. These numbers have
to be compared with the precision expected at a possible future high-energy lepton collider, at which the
Higgs trilinear coupling is expected to be measurable with a precision ⇠ 16% for a COM energy ⇠ 1 TeV
and 2 ab�1 integrated luminosity [197–199]. A better precision, of around 12%, is only achievable with
a 3 TeV collider and 2 ab�1 integrated luminosity [200, 201]. Other final states, namely bb̄bb̄ and final
states containing leptons, can also lead to a measurement of the SM signal, although in these cases the
expected significance is lower than in the bb̄�� channel.

Finally, the Higgs quartic self-coupling can be probed through the triple Higgs production channel.
In this case the most promising final state seems to be bb̄bb̄��, whose cross section is however small. This
channel could allow an order-one determination of the SM production rate and could constrain the quartic
coupling in the range �4 2 [�4, +16].

5.2 Double Higgs production from gluon fusion
We start the presentation of the analyses of the various Higgs pair production channels by considering the
gluon-fusion process, which, as we saw, provides the dominant contribution to the total rate. At 100 TeV,
the gluon fusion cross section computed at NNLL (matched to NNLO) accuracy is 1750 fb [29]. At
present, this result is affected by a significant uncertainty (of the order of 10%) due to the fact that the
NLO and NNLO contributions are only known in the infinite top mass limit. A discussion of the current
status of the computations and of the sources of uncertainties will be provided in Subsection 5.2.1.

In the SM the gluon fusion process receives contributions from two types of diagrams (see Fig. 60).
The box-type diagrams, which depend on the top Yukawa couplings, and the triangle-type one, which
in addition to the top Yukawa also includes the trilinear Higgs self-interaction. In the SM a partial
cancellation between these two kinds of diagrams is present, which leads to a ⇠ 50% suppression of the
total cross section. The behavior of the box and the triangle diagrams at high

p
ŝ = mhh � mt, mh is

quite different however. The corresponding amplitudes scale as
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
angle diagram is suppressed for high ŝ. This implies that the Higgs trilinear coupling affects the mhh

distribution mostly at threshold, while the tail at large invariant mass is mostly determined by the box
contribution.

The shape of the Higgs pair invariant mass distribution for the SM signal is shown in Fig. 61 [202].
The central line corresponds to the choice µF = µR = Mhh/2 for the factorization and renormalization
scales, and the band illustrates the scale uncertainty, evaluated by varying independently the above scales
in the range µ0/2  µR, µF  2µ0 with the constraint 1/2  µR/µF < 2, where µ0 is the central scale.
The lower panel shows the ratio with respect to the central value, and it can be seen that the scale
uncertainty is roughly constant in the whole range, being of the order of ±5%. One can see that the
peak of the distribution is at mhh ⇠ 400 GeV and some suppression is present close to threshold. The
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correlated with on-shell Higgs phenomenology 
broken by                       ….� t̄th2/�
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‣ easy to arrange EFT coefficients in a way to get spectacular rates, 
but can doubt physical relevance of such limits (→ matching)

‣ here: use concrete Higgs sector extensions (2HDM/CxSM/…) 

‣ extrapolate 125 GeV signal strengths 

‣ extrapolate exotic Higgs searches 

‣ additional constraints (electron EDMs, flavor, perturbativity, …)
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).
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From these equations it is apparent that, due to the presence of the off-shell Higgs propagator, the tri-
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Fig. 60: Diagrams contributing to the Higgs pair production process through gluon fusion (an additional diagram
obtained by crossing the box one is not shown).
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e.g. [Gröber, Mühlleitner  `10]

[Basler,Dawson, CE, Mühlleitner `18]

[HXSWG YR 4]

What’s left for 
HH?

for details see Maggie’s talk



8

100 101 102 103 104 105

Lexcl [fb
�1]

10�1

100

101

102

�
� gg

!
h
h
!

bb
�
�
� /S

M

100 101 102 103 104 105

Lexcl [fb
�1]

10�4

10�3

10�2

10�1

100

101

102

103

�
� gg

!
H

�
H

�
!

bb
bb

� /S
M

FIG. 2: C2HDM T1: Scatter plots for scenarios passing our applied constraints: Higgs pair production cross sections normalized
to the SM value for SM-like Higgs pairs decaying into (bb̄)(��) (left) and light-non-SM-like Higgs pairs decaying into (bb̄)(bb̄)
(right) as a function of the exclusion luminosity.

signatures that become relevant in BSM Higgs sectors.
Thus there exist Higgs spectra with heavy Higgs bosons
that dominantly decay into top quark pairs. These would
induce exotic four-top final states in heavy Higgs pair
production. Such signatures compete, however, with sin-
gle heavy Higgs production and subsequent decay into a
top-quark pair. Applying our rough estimate on the ex-
clusion power of the experiments for this process, based
on the Z

0 data, such scenarios are excluded already, al-
though they have been let through by HiggsBounds due
to the lack of a dedicated experimental analysis for this.
This shows the importance of experimental analyses in-
vestigating top pair final states from heavy Higgs pro-
duction in order to properly assess the exclusion limits
for BSM Higgs sectors - with dramatic e↵ects on possi-
ble Higgs pair production signatures. While our rough
extrapolation excludes about 0.6% of the T1 points for a
luminosity of about 36 fb�1, the e↵ect is much larger for
the T2 sample allowed by HiggsBounds††. Here about
22% of the points would be excluded. This is because
of the overall heavy non-SM-like Higgs bosons in T2 and
their prominent decays into top-quark pairs.

As can be inferred from the figures in the C2HDM T1,
the production of a SM-like Higgs pair with subsequent
decay into (bb̄)(��) can exceed the SM rates by up to
a factor 60. This maximum enhancement factor is the
same for all final states, as the branching ratios of the
SM-like Higgs boson h are almost the same as in the SM.
In the following, we will use the quantity

⌃X =
X

i2SM\{h}

BR(X ! i) , (26)

††
HiggsBounds takes into account data at 36 fb�1.

to classify whether a Higgs bosonX has a sizable non-SM
branching ratio and decay phenomenology. If ⌃X ' 1
then the exotic states can be dominantly discovered in
“standard” SM-Higgs-like decay channels, e.g. X ! bb̄

or tt̄ if the mass of X permits such a decay.
In the H#H# final state with both H#’s decaying into

bottom quarks the enhancement can even be up to a fac-
tor of about 200. The point with the maximum enhance-
ment corresponds to the one quoted in Tab. IV and the
enhancement is due to the large di-Higgs production pro-
cess of 3.2 pb and a slightly enhanced branching ratio into
b-quarks as compared to the SM. The same factor is found
for the (bb̄)(⌧ ⌧̄) final state. Due to a smaller branching
ratio into photons, however, the maximum allowed en-
hancement in the (bb̄)(��) final state only amounts up
to a factor of 40. The H# in this scenario has a mass of
mH# = 131 GeV, and the mass of H" is mH" = 313 GeV.
Its main branching ratios are BR(H" ! ZH#)= 0.53
and BR(H" ! H#H#) = 0.46. The maximum branch-
ing ratios of the charged Higgs boson with a mass of
mH+ = 312 GeV are BR(H+

! W
+
H#)=0.65 and

BR(H+
! tb̄)=0.34. With its large di-Higgs produc-

tion cross section and the large non-SM-like branching
ratios, this parameter point is an interesting scenario for
studying new physics e↵ects (also beyond the Higgs pair
events that we consider here).
All remaining di-Higgs production processes are less

promising. Thus the enhancement factor for hH# pro-
duction remains below 3 in the 4b and 2b2⌧ final state
and below 2 in the 2b2� final state. All other final states
range below the SM values.
As can already be inferred from the maximum di-Higgs

production values in T2, given in Tab. IV the situation
looks much less promising in the C2HDM T2. There are
very few points in hh production with subsequent decay
into the (2b)(2⌧) and 4b final state that exceed the SM

SM-like measurements can show a plethora resonant anomalies 
diHiggs final states important for BSM discovery

…di Higgs final states quickly lose relevance when approaching EFT limit

e.g. C2HDM[Basler,Dawson, CE, Mühlleitner `18]

luminosity at which 
non-HH searches 

tt resonance searches 
very important
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Benchmarks[Basler,Dawson, CE, Mühlleitner `18]
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T1BP1 T1BP2 T1BP3 T1BP4 T1BP5 T1BP6

mH1 [GeV] 125.09 125.09 125.09 119.73 125.09 62.67

mH2 [GeV] 130.24 131.52 233.86 125.09 265.60 125.09

mH± [GeV] 169.99 282.75 164.87 185.41 307.47 164.35

Re(m2

12) [GeV2] 679 12376 11473 7522 11435 130

↵1 1.300 1.249 1.268 1.276 1.246 -0.145

↵2 -0.075 -0.032 0.00262 1.494 7.125 · 10�3 -0.0536

↵3 1.306 1.570 -0.809 -1.460 -1.478 -0.0650

tan� 4.05 3.23 3.32 5.30 5.54 8.26

mH3 [GeV] 132.95 290.17 234.51 211.43 279.70 138.01

R
2

13 5.558 · 10�3 1.027 · 10�3 6.863 · 10�6 0.994 5.077 · 10�5 2.870 · 10�3

R
2

23 0.926 0.999 0.523 5.819 · 10�3 0.991 4.212 · 10�3

R
2

33 0.068 1.217·10�6 0.477 7.140 · 10�5 8.611 · 10�3 0.993

Lexcl [fb
�1] 11500 1641 1365 2628 1082 2579

�
NLO

hh [fb] 36.52 36.59 37.88 38.21 897.74 37.26

K-factor 1.95 1.95 1.95 1.95 2.06 1.95

TABLE VI: T1: Lines 1-8: The input parameters of the benchmark points T1BP1-6. Lines 9 to 13: The derived 3rd neutral
Higgs boson mass, the CP-odd admixtures R

2

i3 and the exclusion luminosity Lexcl. Lines 14 and 15: The NLO QCD gluon
fusion hh production cross section at

p
s = 14 TeV and the corresponding K-factor.

T1BP1 T1BP2 T1BP3 T1BP4 T1BP5 T1BP6

(bb̄)(bb̄)HiHj [fb] [hh]: 1.05 [hH#]: 1.69 [hH#]: 0.026 [hH#]: 0.66 [hh]: 23.80 [H#H#]: 145

(bb̄)(⌧ ⌧̄)HiHj [fb] [hh]: 1.04 [hH#]: 1.70 [hH#]: 0.027 [hH#]: 0.66 [hh]: 23.51 [H#H#]: 124

(bb̄)(��)HiHj [fb] [hh]: 0.91 [hH#]: 0.97 [hH#]: 0.019 [hH#]: 0.41 [hh]: 24.32 [H#H#]: 0.29

TABLE VII: C2HDM T1: T1BP1-6: The rates (xx)(yy)HiHj into the di-Higgs states [HiHj ] normalized to the SM from NLO
QCD di-Higgs production through gluon fusion at

p
s = 14 TeV in the final state (xx)(yy): [pp ! HiHj ! (xx)(yy)]/[pp !

H
SM

H
SM ! (xx)(yy)].

T1BP1 H T1BP2 H T1BP5 H

mH1 [GeV] 125.09 125.09 125.09

mH2 [GeV] 407.30 364.98 397.67

mH± [GeV] 410.24 436.72 428.96

Re(m2

12) [GeV2] 17152 39827 17992

↵1 1.406 1.291 1.379

↵2 -5.946·10�3 3.132·10�3 5.435 · 10�3

↵3 0.244 -1.550 -0.685

tan� 9.20 3.40 8.28

mH3 [GeV] 425.13 401.33 403.92

R
2

13 3.535 · 10�5 9.809 · 10�6 2.950 · 10�5

R
2

23 0.059 0.999 0.400

R
2

33 0.941 4.330·10�4 0.600

Lexcl [fb
�1] 2461 1792 1590

�
NLO

hh [fb] 206.53 43.81 400.60

K-factor 1.98 1.98 1.99

TABLE VIII: T1 heavy spectrum: Lines 1-8: The input parameters of the benchmark points T1BP1 H, T1BP2 H and T1BP5 H.
Lines 9 to 13: The derived 3rd neutral Higgs boson mass, the CP-odd admixtures R2

i3 and the exclusion luminosity Lexcl. Lines
14 and 15: The NLO QCD gluon fusion hh production cross section at

p
s = 14 TeV and the corresponding K-factor.
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T2BP1 T2BP2

mH1 [GeV] 125.09 125.09

mH2 [GeV] 858.09 814.56

mH± [GeV] 835.85 894.84

Re(m2

12) [GeV2] 252703 227697

↵1 1.141 1.042

↵2 �5.268 · 10�4 6.184 · 10�4

↵3 1.198 -1.157

tan� 2.16 1.71

mH3 [GeV] 858.65 814.94

R
2

13 2.775 · 10�7 3.824 · 10�7

R
2

23 0.867 0.832

R
2

33 0.133 0.162

Lexcl 2664 2016

�
NLO

hh [fb] 37.82 38.02

K-factor 1.95 1.95

TABLE IX: C2HDM T2: Lines 1-8: The input parameters of the benchmark points T2BP1 and T2BP2. Lines 9 to 13: The
derived 3rd neutral Higgs boson mass, the CP-odd admixtures R

2

i3 and the exclusion luminosity Lexcl. Lines 14 and 15: The
NLO QCD gluon fusion hh production cross section at

p
s = 14 TeV and the corresponding K-factor.
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M3 [GeV] 4169 6345 6778 3485
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A⌧ [GeV] 1443 -667 2370 354

M
Q̃3

[GeV] 1293 3175 2574 3581

M
L̃3

[GeV] 1147 1276 790 1188

tan� 1.96 1.87 1.68 1.49

� 0.55 0.50 0.60 0.54

 0.43 0.47 0.33 0.27
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µe↵ [GeV] -293 -299 321 -327
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TABLE X: NMSSM: Lines 1-14: The input parameters of the benchmark points NMBP1-4. Lines 15 to 20: The derived Higgs
boson masses. Line 21: The exclusion luminosity. Lines 22-23: The NLO QCD gluon fusion hh production cross section atp
s = 14 TeV and its corresponding K-factor.

• NMBP6: The same as BP5 but with an exclusion lu-
minosity beyond 100 fb�1.

• NMBP7: The point with the largest 4b rate from
A#A# production and an exclusion luminosity
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NLO QCD gluon fusion hh production cross section at
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s = 14 TeV and the corresponding K-factor.
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TABLE X: NMSSM: Lines 1-14: The input parameters of the benchmark points NMBP1-4. Lines 15 to 20: The derived Higgs
boson masses. Line 21: The exclusion luminosity. Lines 22-23: The NLO QCD gluon fusion hh production cross section atp
s = 14 TeV and its corresponding K-factor.

• NMBP6: The same as BP5 but with an exclusion lu-
minosity beyond 100 fb�1.

• NMBP7: The point with the largest 4b rate from
A#A# production and an exclusion luminosity

details in [Basler,Dawson, CE, Mühlleitner `18] 5
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phenomenology at a glance

exotics with large couplings to tops

below top pair threshold 
• compressed spectra 
• single Higgs competitive 

except b-final states 
(trigger etc…)

above top pair threshold 
• tt final states preferred 
• analysis highly model-

dependent due to dedicated 
S-B interference

more on the next slide

top interactions dominant

Higgs interactions dominant

above Higgs pair threshold 
• (multi) resonant diHiggs production (hh, hH,…)

opportunity for diHiggs

6opportunity for diHiggs



special role of tops
‣ large interference effects of Higgs “signal” with QCD background

[Gaemers, Hoogeveen `84] [Dicus et al. `94]….
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events. Only
events with a resolved topology, in which the three jets from the hadronically decaying top quark are well
separated in the detector, are selected. This is the most e�cient selection strategy for signal hypotheses
with mA/H < 800 GeV. Events with a merged topology, in which the top quark is reconstructed as a single
jet, are not considered. The event reconstruction and selection criteria are identical to those in Ref. [22]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

T > 20 GeV,
computed as the magnitude of the negative vector sum of lepton and jet transverse momenta [57]. In
addition, Emiss

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].

4

[ATLAS `17]

‣ top resonance searches with 
using “os” narrow width 
approximation inadequate

‣ can a case be made for HH?
cf. HH whitepaper [Micco et al. 1910.00012]
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

C2HDM T2

‣ destructive interference in top 
final states can be correlated with 
constructive HH interference

[Basler, Dawson, CE, Mühlleitner `18]

7



special role of tops
‣ reason for phenomenologically viable parameter regions is 

signal-signal interference of compressed spectra

6

1000900800700600500400

14

12

10

8

6

4

2

0

�2

�4

815 GeV
764 GeV

815 GeV+intf.
764 GeV+intf.

m(tt̄) [GeV]
d
�
/
d
m

(t
t̄
)

[f
b
/
G

eV
]

(a)

1000900800700600500400300

0.3

0.25

0.2

0.15

0.1

0.05

0

�0.05

815 GeV
764 GeV

815 GeV+intf.
764 GeV+intf.

m(hh) [GeV]

d
�
/
d
m

(h
h
)

[f
b
/
G

eV
]

(b)

FIG. 4: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP1, see Tab. III.
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FIG. 5: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP2, see Tab. III.
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FIG. 6: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP3, see Tab. III.

‣ non-degenerate spectra: HH narrow width approximations robust

‣ benchmarks for this behaviour in light of existing searches, but 
charged Higgs searches are looming over the model!

[Basler, Dawson, CE, Mühlleitner `18]
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Conclusions

‣ HH final states can be enhanced in the C2HDM, NMSSM, etc.

9

‣ however, HH sensitivity cannot be separated from from top 
resonance searches

‣ there are viable regions in these scenarios where extrapolations 
show that HH final states will be (one of) the main discovery 
channels

‣ large destructive signal-background interference can be 
correlated with constructive signal-signal interference

‣ signal-signal interference particularly relevant when we cannot 
separate resonances experimentally


