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Abstract New physics frameworks like the next-to-minimal
supersymmetric standard Model and the Next-to-2-Higgs-
doublet Model contain three neutral CP-even Higgs bosons.
Itis possible for the heavier two of these states to have masses
identical to each other, which can result in a sizeable quan-
tum interference between their propagators in processes they
mediate. For both these models, we study the impact of such
interference on the pair-production of the lightest of the three
scalars, which we identify with the observed 125 GeV Higgs
boson, in the gluon-fusion channel at the large hadron collider
(LHC). We find that the inclusion of these effects can sub-
stantially alter the cross section, compared to its value when
they are ignored, for this process. Our results illustrate the
importance of taking possible quantum interference effects
into account not only when investigating the phenomenology
of extended Higgs sectors at the future Run(s) of the LHC,
but also when imposing its current exclusion bounds on the
parameter spaces of these models.

1 Introduction

Pair-production of the Higgs boson state, /s, discovered
in 2012 [1,2] is a key process for measuring the Higgs self-
coupling at the Run 3 of the large hadron collider (LHC), as
well as at its now approved high-luminosity upgrade (HL-
LHC). This process represents a direct probe of the mech-
anism of electroweak symmetry breaking (EWSB), since
the Higgs self-coupling enters the Higgs potential directly.
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Accessing it experimentally will thus be of extreme impor-
tance in order to understand whether mass generation in
nature occurs within the Standard Model (SM) or in some
scenario incorporating new physics.

In a beyond-the-SM (BSM) framework containing an
extended Higgs sector, the phenomenology of the pair-
production process of the /4 candidate, i.e., the Higgs boson
with mass lying near 125 GeV, can deviate significantly from
that in the SM due to two main reasons. First, the A self-
coupling gets modified from its predicted value in the SM
owing to the mixing between various interaction eigenstates.
Secondly, the additional Higgs states also enter the resonant
channel, so that the other Higgs trilinear couplings appearing
in the Lagrangian of the model also come into play. While
there exists plenty of literature on hgps pair-production in
BSM scenarios at the various energy and luminosity stages
of the LHC, most often this is limited to frameworks wherein
only one CP-even companion to the SM-like Higgs state
exists, like the 2-Higgs Doublet Model (2HDM) [3] or the
Minimal Supersymmetric Standard Model (MSSM) [4,5].

In the MSSM, the requirement for the lighter of its two
scalar states, Hj, to be a good &g candidate pushes the
heavier scalar, Hp, as well as the solo pseudoscalar, A,
up into the so-called decoupling regime [6], where they
have identical masses.! If the MSSM Higgs sector is CP-
violating, all the interaction eigenstates can mix together
to yield three CP-indefinite physical states, with the two
nearly mass-degenerate heavy states now labelled H> and
H3. When the mass-splitting between these two is compara-
ble to the sum of their widths, a description of the interven-
ing propagators which takes into account the imaginary parts
of the one-loop self-energies, alongside the customary real

1 Alternatively, the H; can have SM-like properties in the ‘alignment
without decoupling’ scenario [7-9] also.
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parts, becomes necessary [10, 11]. This is because the imagi-
nary off-diagonal entries of the Higgs propagator matrix can
induce quantum interference between these states, so that the
one produced in, for example, gluon-fusion can potentially
oscillates into the other one before decaying into a given SM
final state. This can significantly alter not only the total pro-
duction cross section but also the shape of the differential
cross section distribution for that final state [12,13].

In the 2-Higgs-doublet model (2HDM), obtained by sim-
ply adding an additional Higgs doublet to the SM, which
results again in two scalar and one pseudoscalar Higgs states,
a mass-degeneracy between H; and A is not a precondi-
tion for the H; to have properties identical to the hgps. It
is nonetheless a possibility not ruled out by any experimen-
tal results, and the aforementioned interference effects can
become significant in this model also if it has a CP-violating
Higgs sector with mp, ~ mp,. In a BSM scenario con-
taining three or more CP-even Higgs bosons, the quantum
interference effects can appear in processes involving Higgs
propagators without the need to invoke CP-violation. A min-
imal realisation of such a scenario would be the extension
of the two models mentioned above by a singlet Higgs field,
resulting in an extra scalar state in their Higgs sectors.

In the context of supersymmetry, adding a complex sin-
glet Higgs field to the MSSM can address some of its theo-
retical and phenomenological shortcomings, resulting in the
so-called Next-to-MSSM (NMSSM) [14—17]. In this model,
some particular configurations of the free parameters can
yield a SM-like H; along with H> and H3 that are nearly
mass-degenerate. We have previously investigated the afore-
mentioned interference effects in the NMSSM, in the sce-
nario where Hj and H, are mass-degenerate [18], as well as
in the alternative scenario with mpy, ~ mpy, [19]. The first
study pertained to the production process for the yy final
state and the second to that of T+t~ at the LHC. Both these
studies found the results from the calculation embedding the
full Higgs propagator matrix to be notably different from the
ones using the standard approximation where only one term
containing a Breit—-Wigner (BW) propagator corresponding
to each of the Higgs bosons appears in the amplitude expres-
sion. It was also shown in those papers that the expected mass
resolutions of the respective final states at the LHC may, how-
ever, not allow it to disentangle the two Higgs states from
each other.

In this article, we investigate the implications of the quan-
tum interference on the gluon-initiated pair-production of
the SM-like H; state of the NMSSM at the LHC with
/s = 14TeV, and also of its non-supersymmetric coun-
terpart, the next-to-2HDM (N2HDM). The latter model is
obtained by introducing a real singlet Higgs field into the
2HDM, and while it is phenomenologically similar to the
NMSSM, a crucial advantage the N2HDM has is that the
physical Higgs boson masses can themselves be the input
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parameters. This grants us the freedom of setting the H> and
H3 masses exactly equal and assessing the impact of this
maximal mass-degeneracy on the said process. This model
additionally allows us to analyse how the various Higgs cou-
plings govern the relative sizes of the interference effects, so
that the general inferences can be extended to other multi-
Higgs BSM scenarios.

The article is organised as follows. In the next section we
briefly revisit the Higgs pair-production process at the LHC.
In Sect. 3 we discuss some details of the NMSSM and the
N2HDM, as well as of our numerical computational tool.
In Sect. 4 we present our analysis and discuss its results. In
Sect. 5 we conclude our findings.

2 Higgs pair-production at the LHC

The cross section for the (inclusive) process pp — H;H;,
where i, j = 1, ..., N for a model with N CP-even Higgs
bosons but without any additional particle content beyond
the SM, can be written at the leading order (LO) as

oLo(pp — HiHj)

dx; g(x)g(t/x1) 5
/ [ 1024753 T 024ns3 Ase—HiH; - (D

where g(x1) and g(x;) are the parton distribution functions
(PDFs) of the two incoming gluons having squared centre-of-
mass (CM) energy § = xjx2s, given in terms of the total CM
energy, s, of the pp system, and by defining t = £ = xx».
The amplitude-squared in Eq. (1) can be written, followmg
the notation of Ref. [20], as

2 2
= |csFs + Corg| +|co6g) | @

2
Agg—>Hi H;j

where A denotes the contribution from the Higgs-mediated
triangle loop diagram, Fig. 1 (left), and [ refers to the quark-
box diagram, Fig. I (right).

The coefficient corresponding to the box contributions in
Eq. (2) is written in terms of the Yukawa couplings as

Co= ZgH,-qng,-Qq' 3)
q

The form factor Fiq corresponds to the case when the gluons
have a combined total spin of S, = 0 along the proton beam,
while G refers to the case with S, = 2. The full expressions
for Fo and G within the SM can be found in the appendix
of Ref. [20].
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Fig. 1 The Feynman diagrams contributing to Higgs boson pair-production in a model with an extended Higgs sector, but no additional particle

content besides the SM

The Higgs-mediated triangle loop diagram contributes
only to the S, = 0 case. The corresponding form factor,
for state H; attached to the triangle, is written as

oS
4rv

Fl [s¢+inpe], )

where the scalar and pseudoscalar components, Slg and Plg ,
respectively, can be found in, e.g., Refs. [21,22]. In case of
a single Higgs boson, as in the SM, the triangle coefficient
in Eq. (2) is given as

2
M
A 2
s—Mh

C, = ®)

Ahhhs

where Ajpp is the Higgs trilinear self-coupling. In multi-
Higgs models like the ones we intend to explore here, the
above coefficient is generalised to

N
Ch=Y Du@rmum, -
k=1

(6)

Here, Ay, H;H; are the Higgs trilinear couplings and Dy; (5),
with k,I = 1, ..., N, are the entries of the Higgs propa-
gator matrix. This modified ClA allows the possibility of
interference between two different Higgs intermediate states,
induced by higher order quantum effects, as illustrated by
Fig. 1 (left).

The main focus of this study is to investigate the above-
mentioned quantum effects in the specific scenario with N =
3, which permits the resonant pair-production of the lightest
Higgs state via the two, mutually interfering, heavier states.
In this scenario, the (symmetric) propagator matrix is written
as

§ —m3 +iImlly () iImI15(5)

DE) =§ iImI1o; (5) § —m3, +idmllpn @)

ijmf[31(§) ijmﬁ32(§)

where the JmTTy, (§) are the absorptive parts of the Higgs self-
energies, and m p, is the renormalised mass of the k-th Higgs
boson. The explicit expressions for ﬁmf[kl (8) can be found
in the Appendix of Ref. [18]. In general, however, the off-
diagonal absorptive terms in the propagator are assumed to be
negligible, in which case the D(5) becomes a diagonal matrix
and C, can, to a good approximation, be reduced to a sum
over three terms containing BW propagators corresponding
to each Hj, as in Eq. (5).

3 Models and computational tools

Two new physics models that are consistent with the N = 3
scenario are the NMSSM and N2HDM. In both these mod-
els, we identified the lightest of the three scalars, Hy, with
hobs, and analysed the impact of the interference between
the heavier H, and Hj on its pair-production at the /s =
14TeV LHC. It has previously been emphasised in litera-
ture [11,18,23,24] that these effects are more pronounced
for large (combined) total widths of the intermediate Higgs
states compared to the mass splitting between these. Using
this as a guideline, we numerically scanned the parameter
spaces of the two models to find their potentially relevant
configurations. Below we discuss some details of the two
models as well as of our calculation of the H; H; production
cross section.

3.1 NMSSM

As a follow-up of our previous analyses, the first model
that we investigate is the Z3-symmetric NMSSM. The Higgs
potential in this model is written in terms of the two SU (2),
doublets H, and H;, with Y +1, and the singlet S
as

iImIl3(5)

iImI1y3(5) , (7

§ —m3, +iImI33(8)
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+ (3, +1x82) (1HOP + 11, 17)
2 0,2 -2
+( Ho+\>~5|) HYI + 11, )

g +8

A

2 2 2 _2\2
(IHC + 1 = Y = 11 1)
&3 2
+72\HJH3*+H,9HJ*\
I
+ [AA;L (H;Hd— - HL?HQ) S+ gAcS’ +h.c.] . ®

Here X and « are dimensionless Higgs trilinear couplings and
A, and A, are their respective soft SUSY-breaking counter-
parts, my,, my, and mg are the soft Higgs masses, while g;
and g7 are the U(1)y and SU (2)1 gauge coupling constants,
respectively.

The neutral components of the fields H;, H, and S are
developed around their respective Vacuum Expectation Val-
ues (VEVs) vy, v, and vg, when EW symmetry is broken,
as

0 <Ud + Hir +in1>
Hd = — )
Hd
Ht
H) = wo , S=vs+Sr+iSi. ©
u (vu+HuR+lHul> s+ Sr+1iSy 9
By taking the second derivative of Vnmssm, one then obtains
the tree-level 3 x 3 neutral CP-even Higgs mass-squared
matrix, MIZ_I, in the (Hyg, Hyr, Sg)T basis. The orthogo-
nal matrix R rotates these interaction eigenstates into the
physical states as

(Hy, Hy, H3)" = R (Hur, Hur, Sr)" . (10)

The matrix Mlzi thus gets diagonalised as
RMERT = diag (mi,1 my, m%ﬁ) , (11)

with Higgs boson masses in the ascending order, i.e., mpy, <
mpgpg, < mpg;.

Our current analysis pertains to the ‘phenomenological’
NMSSM, wherein all the free parameters, including the
above Higgs sector ones, are input at the EW scale. Since
variations in non-Higgs sector parameters are expected to
have little impact on our particular phenomenological sce-
nario, we fixed the soft squark massesas Mg, , ; = My, ,; =
Mp,,; = 3TeV, the slepton masses as M, ,; = Mg, ,; =
2TeV, the soft gaugino masses as 2M; = M, = %M3 =
1 TeV. This resulted in tan 8 (= 5—;), et (= Avy), A, K,
mp, my, and the unified trilinear coupling of the charged
sfermions, Ao = A z7 = Aj; j = Aé ji,#» as the complete
set of inputs. The parameters m p and m 4 are the bare masses
of the two pseudoscalars, which are a trade-off for A, and
A, using the minimisation conditions of the Higgs potential.

@ Springer

Table1 Ranges of the NMSSM input parameters scanned for obtaining
H, and H3 with large mass-degeneracy. The third column shows the
parameter space yielding mp, ; < 500 GeV

Parameter Scanned range Range giving mp, ; < 500GeV
Ao (GeV) —5000 to 0 —5000 to —3500

Hetf (GeV) 100 to 1000 100 to 250

tan 8 1to 40 5to 10

A 0.001 t0 0.7 0.001t0 0.3

K 0.001 t0 0.7 0.001t0 0.5

mp (GeV) 100 to 1000 100 to 500

ma (GeV) 100 to 1000 400 to 500

We used the public code NMSSMTools-v5.5.2 [25—
27] for numerically generating the Higgs boson mass spec-
tra and branching ratios (BRs) corresponding to each set
of values of the seven model input parameters, randomly
selected from the ranges shown in the second column of
Table 1. Each parameter space point was required to satisfy
all the theoretical and experimental constraints defined in
NMSSMTools, whichinclude limits from the Higgs searches
at the Large Electron—Positron (LEP) collider, the TeVatron
and the LHC, from the direct and indirect searches for neu-
tralino Dark Matter (DM) and estimates of its relic abun-
dance and from B-physics measurements. In our scenario,
since the Hp plays the role of the iqps, NMSSMTools intrin-
sically imposes 20 bounds on its couplings from the most
relevant recent LHC results, while also requiring m g, to lie
within the 122 — 128 GeV range, allowing a £3GeV the-
oretical uncertainty on the measured mass of ~ 125GeV.
Output points satisfying all these constraints were further run
through HiggsBounds-v5. 7. 0 [28-32] to test the Higgs
sector observables of the model against the latest exclusion
bounds from the LHC that might not (yet) have been included
in NMSSTools itself.

In Fig.2 we show the resulting successful points with
mp, 5 < 500 GeV, which are obtained for the input parame-
ter ranges given in the third column of Table 1. One notices
that the limits from the direct searches at the LHC rule out
a mass below ~ 405 GeV for the (predominantly doublet-
like) H3, over the entire parameter space explored. Our initial
scan with wide input ranges of the parameters yielded only
one point (out of nearly two thousand violet points in the
figure) with Amy = mpy, — mpy, less than 5GeV, lying
just above the LHC exclusion bound for my,. In order to
find solutions with larger H,- H3 mass-degeneracy, we there-
fore performed another scan of the narrowed-down parame-
ter space region around the said point. Indeed, several points
with Ampg < 1GeV were obtained with this secondary scan,
which are plotted in blue colour in the figure. The coordinates
of the point with the smallest Am g are
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Fig. 2 The masses of H, and H3 for the points obtained in the scans of
the extended parameter space of the NMSSM (violet) and of its narrow
region yielding Ampy < 5GeV (blue)

tanf =6, Ag= —5000GeV, A =0.005, k= 0.0071,
Leif = 148.24GeV, mp = 147.59 GeV,
my = 431.25GeV, (12)

which result in the following Higgs mass spectrum:

mpy, = 122.23GeV, mpy, = 409.33GeV,
mp, = 410.13GeV,

ma, = 147.59GeV, my4, = 408.23 GeV,

mpy+ = 416.13GeV. (13)

The total widths of the three scalars yielded by the
above parameter space point are 'y, = 4.76MeV, 'y, =
535.4MeV and I'y, = 24.78MeV. H, in this point is
doublet-like, while Hs is singlet-like. For this reason, the lat-
ter has much weaker couplings to the SM, and hence much
smaller partial decay widths, than the former. We also point
out that for many points obtained in the initial wider scan,
mp, easily reaches up to 125GeV. Its lying close to the
enforced lower limit of 122GeV for the point in Eq.(13)
is simply a consequence of the very narrow parameter space
scanned to obtain maximally degenerate m y, and m g, espe-
cially with the soft squark and gaugino masses fixed. For this
point, the Ap parameter, larger magnitudes of which were
generally preferred by the points in order to push m y, above
122 GeV, sits right at the upper end of its scanned range.

3.2 N2HDM

Since the scans for the NMSSM did not generate any points
with a H3 lighter than ~ 405 GeV, we extended our analysis
to the N2HDM also. In this model the physical masses of
the three scalar Higgs bosons, m g, , are input parameters, as
opposed to the NMSSM, wherein they are derived quantities,
which allows greater freedom in the selection of the other free

parameters relevant to the process under investigation. The
N2HDM is obtained by adding a real singlet scalar field, S,
to the (CP-conserving) 2HDM, and its Higgs potential reads

VN2HDM = m%; |Hul? + m%{ledlz - m%z (HTHd + h.c.)
+ 5 (i)
2
i)
+ N2
{(Hu Hd) +h.c.}

+ 2 (HjH”)

s (H Hu) (

g (H H ) (HTHM

2
mg o A6 4 /\7( t )2
S s+ 2 (H H,) S
tp oty gy el
As +
+5 (H[} Hd) s2, (14)

where H, and H; are doublet fields similar to the NMSSM
ones. This potential has a generic form and observes two sym-
metries: i) a Zp-symmetry, H, — H,, Hy - —Hy, S —
S, which is softly broken by the term containing m?,, and ii)
a spontaneously broken Z)-symmetry, H, — H,, H; —
H;, §— —S.

The charge assignments of the fermions under the Z» sym-
metry define the four fypes of the underlying (N)2HDM. Our
adopted notation for the doublet Higgs fields is intended
to indicate the Type-II N2HDM specifically, wherein the
fermions have Z, charges such that the doublet H, cou-
ples only to the up-type quarks and H; to the down-type
quarks and charged leptons. Upon EWSB, the two doublet
fields are expanded around their respective VEVs according
to Eq. (9), while the real singlet is expanded in this model as
S = vg+ Sg. After minimisation of the potential and rotation
of the scalar mass matrix, as in the NMSSM, the masses of
the three physical CP-even Higgs states are obtained, with
mpy, < mp, < mpy,.Besides these, the Higgs sector of the
model also contains a CP-odd Higgs boson A. The Type-II
N2HDM is thus essentially the non-Supersymmetic counter-
part of the NMSSM, with fewer symmetries impinging on
the properties of the CP-even Higgs sector, which makes it
a more suitable fit for our comparative investigation than the
other N2HDM types. For details of the Higgs sector of the
N2HDM, we refer the reader to Refs. [33,34].

There are twelve free parameters in the potential in
Eq.(14): A1, 7.5, m%iu, m%id, m% m%z.Relationsbetween
these parameters and the VEVs, arising from the minimi-
sation conditions of the Higgs potential, allow us to trade

m%, , m%{d and mS for tan B8, v ,/v,% + vdz) and vg.
Moreover, the eight quartic couplings can be traded for the
physical masses, m Hyo3» Mu*, My, and the three indepen-
dent parameters of the mixing matrix R in Eq.(10). These
parameters, taken to be R11, R12 and R»3, can then further
be replaced by the top-Yukawa and gauge couplings of the
Hi, defined in units of the corresponding couplings of the

@ Springer
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Higgs boson in the SM as

Riz

sing’
Thus, for the purpose of this study, the following indepen-
dent real parameters representing the N2HDM were ran-

domly scanned in the given ranges using the public tool
ScannerS-2 [35,36]:

8Hint = gH,vy =cos B Ri1 +sinf Rpp.  (15)

my4 : 500-1000 GeV, mpy= : 500-1000 GeV,

m?, : 10*-10° GeV?, tan g : 1-20,

g%ﬁVV’ g%{m— :0.64-1.44, sign(R13) : £,

Raz : —1-1, wvg : 1500-2500 GeV, (16)
where sign(R13) takes into account the sign ambiguity in
the neutral scalar mixing. In this model, the Higgs trilinear

couplings gu, i, 1y and gp, 1y 1y, Which are of particular rel-
evance for the process of our interest here, are given as

_3[ 1o (Ria  Ri
SH;Hit = | T sinf  cosf

X <6Ri2RJ-2 + 6Ri3R j3sin* B

+ Z Giijk3 sin 2,3)

k
2m2 + m?
H; H; 2 2 vy
+ TJ (Ri3RJ’3U +RiHRj2 sin
vs
RALR,; , 17
+Rh ’lcosﬁ)} (amn

where ji* = m:’;%gﬁ and € is the totally antisymmetric
tensor, with €23 = 1.

While the above ranges were mostly guided by existing
literature on the model (see, e.g., Refs. [34,37,38]), the ones
of ginvv and gél ,; were based loosely on the current 20
error-bar on the measurements of the corresponding cou-
plings for the hgps at the LHC [39]. Several scans were per-
formed for this model, in all of which we fixed v = 246 GeV
and mp, = 125GeV. The values of my, 5, in contrast, were
set to certain different values of interest in different scans
(as will be explained in the next section). The purpose of
the numerical scanning was to find configurations of the
parameters in Eq.(16) that satisfied theoretical conditions
such as unitarity and vacuum stability, and were at the same
time consistent with precision EW and B-physics measure-
ments. In addition to these checks performed internally by
Scanners, testing of the Higgs sector observables against
the exclusion bounds from direct collider searches was also
performed for each scanned point, by interfacing it with
N2HDECAY [40] and HiggsBounds. Finally, ScannersS
was also interfaced with the program HiggsSignals-2

@ Springer

[41,42], which performs a Xz—ﬁt of the hqps properties for a
given model point against the LHC measurements, and rules
it out if Ay? = XI%IZHDM — XSZM > 6.18 (assuming a 20
Gaussian error on the best-fit value).

3.3 Cross section calculation

For the output points from the scans, we proceeded to cal-
culate the inclusive pp — H{H] cross section, using a
FORTRAN code prepared in-house. For evaluating o1 o given
in Eq. (1), the expressions corresponding to the triangle and
box form factors were formulated following the public code
HPATIR-v2.00[20,43,44], which includes only the SM and
the MSSM. The numerical computation of the next-to-LO
(NLO) corrections to o010, which can be expressed as [43]

Ao = Aoy + Aogg + Aogy + Aoy , (18)

were also imported from HPAIR, since they are generic to
all models. Besides catering to models beyond the MSSM,
another significant way that our cross section calculator dif-
fers from HPAIR, which evaluates individual BW propaga-
tors for each intermediate Higgs boson in the triangle dia-
gram, is in the incorporation of the full propagator matrix
of Eq. (7). This allows us to estimate the magnitude of the
effects resulting from the off-diagonal terms in the matrix, by
including or neglecting these during the cross section com-
putation for a given point by our code.

Since the input parameters as well as the particle con-
tents, and hence the Higgs self-energy contributions, of the
NMSSM and N2HDM are mutually rather different, we pre-
pared a separate code for each of these models. In order to
check the accuracy and consistency of our base code, we
compared the pp — Hj H] cross sections calculated in the
MSSM limit of the NMSSM for a few test points with the
ones obtained from HPATR. We found the two sets of results
to be in very good (within 1%) agreement. Note here that
the higher order QCD corrections for this process have now
been evaluated up to the next-to-next-to-next-to-LO [45-50]
inthe SM. We presume that these can be extended straightfor-
wardly to the multi-Higgs models discussed here, and their
overall impact would amount to a simple rescaling of our
NLO calculations.

4 Analysis results

To quantify the magnitude of the triangle-box interference
arising in the S; = 0 channel and, additionally, the full-
propagator effects within the triangle diagram, we calculated
the integrated cross sections corresponding to the following
cases for each successful point from the scans for the two
models:
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Fig. 3 Left — Cross sections corresponding to the cases a (top half)
and b (bottom half) for the scanned NMSSM points, with those
shown in blue and red in the respective halves being the ones with
Ampy < 5GeV. Right — The ratio of the cross sections b and c as a

(a) without triangle-box interference, with diagonal-only
propagator matrix,

(b) with triangle-box interference, with diagonal-only prop-
agator matrix,

(c) with triangle-box interference, with full propagator
matrix.

Below, these three cross sections will be referred to as
0a, O, and o, respectively. We also define R, = oy /0.

4.1 The NMSSM

The top half of Fig. 3 (left) shows the cross sections o, (top
half) and o}, (bottom half) with diagonal-only propagator
matrix, as functions of the H3 mass. One sees a large neg-
ative impact of the triangle-box interference, reducing the
cross section uniformly by ~ 35 fb for all the points. We note
here that, in models with Supersymmetry, the box and trian-
gle diagrams in principle include loops from squarks also.
Here we take the view that the squarks are always too heavy
to contribute significantly to either of these production pro-
cesses (recall that we fixed the soft squark masses to 3 TeV in
our parameter space scans, to prevent the physical sparticle
masses from conflicting with the direct search results from
the LHC), and thus retain only the quark loops. A detailed
study of the impact of the inclusion of squarks in the MSSM
and the NMSSM (without the Higgs propagator interference
effects) can be found in Refs. [51-53]. The small blue and red
islands near the lowest allowed m p, and with overall largest
cross sections in the top and bottom halves, respectively, are
the points with Amg < 5GeV obtained from the secondary
scan.

1012 [ T T T T T T T T T T T T T ] 0-6
101 Amy<5GeV ]

1.008 [ LR 18100

1.006 | 1Mo4

1.004 . >
& 1.002 | 18032

0.998 [ * 1 02

0.996 . TH 0.1

0994 [ - NMSSM

0.992 L n 1 n 1 i 1 n 1 n 1 n 1 n ] o

01 02 03 04 05 06 07 08

Tyl Amy

function of the ratio of the sum of the widths of H, and H3 and their
mass difference, with the colour map showing the width of H», for the
points with Ampg < 5GeV

In the numerical calculation of the propagator matrix, in
contrast, the (one-loop) Higgs self-energies due to all the
relevant NMSSM particles were included. The right panel
of Fig.3, however, shows negligible impact of introducing
the full propagator matrix. This figure, restricted only to the
points with Ampg < 5GeV, shows R, against the ratio of the
sum of H, and Hz widths, Y 'y, and Am . Note that, for a
more accurate picture, the widths used for producing this plot
are the higher order ones output by NMSSMToo1ls, rather
than the tree-level ones corresponding to the self-energies
computed by our cross section code. Y I'y ranges between
535MeV and 565 MeV for all the points, implying that when
Iy, , depicted by the colour map in the figure, reaches its
maximum value, I g, is at its minimum, and vice versa. The
fact that the lowest Am g obtained is 0.8 GeV, according to
Eq. (13), implies that Y 'y /Amy is always smaller than 1
and hence the above mentioned condition of larger Y 'y
than Ampy for a sizeable enhancement in the propagator
effects is never met. Still, one can notice a small gradual
increase in R, meaning an increasing negative effect of the
full propagator, as »_ 'y rises with respect to Amg. This
effect is more pronounced for points with H, and Hz widths
closer to each other in magnitude, as illustrated by the vio-
let/red points in the top left quadrant of the figure. A larger
gap between these two widths, in contrast, generally tends to
slightly increase o, compared to o}, (the points in the bottom
left quadrant).

The overall smallness of R, in the NMSSM can be
attributed partly to the large squark and slepton masses, so
that their contribution to the Higgs self-energies is dimin-
ished, and partly to the specific Yukawa and gauge coupling
combinations of the H, and H3 in the narrow parameter
space region yielding large mass degeneracy between these.
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Fig. 4 H, and Hj couplings to ¢7 (left), bb (centre) and VV (right) pairs in the NMSSM, with the colour map showing the ratio of the cross

sections corresponding to cases b and c for the points with Am < 5GeV

Fig.4 shows R, as a function of these coupling combina-
tions. One notices in these figures that the colour-mapped
points, which correspond to the parameter space region with
Ampy < 5GeV, mark the boundaries of the (black) points
from the extended scan. Thus, the search results from the
LHC, besides directly constraining the mass of the Hj3 to lie
above ~ 405GeV, also restrict its top-Yukawa coupling to
fairly small values, with either sign. The condition of mass
degeneracy with Hj then also dictates the signs and sizes of
the H, couplings.

According to the left panel of Fig.4, while the H, and
Hj3 top-Yukawa couplings can take up three different sign
combinations in general, for points with Ampy < 5GeV, the
sign of gp,,7 is always negative, while that of gg,,7 can be
both negative or positive. However, only positive g, values
appear for large negative values of gy,,;. As the magnitude
of the latter drops, that of the former increases, with R, also
rising slowly, until both reach equal values (with opposite
signs). At that point, the sign of g 7,7 flips to negative, giving
the largest R, according to the colour map. A further increase
in its magnitude, however, along with a decrease in the size
of gp,7, leads to a lowering of R, again. In short, largest
(allowed) values of one of the two top-Yukawa couplings,
whether positive or negative, coupled with the smallest value
of the other, results in o, > o}, and, as the two tend towards
each other, o starts to lower towards o}, and eventually below
it.

The central panel of the figure likewise illustrates the
impact of the variations in gy ,; and gg.,; on Rs. Note
that the points in the bottom half of this plot correspond to
the points in the top half of the left panel, and vice versa.
Thus, the sign of the bottom-Yukawa coupling of a given
Higgs boson is always opposite to that of its top-Yukawa
coupling, so that g ,,; is positive only, conversely to gp, ;7.
Furthermore, R, shows a similar trend with the variation in
the sizes of gy, ,; and gy, ,; as with the top-Yukawa cou-
plings — the largest (allowed) value of one bottom-Yukawa
coupling paired with the smallest value of the other yields
o. > oy, while o, < oy, results from their comparable mag-
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nitudes. The dependence of R, on the relative signs and mag-
nitudes of g 7, v v and g g, v v follows the behaviour of the top-
Yukawa couplings exactly, as seen in the right panel of the
Fig. 4. Their allowed values are, however, much smaller than
even those of the top-Yukawa couplings, pointing towards the
decoupling regime of the (N)MSSM. As for the remaining
couplings of the H, and Hs, even when the corresponding
(s)particles have sufficiently low masses, including A as
well as X? , and Xli (which are higgsino-like and thus have
masses ~ ,/,Leff ~ 150GeV, see Eq.(13)), their influence on
R, is too small to merit a discussion here.

4.2 The Type-II N2HDM

Asindicated earlier, the Higgs boson masses are input param-
eters in the N2HDM, which allows us to investigate H, and
H3 with exactly equal masses, that can also be much lower
than those obtained in the NMSSM. For a direct comparison
with the NMSSM though, in our first scan for this model we
set my, = mpy, = 410GeV, and the o, and oy, for the 100
successful points thus obtained are shown in blue and red,
respectively, in the left panel of Fig. 5 against the width of H3.
Contrary to the NMSSM, triangle-box interference does not
reduce the cross section uniformly for all the points. While
for most of the points o3 is smaller by a few tens of fb than
04, the former is larger than the latter by upto 10 fb for a few
points. This is owing to the wider ranges of magnitudes as
well as sign combinations for the H, and H3 couplings being
available in this model, as will be explained later. Notice also
that I'y, can reach a few GeVs and, in fact, I 7, can simulta-
neously be quite large, as illustrated by the horizontal axis of
the right panel of the figure. Once again, I'y, ; here are the
widths output by Scanners§, instead of the tree-level ones
that can be obtained from the one-loop self-energies com-
puted by our code. The vertical axis of this panel shows the
impact of including the full propagator matrix in the cross
section calculation.

For a number of points from the first scan with mpy, =
mpy, = 410GeV, seen in red in Fig.5 (right), oy, is a few
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Fig. 5 Left — Cross sections for the points obtained from the N2HDM
parameter space scan with mpy, = mp, = 410GeV, corresponding to
the cases a (blue) and b (red) as functions of I, . Right — The ratio of

times larger than o, but for some points it gets reduced
by upto 35%, implying a net positive contribution from the
off-diagonal terms in the matrix. For two of the red points,
though, R, exceeds 100, meaning a two orders of magni-
tude reduction in o,. (We point out here that these two points
were omitted from the left panel to keep the y-axis scale visu-
ally interesting, but the corresponding cross sections will be
provided below.) To assess the effect of reducing the mass
degeneracy, the points from scans with Ampy = 5GeV and
Ampy = 10GeV, with m g, still fixed to 410GeV, are also
plotted in this figure in orange and green, respectively. Evi-
dently, a larger Am g results in smaller fluctuations in oy, as
the R, value lies very close to 1 for all the 100 green points.
The violet points in the figure correspond to the scan with
mpy, = mp, = 300GeV. While in general R, can deviate
substantially from 1 for these points also, its maximum value
does not exceed 3. The main reason for this is that the widths
of H, and H3 are always lower than 1 GeV in this case, unlike
the mpy, = mpy, = 410GeV case, owing to the fact that their
masses lie below the 7 production threshold. Lowering m g,
and m g, even further to under the Hy H; threshold expectedly
results in a vanishing impact of the off-diagonal propagator
matrix terms, as demonstrated by the cyan points in the figure,
which are all clustered together below Y T'y < 200MeV.
For a detailed investigation, we selected six Benchmark
Points (BPs) from our main scan with my, = my, =
410GeV. The input parameters, the widths and couplings of
H; and Hz as well as the four cross sections corresponding
to these points are given in Table 2. 07« in the table implies
the cross section obtained by setting m p, — oo (in order to
decouple the H3), with all the other input parameters fixed to
their exact values for a given BP, and is quoted for reference.
BP1 and BP2 are the two points with the highest R, in Fig.5,
for BP3 and BP4 the R,; value lies very close to 1 while BP5

‘ my, = my, =410 GeV -
N2HDM My, myy, =405, 410 GeV
100 + . My, My =400, 410 GeV - |

my, = my, =300 GeV

my, = my, =200 GeV

QO
10
1 . r"#\."q._a;_ e annra L L
H PR, - .
0 2 4 6 8 10

X1, (GeV)

the cross sections b and c against the sum of the widths of H, and H3
for the points obtained from the five N2HDM scans with different m g,
and m g, configurations

and BP6 are chosen from amongst the points for which o is
slightly enhanced compared to op.

In the 2HDM, and the N2HDM by extension, of the type-
II, the B-physics measurement strongly constrain m g+ [34,
54] and therefore the latter lies above 600GeV for all the
successful points from the scans, while tan g is also pushed
to smaller values, as can be noted in the table. m 4 is then
also restricted to values close to m g+ by the EW precision
constraints. One feature distinguishing the points with the
largest R, (BP1 and BP2) from the rest of the BPs are the
larger m i+ and g ;7 values and relatively small tan 8. Such
parameter configurations result in specific combinations of
the couplings of H, and H3 for BP1 and BP2, which in turn
lead to very high R, for these. For these two points, g 7,7 and
8 Hyi are both positive and large while g 45, & b 8HVV
and g, vy are all negative. In the case of BP3, gy, ,7 and g 1,7
have signs opposite to each other while g, ,; and g 5 are
both negative. We note here that, again in contrast with the
NMSSM, gy, is negative for all the 100 N2HDM points
for the my, = mp, = 410GeV scenario, and also that,
for a majority of these points, three out of the four Yukawa
couplings had the same signs. BP4 and BP5 are very similar
points in that the two top-Yukawa couplings have signs that
are opposite not only to each other but also to the signs of
the corresponding bottom-Yukawa couplings. BP6 is the only
point of its kind found in the scan, with g, 7, 8 7 and g . 5
all having negative signs, and it therefore uniquely exhibits a
constructive triangle-box interference as well as constructive
propagator interference, so that o, < op < o¢.

In Figs.6 and 7 we show the four cross sections as func-
tions of the most important H, couplings in this context, for
all the six BPs. The former corresponds to the couplings g 7,7
and g Hybb> and the latter to g, vv and gm, H, H,, While rows
1, 2, 3 and 4 in both the figures depict 022, 0b, ¢ and R,
respectively. The plotted ranges of the couplings are indica-
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Table 2 Values of the input
parameters, couplings and
widths of the Higgs bosons,
together with the cross sections
corresponding to the six selected
BPs of the N2ZHDM

@ Springer

Parameter/observable BP1 BP2 BP3 BP4 BP5 BP6
ma (GeV) 712.2 772.67 640.04 601.21 658.33 630.11
mpy+ (GeV) 709.04 776.41 654.53 604.04 663.11 654.45
m%z (GeV?) 84725.4 71277.6 82115.1 61133.1 69580.1 65586.7
tan 8 1.3 1.0 1.3 2.0 1.8 1.2
8Hyii 1.024 1.038 0.955 0.981 0.989 0.986
SHVV 1.000 1.000 0.954 0.990 1.000 0.930
sign(R13) - + - + - +

Ra3 —0.671 —0.569 —-0.921 0.887 0.436 0.870
vs (GeV) 1511.3 2357.5 1945.8 1667.5 2025.9 2459.4
8Hyti 0.545 0.766 —0.092 0.106 0.533 —0.089
8Hyti 0.505 0.509 0.805 —0.533 —0.203 —0.827
&Hbb 0.959 0.956 0.952 1.024 1.030 0.846
&b —0.984 —0.879 —0.636 —0.998 —1.490 —-0.771
8Hsbb —0.880 —0.627 —1.202 1.684 0.831 1.091
SHYVV —0.029 —0.024 —0.289 —0.120 0.038 —0.362
SHVV —0.143 —0.037 0.077 —0.079 0.038 —0.061
SHIAA 82.120 111.190 56.667 51.450 66.070 61.080
SHyAA —2.585 —3.303 —22.422 —9.804 2.731 —30.780
8H;AA —1.142 —4.892 6.175 —3.003 3.429 —3.474
8H\AZ» 8H HYW~ —0.031 —0.041 —1.398 0.018 0.017 —0.069
8HyAZ» 8HyHY W~ —0.741 —0.822 —0.262 —0.446 —0.899 —0.334
8HyAZ» 8HyHY W~ —0.671 —0.568 —0.965 0.895 —0.437 0.940
SH H+H- 81.039 112.584 60.978 52.263 67.588 68.084
8HyH+H- —2.554 —3.336 —23.728 —9.903 2.788 —33.502
SHyH+H- —1.127 —4.943 6.523 —3.068 3.487 —3.930
SH H H, 3.006 3.319 4.774 7.359 7.472 0.159
SH H H) —1.512 —1.260 —6.579 —2.557 1.404 —7.562
SH H H; —1.083 —1.351 1.709 —2.238 0.666 —0.206
SH HyHa 0.314 5.460 2.100 2411 1.883 7.209
SH HyHy 0.325 3.736 —0.231 —1.453 —0.954 —1.479
8H HyHs 0.226 2.682 1.249 4.826 0.296 8.859
SHyHy Ha —63.753 —46.913 —30.048 —44.402 —95.745 —22.313
SHyHy Hy 3.092 0.163 —0.700 6.525 1.830 7.870
SHyH3 Hy —3.725 —3.740 —4.920 —2.443 1.860 —8.990
8H3HsHs —50.644 —27.989 —74.038 98.871 53.169 55.571
In, (GeV) 1.63 3.13 3.15 0.58 1.58 4.67
Iy (GeV) 1.38 1.43 3.62 1.78 0.27 3.68
022 (fb) 122.9 99.2 102.9 204.9 93.0 120.7
0, (fb) 35518.6 13465.4 280.4 144.9 115.8 98.0

oy (fb) 34536.1 13417.6 260.1 96.6 62.9 101.3
o. (fb) 154.3 146.7 153.1 96.2 63.6 102.6
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Fig. 6 Various cross sections as functions of the couplings g7 (left) and g, ,; (right). The point on a line marks the actual value of the plotted
coupling for the corresponding BP. See text for more details
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tive of those observed across all the 100 points obtained for
the mpy, = mpy, = 410GeV scenario. Once again, for each
BP in a given panel, all the remaining couplings are fixed
to the values described in Table 2. The red lines in the figure
correspond to BP1, green to BP2, olive to BP3, violet to BP4,
blue to BP5 and orange to BP6. The point on a line in a given
panel marks the actual value of the plotted coupling for that
BP. The horizontal black lines in the panels in columns 1, 2
and 3, indicate the current experimental limit on /gps pair-
production cross section [55], which we approximate to be
Ipb formpy, = mp, = 410GeV considered here. Note also
that, since only the product of the corresponding H> and H3
couplings enters the i Jm I153(§) element of the Higgs propa-
gator matrix, the behaviour of o, with varying H3 couplings
should by and large mimic that with varying H> couplings.

In the left column of the Fig. 6, one sees that the presence of
an additional Higgs boson degenerate in mass with A, elim-
inates the peaks appearing at specific values of g, ,7 in 02x2,
so that the variations in o}, in the second row are smoother
than in the first row. As expected, o, shows a very similar
behaviour for BP1 and BP2, reaching values even higher than
the true ones for slightly different positive gp,,; (recall that
g Hy:i 18 also positive for these two points). Thus g, 2 0.1
would be ruled out by the LHC hgpshops-production lim-
its. When gp,,7 switches sign to negative, o}, drops to much
smaller values. The introduction of the full propagator matrix
then largely mitigates the very strong dependence of the cross
section on positive gg,7, as seen in the third row, bringing
it down to values consistent with experimental bounds. And
since o shows little variation with gy, 7, the shapes of the
red and green lines in the bottom row of this column (and
also of the right column) are very similar to those in row 2,
with R, reaching about 900 for the BP1.

Cross sections for BP3 and BP4, both of which have g, 7
with mutually opposite signs but very similar magnitudes,
show similar trends to each other with the variations in gz,
across the four panels on the left. For these two points, the
peaks in 07 7 are the tallest, while oy, and even o violates the
experimental bound for large negative gy,,;. BP4 and BP5,
likewise mimic each other’s behaviour for positive gg,,;, but
since BP4 has a negative gp,,; larger in magnitude than that
in BP5, its dependence on negative gp,,; is much more pro-
nounced for both oy, and o¢. The right column of the figure
shows negligible dependence of o}, on g, ,,; for all the BPs
expect 1 and 2 and, conversely, the least variation in o, for
these two BPs. This is due to the fact that for these points
8m,ph and gp,,5 both have negative signs, opposite to the
signs of the two top-Yukawa couplings which have a much
more dominant effect.

The left column of Fig.7 illustrates that the gy,yv cou-
pling plays a role as crucial as the top-Yukawa couplings.
Similarly to the NMSSM, these couplings originally have
generally quite small magnitudes, as a consequence of the

very SM-like properties of the H;. For this coupling, the
two peaks appearing in o347 are replaced by a tall narrow
peak in oy, close to gg,vy = 0. The introduction of the
full propagator matrix brings even the highest of all the peak
values of oy, seen for BP1 and BP2, down to an experimen-
tally acceptable sub-pb level. The shapes of all the lines are
hence largely dictated by the interplay between the signs and
sizes of the top-Yukawa and gauge couplings of H, and H3.
In the right column is depicted the dependence of the cross
sections on g, , H,, Which is the only coupling of signifi-
cance other than the ones discussed above. Here, 62«2 shows
a sharp dip at the zero of this coupling, since it also enters the
H, — Hj H decay besides the self-energies. This sharp dip
shifts away from zero for oy, according to the relative sign of
the diagonal H3 contributions to the propagator. It returns to
zero when the off-diagonal terms are also turned on. Around
the minimum, o, shows a fairly symmmetric behaviour in
both signs of gx,n, 1y, as do o}, and o,. Unlike these two
cross sections, however, o, increases rather smoothly.
Finally, a negligible dependence of each of the cross sec-
tions on all of the remaining couplings given in Table 2 was
noted, since the corresponding particle pairs are rather heavy.
The contribution to the Higgs self-energies from even the rel-
atively lighter pairs, such as AZ and H+ W, for any value
of the coupling is vanishing. Plots illustrating variations in
the rest of the couplings can therefore be safely dropped.

5 Conclusions

The commonly adopted approach of calculating the cross
section for a given 2 — 2 process by factorising it into
its production and decay parts cannot account for possible
quantum interference amongst the propagators of several
mass-degenerate states. This is because such an approach by
construction assumes narrow widths for the resonant media-
tors. In some previous papers we explored such interference
effects in the case of the gluon-fusion production of certain
SM final states, via two highly mass-degenerate Higgs medi-
ators. The mass-splitting between the two intermediate Higgs
states being comparable to or smaller than the sum of their
widths is a precondition for such effects to be sizeable, in
both the integral and the differential cross section. The rea-
son for their onset is that the imaginary off-diagonal elements
of the Higgs propagator matrix become comparable to the
imaginary parts of the diagonal elements, irrespectively of
whether they are taken into account coherently or incoher-
ently. These studies were performed within the illustrative
theoretical framework of the NMSSM.

In this article, we have extended our investigation to the
pair-production of the lightest of the three NMSSM neutral
Higgs scalars, Hj, at the 14TeV LHC, taking into account
the contributions of the triangle as well as the box diagram
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that this process proceeds through. We have investigated the
impact of not only the interference between these two topolo-
gies, but also of the aforementioned propagator interference
between H, and H3 within the triangle topology on the cross
section for Hy H| production. Furthermore, since the low-
est H3 mass attainable in the NMSSM is 405 GeV, owing to
the bounds from the LHC searches, we have also included
the N2HDM in our analysis. In this framework, since the
physical Higgs boson masses are input parameters, we could
choose any desired (unique) value for m y, and m y;, which
allowed us to study also the scenario where they contribute
non-resonantly to the triangle topology for the studied pro-
cess.

In the case of the NMSSM, we have found the effects
of the inclusion of the full Higgs propagator matrix in the
triangle topology to be similar in size to those established
in our previous studies. However, given the various con-
straints imposed, since the minimal mass-splitting between
Hj and Hj is obtained in a very narrow region of the param-
eter space where, however, the sum of their widths never
exceeds it, the effect is largely subdued. In this region the
box diagram and the triangle diagram with (an off-shell) H;
in the propagator contribute much more dominantly to the H
pair-production process. The narrowness of this region also
means that a nearly constant negative interference is always
observed between the two topologies.

In the N2HDM, on the other hand, we have seen that the
propagator interference effects can modify the cross section
by more than two orders of magnitude. Of particular impor-
tance is the observation that these effects tend to ‘regulate’
the behavior of the total Hy H; cross section, smoothing the
peaks that appear in it for certain specific values of the H»
and Hj couplings, and generally bringing it down to values
consistent with the current LHC limits. Moreover, herein the
interference between the box and triangle topologies can be
positive or negative, as a consequence of the relatively wider
ranges of the magnitudes and sign combinations of the Higgs
boson Yukawa couplings. Clearly, such a disparity between
the results obtained for this model and those for the NMSSM
is due to the fact that supersymmetry imposes strong limita-
tions on the masses and couplings of the heavy Higgs states.
In the N2HDM, these quantities are essentially free param-
eters. But even in this model, when m y, and m y, lie below
the Hj Hj production threshold, the propagator interference
effects tend to vanish. In this case the one-loop two-point
functions corresponding to the off-diagonal elements in the
Higgs propagator matrix are too small to be able to overcome
the kinematic suppression.

Finally, we emphasise that we have reached the above
conclusions on the basis of a detailed analysis at the level
of the total cross section. As for their phenomenological rel-
evance, the LHC may develop sensitivity to all such inter-
esting dynamics already at its upcoming Run 3, at least in
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the N2HDM. Hence, for the purpose of aiding experimental
efforts in establishing all the effects studied here, we have
proposed some BPs, compliant with the latest theoretical
and experimental constraints, that are amenable to dedicated
probes by the ATLAS and CMS collaborations.
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