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Di-Higgs boson peaks and top valleys:
Interference effects in Higgs sector extensions
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In models with extended scalars and CP violation, resonance searches in double Higgs final states stand
in competition with related searches in top quark final states as optimal channels for the discovery of
beyond the Standard Model (BSM) physics. This complementarity is particularly relevant for benchmark
scenarios that aim to highlight multi-Higgs production as a standard candle for the study of BSM
phenomena. In this paper, we compare interference effects in #7 final states with correlated phenomena in
double Higgs production in the complex singlet and the complex two-Higgs-doublet models. Our results
indicate that the BSM discovery potential in di-Higgs searches can be underestimated in comparison to /7
resonance searches. Top pair final states are typically suppressed due to destructive signal-background
interference, while hh final states can be enhanced due to signal-signal interference. For parameter choices
where the two heavy Higgs resonances are well separated in mass, top final states are suppressed relative to
the naive signal expectation, while estimates of the production cross section times branching ratio remain
accurate at the O(10%) level for double Higgs final states.
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I. INTRODUCTION

The search for new physics beyond the Standard Model
remains a priority of the Large Hadron Collider (LHC)
phenomenology program. Although model-independent
search strategies are gaining momentum, concrete and
well-motivated UV scenarios still provide vital information
on why new physics has not been observed so far. Recent
investigations [1-4] highlight the point that the nonobserva-
tion of new physics can be reconciled with “standard” Higgs
sector extensions far away from their decoupling limits. This
is possible when the non-Standard Model (non-SM) degrees
of freedom have suppressed production cross sections, or
when they are hidden in channels that are experimentally
difficult to observe. Particularly relevant in this context are
di-Higgs final states that might act as the main discovery
channel for BSM physics in such an instance.

The largest production channel for electroweak scalars
that have significant top couplings proceeds through gluon
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fusion at the LHC; see e.g., [5]. This directly motivates
resonance searches in top final states if they are kinemat-
ically accessible. It is known that resonance searches in
top pairs are particularly vulnerable to large interference
effects [6—19] that can have a significant impact on the
formulation of exclusion constraints [20-23]. It is therefore
entirely possible that a new (possibly gauge-phobic) scalar
is not visible as an isolated /7 resonance. Under these
circumstances, multi-Higgs production becomes a crucial
tool for BSM discovery.

It is the purpose of this paper to quantitatively compare ¢7
and hh resonance searches for models where we would
expect top production to play the leading role in a new
physics discovery. This is particularly highlighted in the
complex singlet (CxSM) and CP-violating two-Higgs-
doublet models (C2ZHDM). Building on previous insights
[2], we show that in the relevant regions of the C2ZHDM
interference effects can lead to misleading sensitivity
estimates. In particular, the sensitivity from di-Higgs final
states [24] can be underestimated relative to top pair
production; i.e., destructive interference effects in 7
searches correlate with constructive interference in hh
searches in parameter regions of the C2HDM that are
allowed in the light of current LHC searches. We contrast
these findings against results obtained for the CxSM.

This work is organized as follows. In Sec. II, we briefly
review the CxSM and the C2HDM that we consider in this
work. We provide details of our calculation with results in
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Sec. III B, where we also present a number of benchmark
points that highlight the phenomenology. We conclude
in Sec. IV.

II. MODELS AND SCANS

A. The CxSM

The CxSM is based upon the extension of the SM by a
complex scalar field [25-33]. The CxSM potential with a
softly broken global U(1) symmetry is given by

z A 8 o b

+%|§|4+ (%Sz—i-alg—i-c.c.), (1)
with

S=S5+iA (2)

being a hypercharge zero scalar field and the soft breaking

terms being written in parenthesis. After electroweak
symmetry breaking the fields can be written as

1 G*
H:ﬁ<v+h+iG0> ®)
and
S:%[vs—ks—ki(v/;-l—a)], (4)

where v &~ 246 GeV is the SM vacuum expectation value
(VEV) of the A field and vg and v, are the VEVs of the real
and imaginary parts of the complex singlet field, respec-
tively. The Hermiticity of the potential implies that all
parameters are real, except for the soft breaking terms. We
also impose invariance under S — §* (or A — —A) so that
a; and b are real. This implies that the theory is described
by seven independent parameters. The model can be
studied by treating the real and imaginary components
of the complex singlet as independent fields, which implies
that the model is equivalent to one with two real singlets
and has no CP violation. For our investigation we choose to
work in the broken phase where all three VEVs are
nonzero, as this phase implies mixing between all three
CP-even scalars. Their mass eigenstates H; (i = 1, 2, 3) are
obtained from the gauge eigenstates through the rotation

matrix R parametrized as

C1Cy $1C2 $2
R=| —(c1sp53+5103)  c103—515283 €283 |, (5)
—c15,03+5153  —(c153+58152¢3) €263

where we have introduced the shorthand notation s; =
sina; and c¢; = cosa;. Without loss of generality we vary
the angles in the range

7 7
——<a <z 6

<<t (©)

The masses of the neutral Higgs bosons are ordered as

my, < my, < my, . As input parameters we choose the set

ay, s, a3, v, vg, my, and my. .

(7)

The remaining parameters are determined internally in
ScannersS [27,34], with which we perform our scan in
the parameter space of the model, taking into account the
minimum conditions on the vacuum.

B. The CxSM scan

In order to find viable points in the parameter space of
the CxSM that are compatible with the relevant theoretical
and experimental constraints, we performed a scan using
the program ScannerS. The program checks for theo-
retical constraints such as the requirement of the potential
to be bounded from below, the chosen vacuum to be a
global minimum and perturbative unitarity to be fulfilled.
We furthermore require the mass of the lightest Higgs
boson, identified with the SM-like one and denoted by A,
to be m;, = 125.09 GeV [35]. Compatibility with the
electroweak precision data is ensured by applying a
95% C.L. exclusion limit from the electroweak precision
observables S, T and U [36,37]; see [38] for further
details. Compatibility with the exclusion limits from the
collider data on Higgs observables at 95% C.L. has been
checked by using HiggsBounds5.2.0 [39-41] and
compatibility with the Higgs rates was verified by using
HiggsSignals2.2.1 [42]. The necessary production
cross sections were obtained from ScannerS which uses
results from SusHil.6.1 [43,44]. The required branch-
ing ratios to compute the signal strength were computed
with sHDECAY [30] which is based on the implementation
of the CxSM and also the real singlet extension of the SM
(RxSM) both in their symmetric and broken phases in
HDECAY [45,46].

The SM input parameters are chosen as [47,48]

aMS(M,) =0.118,
My, = 80.358 GeV,

a(M,) = 1/127.92,
M, =91.187 GeV,
m,=172.5 GeV,  mYS(mMS) =4.18 GeV,
m, = 1.777 GeV. (8)

The remaining light quark and lepton masses have been set
to [47,48]

m, = 05110 MeV,  m, = 105.66 MeV,
m, =100 MeV,  my = 100 MeV,
m, = 100 MeV. (9)
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Our sample points were generated with the input
parameters listed in Egs. (7)-(9). Identifying the lightest
Higgs boson with the SM-like Higgs boson /4, the remain-
ing ones are restricted to the mass range

125.09 GeV < my;, <1000 GeV,  H;#h.  (10)

The VEVs v, and vy are varied in the range1

1 GeV <y, vy < 1.0 TeV, (11)
and the mixing angles as in Eq. (6). All input parameters
except for the mixing angles were generated randomly and
uniformly in the ranges specified above. The mixing angles
on the other hand were extracted from the mixing matrix
elements of R defined in Eq. (5), that were generated
uniformly. Through this procedure the couplings to fer-
mions and gauge bosons are distributed uniformly.

We also checked if the parameters of the final data set
induce a strong first order phase transition, which is a
necessary condition for successful baryogenesis [49-51],
by using the C++ code BSMPT [52]. We found that none of
the benchmark points satisfies a strong first order phase
transition.

C. The C2HDM

By adding a second SU(2), Higgs doublet to the SM
Higgs sector we obtain the two-Higgs-doublet model
(2HDM) [53-55]. Imposing a Z, symmetry, under which
the two SU(2), doublets ®; (j = 1, 2) transform as ®; —
®, and ®, — —D,, the Higgs potential of a general 2HDM
with the Z, symmetry softly broken can be cast into the
form

V =m}|®* + m3,|®,
. Mo
— (m%,®|®, + H.c.) + 3' (®d,)?

A
+ 72 (@)D,)? + 43(@[ @) (D] D))

2
+ (D] D,) (D)D) + 35(cbjcp2)2+H.c. . (12)

The Z, symmetry is extended to the fermion sector, thereby
guaranteeing the absence of flavor-changing neutral cur-
rents. The Z, charge assignments can be distributed such
that we obtain four phenomenologically different 2HDM
types summarized in Table I. For the Higgs potential to be
Hermitian, all parameters must be real, with the exception
of As and m?,. We obtain the complex or CP-violating
2HDM [56] if they have different unrelated complex

'Note that v, is not varied as an independent input parameter;
we solely make sure that by our choice of input parameters v, lies
in the range defined in Eq. (11).

TABLE 1. The four Yukawa types of the softly broken
Z,-symmetric 2HDM, defined by the Higgs doublet that couples
to each kind of fermion.

u-type d-type Leptons
Type I (T1) o, D, o,
Type 11 (TZ) q)z q)l (1)1
Lepton-specific o, o, (oN
thped Qz q)l q)z

phases. In the following, we adopt the conventions of
[57] for the description of the C2ZHDM. Also, the phases of
the VEVs of the neutral components of the two Higgs
doublets after electroweak symmetry breaking (EWSB) can
in principle be complex in the C2ZHDM. Without loss of
generality we set them to zero, as they can be removed by a
basis change [56]. Expanding the Higgs doublets @;
around their respective VEVs v; (j = 1, 2) after EWSB,

they can be written as

o7 #
= { yaprin | ad @ ={ iy, ) (13)
N/ V2

where the gb;“ denote the complex charged fields, and p; and
17 the neutral CP-even and CP-odd fields, respectively. The
VEVs are related to the SM VEV v = 246 GeV through
v? + v = 92, and their ratio is parametrized by the mixing
angle f,

U2

tanﬂEt/}:;. (14)
1

The mass parameters m3, and m3, of the Higgs potential
can be eliminated in favor of »; and », by exploiting
the minimum conditions of the potential that require that
its minimum be given by (®;) = (0,v;/v/2)". They also
relate the imaginary parts of m?3, and 15 and thus fix one
of the ten Higgs potential parameters. Applying the
orthogonal rotation matrix R to the neutral components
of the interaction basis, p;, and p3 = (1/+/2)(—sin fn,+
cos i, ), we obtain the neutral Higgs mass eigenstates H;
(i=1,2,3),

H, P1
Hj P3

Note that the field p; is equal to the CP-odd component of
the second Higgs doublet in the Higgs basis [58,59]. The
matrix R diagonalizes the mass matrix M of the neutral
states,

RM?R" = diag(my; , my ,my ). (16)
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The my, denote the masses of the neutral Higgs bosons and
are ordered by ascending mass, my, < my, < my, . Having
a mixing of three Higgs states as in the CxSM the mixing
matrix R can be parametrized in terms of the mixing angles
a; in the same way as in the CxSM; cf. Eq. (5). The Higgs
sector of the C2ZHDM can be described by nine independent
parameters, that we choose to be [60]

v, Ig, a123;

Re(m,). (17)

my,,

mHj, mpy=,

Here my, and my, denote any of the three neutral Higgs

boson masses, while the third mass is not independent and
is calculated from the other parameters [60]. The triple
Higgs couplings are found from the potential,

13 13,3
I 3 2 ) '
V=3 ;ﬂf’f”fﬂﬁi +50 D A HH,

=1 j=it1
+ An, H,m, H Hy Hs. (18)

Further details, and in particular all Higgs couplings of the
C2HDM, can be found in [61].2

D. The C2HDM scan

In this work, for simplicity we only consider the C2ZHDM
type 1 (T1) and type 2 (T2), motivated by the fact that they
cover to a large extent the phenomenological effects to be
expected in the C2ZHDM. In order to find valid C2DHM
points for our investigations, and to define benchmark
points3 that have not been excluded yet,4 we use
ScannersS to perform a scan in the C2HDM parameter
space. As in the CxSM, ScannersS checks for the theo-
retical constraints on the C2ZHDM Higgs potential, and it
uses the tree-level discriminant of [64] to enforce the
electroweak vacuum to be the global minimum of the
tree-level Higgs potential. We require the mass of the lightest
Higgs boson, that is identified with the SM-like one and
denoted by A, to be m;, = 125.09 GeV [35]. In Table II we
summarize the ranges of the other scan parameters. Note that
the third neutral Higgs boson mass My 2H, 1 is calculated

from the other input values and forced to lie in the interval
given in Table II. In order to circumvent degenerate Higgs
signals, we additionally impose m H,#h 10 be 5 GeV away

from 125 GeV. The SM input parameters are chosen as in the
scan for the CxSM. In our scan we neglect parameter points
with Re(m?3,) < 0, as they are extremely rare. We check all

*The trilinear Higgs couplings, which are quite complicated,
can also be found analytically at http://porthos.tecnico.ulisboa.pt/
arXiv/C2HDM.

3For benchmarks for double Higgs production in the 2HDM,
see e.g., Refs. [62,63].

*See Ref. [2] for our recently proposed benchmark points for
C2HDM di-Higgs production.

TABLE II. C2HDM scan. All parameters are varied independ-
ently between the given minimum and maximum values. The two
minimum values of the charged Higgs mass range refer to the
scan in the C2HDM T1 and T2, respectively. For more details, see
text.

t/; a1,2,3 Re(m%z) (TCVZ) mpy= (TCV) mH’J#h (TCV)

Min 0.8 g 0 0.15/0.59 0.125

Max 20 % 0.5 1.5 1.5

parameter points at the 2o exclusion level in the i+ — tan
plane for compatibility with the flavor constraints on R,
[65,66] and B — Xy [66-70]. Applying the results of [70]
we require my+ to be above 590 GeV in the C2ZHDM T2.
In the C2HDM T1, on the other hand, the bound is
much weaker and depends more strongly on tanf. Our
retained parameter points are put in agreement with the
electroweak precision data by demanding 26 compatibility
with the SM fit [71] of the oblique parameters S, 7" and U,
including the full correlation among the three parameters.
The necessary 2HDM formulas are given in [55,72]. For the
check of the compatibility with the Higgs data we proceeded
as in the CxSM, with the difference that we obtained the
necessary branching ratios from the C2HDM implementa-
tion C2HDM HDECAY [61] in HDECAY [45,46]. Further
details can be found in [31,61].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originating
from the electron EDM [73]. We take the experimental limit
given by the ACME Collaboration [74]. As shown explic-
itly in Figs. 5 and 6 of Ref. [75], the limits from the neutron
EDM are weaker than those from the electron EDM. Like
for the CxSM we also checked if the final scenarios induce
a strong first order phase transition [52,76]. Also here we
found that for none of them is this the case.

III. INTERFERENCE EFFECTS:
TOP VS DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp — H; —> tf and pp — H; - hh resonant amplitudes
into Vbfnlo [77-80], where H; denotes any of the non-SM-
like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.
The one-loop (leading order) computation uses FormCalc/
LoopTools [81,82]. Various cross-checks against MadGraph
[83] and other results [5,84-86] have been carried out.
We do not include b quark loops throughout as they are
negligible for the parameter regions studied in this work.’

5Specifically, for the T2 scenario we always observe tan § ~ 1
while for T1 most points show tanff ~ 7.
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FIG. 1. Representative signal diagram contributing to 7 and hh
resonance searches. h denotes the light SM-like state with
my, ~ 125 GeV, while H; denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.

We select one state H,;, defined as the signal, and
compute the squared amplitude for the gg — H; — tf/hh
process:

do?* ~ |[Mgg(g99 > H; — XX)|2, X=rth, (19)
where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section can
be understood as the on-shell cross section that one would
obtain from o-times-branching ratio estimates. To obtain
these cross sections and put them in relation to interference
effects, we integrate the cross sections within

|m(tf/hh) —my | < 2Ty . (20)
We keep track of the interference effects with the SM
“background” and beyond the Standard Model (BSM)
signal. The former is given by continuum gg — f pro-
duction, Fig. 2, for the 77 final state, and by box, Fig. 2, and
off-shell z-induced gg — hh contributions for the ik final
state. The latter derives from the competing gg — Hjy; —
hh diagrams (Fig. 1). This gives rise to an estimate of the
observed cross section in the presence of interference
effects:

do; ~ |Mg,(99 = H; = XX)[?

+ ZRG{MSigMﬁkg(H#,-, cont.)}, (21)
where “cont.” stands for the continuum 7 or hh ‘“back-
ground” and (off-shell) H,; contributions as mentioned
above, including the SM-like 4.

(a)

(b)

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasidegenerate mass spectra in the C2ZHDM when
both ¢7 and hh decay channels are open. We define the two
non-SM states as “degenerate” when their mass splitting is
less than 10% of the heavy scalar’s mass. This accounts for
most of the parameter points that are described in Sec. II.

For parameter points that have very small cross sections
in either of the two channels, interference effects when
considered in relation to the on-shell signal definition
can be very large; however in this case they have little
phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp — ff and pp — hh. For pp — ff we require 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)
[87,88] when higher-order corrections are included for 7
final states and ~16 fb for ik production [89-96].

B. Results and discussion

1. The C2ZHDM

In order to investigate the effects from interferences for
the hh and 77 final states, we introduce the ratio of the signal
plus interference cross section ¢ [defined in Eq. (21)] and
the signal cross section ¢° [defined in Eq. (19) for the
requirement Eq. (20)], i.e.,

o(xx)

Rixx) = % (xx)’

xx = hh, 1. (22)

In Fig. 3(a) we show R(hh) versus R(r7) for the C2ZHDM
type 1 for degenerate non-SM-like Higgs states, i.e.,
states whose masses differ by less than 10%. As can be
inferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large enhance-
ment or suppression of the H; — 7 signal while the ih rate
can be either enhanced or reduced. Points with large
constructive interference effects in the 77 final state are
likely to be constrained through pp — ff measurements.
We also obtain parameter points for which interference
effects decrease the search potential in both the 77 and
hh channels. Having simultaneous contributions from

t g

¢

tA Yi

A
/

(©)

FIG. 2. Representative nonresonant “background” diagrams contributing to pp — 7 (a),(b) and pp — hh (c) searches (different
fermion flows are understood implicitly). The off-shell #-induced background contribution derives from graphs shown in Fig. 1 with an

off-shell & running in the s-channel.
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T1 degenerate

3.
2+
== 1
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5
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o(tf)
(1)
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FIG. 3.

T2 degenerate

3 L
2 L
=
sls
5|8, 1
0 L
[ )
1t ®
-1.0 -0.8 -0.6 -04 -0.2 0.0
o(t?)
o=(t1
(b)

Ratio of signal + interference cross section o and on-shell (OS) cross section ¢ (for definition, see text) in pp — hh and

pp — 1t for degenerate non-SM-like Higgs states. Points are preselected to have resonance cross sections of at least 170 fb at leading
order (LO) in the ¢7 and 8 fb in the hh channels. (a) 2HDM type 1; (b) 2HDM type 2.

signal-signal (i.e., interference between the two s-channel
H; # h contributions) and signal-background interference
for the resonance masses not too far away from each other,
both effects contribute when we obtain a simultaneous
enhancement in the ¢7 and hh rates. Points that show this
correlation are clustered around the 7 threshold,
my ~350 GeV, with small widths T'y /my ~1073; in
this region interference effects with background contribu-
tions are particularly large. As this effect tends to be
destructive above the resonance mass (see also [20] or
below), widening the mass range that we use to define the
signal Eq. (20) can decrease the o(¢7)/0°(¢7) value. This
can be relevant when the mass resolution is imperfect in the
analyses and should be kept track of in the experimental
investigation. Above the threshold, when H; — 7 is kin-
ematically accessible, so is H; — hh. The enhancement in
hh is then a combination of signal-background (see also
[24]) and signal-signal interference, with the latter playing
the dominant role for the parameter choices studied here.

Particularly interesting from a double Higgs discovery
perspective, however, is the tendency of the H; — 7 signals
to be reduced, with large constructive interference effects
present in H; — hh. As the box-graph “backgrounds” in
the pp — hh case decrease with the center-of-mass energy,
these effects are predominantly due to signal-signal inter-
ference for overlapping Breit-Wigner distributions when
the mass spectra are quasidegenerate. This is a key
implication of the scan as detailed in Sec. II: while
signal-background interference decreases the sensitivity
in the #f channels, which are known to be the most
constraining channels in C2ZHDM sensitivity extrapolations
(see e.g., [2]), these effects can be correlated with large
signal-signal interference effects in the di-Higgs modes.
Not only is the o-times-branching ratio estimate typically

inadequate in both decay modes, but di-Higgs final states
can become dominant search modes for new physics in the
context of the 2HDMs as discussed above.

This point is further highlighted when we consider the
C2HDM of type 2 in Fig. 3(b).® Here we always find a
decrease of the expected leading-order rate for the 7
spectrum. While this can be partly compensated for via
large QCD corrections for the signal component,” it is clear
that the straightforward o-times-branching ratio approxi-
mation will overestimate the sensitivity dramatically. Again
different outcomes in the correlation between hh and tf
final states are possible: signal-signal interference in H; —
hh can enhance or decrease the cross section expecta-
tion. Note, however, that in our scan the points with
o(t1) /6% (1) — —1 merge towards o(hh)/c% (hh) - 1.

The reason for this behavior becomes apparent from
Fig. 4. On the one hand, signal-background interference in
the ¢f mass spectrum remains large due to the large
continuum background contribution even for heavy reso-
nances of around 800 GeV. On the other hand, hierarchies
in the trilinear Higgs self-couplings are directly reflected in
different resonance cross sections, which implies that pp —
H,— hh is much more suppressed than pp — H; — hh,
which also implies that signal-signal interference is not
relevant for the H3 — hh decay with a phenomenologically

®As detailed in Ref. [97], an additional requirement on the
charged Higgs mass mpy+ > 590 GeV for type 1 (for type 2
my= > 590 GeV is enforced by the constraint from the weak
radiative B meson decays [70]) leads to qualitative agreement
between the type 1 and type 2 models.

Note that as we typically deal with small width values, issues
that relate to the precise definition of signal and background
[98,99] are numerically suppressed and o-times-branching ratio
extrapolations would be justified if there was no interference.
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FIG. 4. Comparison of the invariant mass distribution for pp — 7 (a) and pp — hh (b) at 13 TeV at LO for the different states H; # h
(blue, H; = H,; red, H; = H3). We show the signal gg — ¢ and gg — hh production following Eq. (19) as dashed lines. The
interference-corrected cross sections, Eq. (21), are depicted as solid lines. The spectra arise from the parameter point BP1; see Table III.

significant cross section. For the particular benchmark
point BP1 (see Table III), that we choose to illustrate this
effect in Fig. 4, we find a large signal-background inter-
ference such that we end up with a dip structure in ¢7 with
about ~ — 200 fb when integrating Eq. (21) over the range
of Eq. (20).

TABLE III.  Parameter points as shown in Figs. 4-7. For details
of the calculation see Sec. Il D. All points are not constrained by
the most recent CMS analysis of Ref. [22]. Note that for the plots
we used LO rates. The benchmarks reflect the experimental status
as summarized in the tool chain detailed in Sec. II.

BP1 BP2 BP3 BP4
my, (GeV) 125090 125090 125.090  125.090
miy, (GeV) 764.044  691.319 608588  442.903
my, (GeV) 814578 694.637 609393 626371
My (GeV) 853.064 654204 679.601  651.550
a 0746 0766 0818 0.736
@ —0.132 0042  0.053 0.045
o —0.086  1.144 0913 1.567
tan(p) 0921 0870  0.892 0.928
R2, 0017 0002  0.003 0.002
RZ, 0007 0827  0.624 0.998
RZ, 0975 0171 0373 0.000
o(gg— H,) (pb) 45908  49.699  53.640 43233
o(gg— Hy) (pb)  0.651 1700 2903  19.042
o(gg— Hs) (pb)  0.637 1284 2670 1.899
Agam (GeV)  —30.633 150.815 115.626 —184.173
A, (GeV) — —49.478 253524 305386 —55.652
A, (GeV)  —448381 120.882 —121.714  6.123
I'(H,) (GeV) 0004 0004  0.004 0.004
I'(H,) (GeV) 36.623  41.150 31551  21.580
I'(H;) (GeV) 51.865 34787  29.057  32.449
BR(H, » H\H,) 0001 0021  0.044 0.003
BR(H, — 1) 0936 0962 0922 0.990
BR(H; - HH,) 0045 0006  0.008 0.000
BR(H; — 17) 0871 0979  0.965 0.793

Particularly interesting are again parameter points for
which 17 is decreased relative to the on-shell expectation
while k4 is enhanced. An example of such an outcome is
BP2 (see Table III). As can be inferred from Fig. 5, we find
a large signal-background interference in 7 at LO, leading
to a suppression of —420 fb, while the 4 signal with mass
my, = 694 GeV is enhanced by a factor of 2.3 due to
signal-signal interference. Also for this benchmark point
phenomenologically more relevant resonant production of
H, with a mass of 691 GeV is slightly enhanced due to
signal-signal interference. Analogous to our results for
C2HDM type 1, this indicates that usual SM search
channels might have suppressed sensitivity and new phys-
ics could indeed be observed in di-Higgs production first.
Although the hh cross section is significantly smaller
compared to the 7 rate, the relative enhancement through
signal-signal interference magnifies the importance of
di-Higgs searches at the LHC. Another, milder example
along this line is given by BP3 (Fig. 6) where the #7
resonance structure is significantly distorted to a peak-dip
combination, while pp — hh remains as a Breit-Wigner
peak at a slight 30% suppression (LO) rate. The masses of
H, and H; in Figs. 5 and 6 are quite similar, and indeed the
curves on the left-hand sides of the figures (f7) are quite
similar for the two masses. It is interesting, however, that
the difference between the curves for these two mass points
on the right-hand sides of the figures (hh) is clearly visible,
due to the difference in the signal-signal interference that
can be observed in pp — hh production.

The qualitative behavior that we have found so far is
related to the fact that the scalar spectra are quite com-
pressed in the examples we have considered so far, where
we have

|mH2 - mH3‘ < 017’”1.13 (23)

Given the finite experimental resolution, states that are
nearly degenerate are difficult to resolve. Nonetheless, if an
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state rates are phenomenologically irrelevant as they are O(fb). For details see text. (a) Degenerate and (b) nondegenerate non-SM-like

Higgs bosons.

excess is observed in the future, signal-signal interference
is an important effect that needs to be taken into account if
the excess is interpreted along the lines of two nearly
degenerate states in a C2ZHDM.

It is also interesting to discuss the opposite situation
when the two scalars lie further apart in mass. Under these
circumstances, signal-signal interference is largely absent
in hh production, while signal-background interference
again distorts or even removes the resonance structure in
H; — tf. When |my, —my.| > 0.1my, we can therefore
conclude that o-times-branching ratio estimates provide an
accurate description of the #h phenomenology while the
sensitivity in 7 is again overestimated, as illustrated
in Fig. 7. For this point BP4 (see Table III), we again
observe a large signal-background interference leading to
~ — 300 fb for the on-shell region according to Eq. (20) in
1t with pp — hh production remaining stable.

2. The CxSM

We finally turn to the relevance of CP violation in the
above context. To this end, it is helpful to consider the
CxSM of Sec. IT A. Again, a wide range of mass spectra can
be obtained that are consistent with the scan outlined in
Sec. II B. This includes compressed spectra according to
Eq. (23) through selecting appropriate parameters of the
extended Higgs potential that pass LHC constraints.

As we are dealing with a model that anticorrelates SM
Higgs coupling consistency with the size of the exotic
scalar cross sections, H; — f production is typically not
phenomenologically relevant. This is also the reason why
interference effects can be very large in this case as the
signal cross section can be negligible. Nonetheless it is

interesting to observe that the di-Higgs cross section is not
influenced dramatically and qualitatively identical when we
compare degenerate and nondegenerate mass spectra in
Fig. 8. All points are around my, ~ 400 GeV where the SM
di-Higgs cross section reaches a maximum. The second
non-SM-like Higgs boson H ; has either a mass close to my,
according to our criteria Eq. (23) (left plot) or is far apart
(right plot). In this scenario we deal indeed with only mild
signal-background and signal-signal interference; i.e.,
o-times-branching ratio expectations provide an accurate
estimate of the #h phenomenology in this scenario. This
can be contrasted with the C2HDM phenomenology:
when we switch on CP violation, we typically create the
possibility of gauge-phobic Higgs bosons (we remind the
reader that in the CxSM we only deal with neutral CP-even
Higgs bosons), which then preferably couple to top
quarks when the gluon fusion production mode is large.
Additionally, when the trilinear couplings are large enough,
H; — hh can become sizable while H; — tf is opening up
to large signal-background interference effects.

IV. CONCLUSIONS

Signal-background interference is a phenomenologically
important feature in resonance searches in top final states.
In this paper we have shown that the signal-background
interference that the ATLAS and CMS experiments are
already considering in setting limits on models of the kind
discussed in this work needs to be extended to signal-
signal interference effects, in particular when considering
di-Higgs production as a BSM discovery tool.

While constructive enhancements in the #7 final states
with large cross sections could be a smoking gun of BSM
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physics in the near future (see the recent [18]), an equally
interesting outcome is the decrease of the 77 signal due to
signal-background interference that is correlated with an
enhancement of the resonant di-Higgs production rate as a
consequence of significant signal-signal interference. The
latter becomes important when extra scalar resonances are
heavy and reasonably close in mass. This is a region of the
C2HDM parameter space which naturally arises given
current LHC observations. Our findings therefore indicate
that the relevance of di-Higgs final states in the context of
the CP-violating C2ZHDM has so far been underestimated.
We provide a number of benchmark scenarios that highlight
the phenomenological relation of #f and hh resonance
searches. We limit ourselves to stable top and Higgs boson
final states in this work. #7 resonance searches are well under
way (e.g., [22]), and the large SM backgrounds that can be
limiting factors of di-Higgs searches have been shown to be
manageable; see the recent CMS analysis of Ref. [100].

In actual experimental analyses, the discrimination of
nearly degenerate resonances is hampered by the finite
resolution that can be obtained in ¢ or di-Higgs resonance
searches. Yet, interference effects are important to reach to
correct microscopic parameter interpretation.

It is worthwhile to note that similar effects are not present
in simpler scenarios such as, e.g., a complex scalar portal

extension of the Higgs sector. In the mass region where the
effects discussed in this paper work efficiently, the cross
sections in 7 are too suppressed to be phenomenologically
relevant, which de facto decorrelates the ¢f and hh
channels. In the CxSM the 7 channels are suppressed
(see also [31]) while in the C2HM interference effects
distort the shapes of the resonances. While the latter makes
discoveries in the #7 channel difficult the discovery of a new
scalar resonance with a significant cross section in ¢7 would
strongly discriminate between the C2ZHDM and the CxSM.
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