Eur. Phys. J. C (2026) 86:210
https://doi.org/10.1140/epjc/s10052-026-15408-6

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Loop-corrected trilinear Higgs self-couplings in the NMSSM with

inverse seesaw mechanism

Thi Nhung Dao'*@®, Martin Gabelmann?@®, Margarete Miihlleitner>°

! Phenikaa Institute for Advanced Study, PHENIKAA University, Hanoi 12116, Vietnam
2 Albert-Ludwigs-Universitit Freiburg, Physikalisches Institut, Hermann-Herder-Str. 3, 79104 Freiburg, Germany
3 Institute for Theoretical Physics, Karlsruhe Institute of Technology, Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany

Received: 10 July 2025 / Accepted: 7 February 2026
© The Author(s) 2026

Abstract The higher-order corrections for the SM-like
Higgs boson mass and the trilinear Higgs self-couplings in
the Next-to-Minimal Supersymmetric extension of the Stan-
dard Model (NMSSM) with Inverse Seesaw Mechanism are
significant and highly correlated. We present here the full
one-loop corrections to the trilinear Higgs self-couplings
supplemented by the dominant top-Yukawa and strong cou-
pling induced two-loop corrections from our previous cal-
culations in the complex NMSSM. These corrections are
performed consistently with the corresponding Higgs boson
mass corrections. We discuss in detail the new effects from
the extended neutrino and sneutrino sectors on both the tri-
linear Higgs self-couplings and the SM-like Higgs boson
mass. When compared to the case of the NMSSM without
Inverse Seesaw Mechanism, the new effects can be up to
10% for the effective SM-like trilinear Higgs self-couplings,
and up to 4.5% for the SM-like Higgs boson mass for valid
parameter points, i.e. points satisfying the Higgs data, the
neutrino data, the constraints from the charged lepton flavor-
violating decays, and the new physics constraints from the
oblique parameters S, 7', U. The new corrections are also
included in the Higgs-to-Higgs decays for the heavy Higgs
states and implemented in the new version of the Fortran
code NMSSMCALC-nusSS.

1 Introduction

The Standard Model (SM) has been shown to describe the
world of particle physics successfully at the highest preci-
sion. Moreover, it has been structurally completed with the
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discovery of the Higgs boson by the Large Hadron Collider
(LHC) collaborations ATLAS and CMS in 2012 [1,2]. The
subsequent measurements of the properties of the discovered
particle are consistent with the predictions of the SM [3,4].
Despite its success, the SM cannot explain certain phenom-
ena. Among these are the explanation of the tiny non-zero
neutrino masses, the existence of Dark Matter (DM), and
the observed baryon asymmetry of the Universe. The SM
needs to be extended in both its particle content and symme-
try principles in order to address these questions. In the SM,
neutrinos are massless since only left-handed neutrino com-
ponents are included. The Higgs sector is minimal, consisting
of only one Higgs doublet. There is no interaction between
the Higgs boson and neutrinos. The Higgs and the neutrino
sector, hence, do not have an impact on each other. The situ-
ation changed with the discovery of the neutrino masses [5].
The need to accommodate non-zero neutrino masses requires
an enlarged neutrino sector, implying interactions between
neutrinos and the Higgs boson. In line with the Higgs mech-
anism for the generation of particle masses, the tiny neutrino
masses would lead to tiny neutrino Yukawa couplings. This
is, however, not the case in the so-called inverse seesaw mech-
anism, [6,7], which allows for possibly large couplings. In
this situation, one can expect a significant interplay between
the two sectors and noticeable impacts of the neutrino sector
on the Higgs observables.

Supersymmetric theories [8-21] belong to the most
intensely studied and best-motivated theories beyond the SM
that potentially solve the most pressing open questions cited
above. They require an extended Higgs sector entailing an
enlarged Higgs spectrum with an interesting phenomenol-
ogy. Calculations performed within supersymmetry can be
transferred to other benchmark models with extended Higgs
sectors that are tested by experiment, like e.g. the 2-Higgs-
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Doublet Model (2HDM), with a minimum of effort. In super-
symmetry, the mass of the SM-like Higgs boson is not a
free parameter. It is obtained from the supersymmetric input
parameters, and higher-order corrections are crucial in this
context to obtain a Higgs mass value that is compatible with
the 125 GeV mass measured by the LHC experiments (for
recent reviews, see [22,23]). Precision calculations of the
Higgs mass combined with precision measurements conse-
quently allow us to restrict the allowed parameter space of
supersymmetry and further pin down a more-fundamental
theory describing nature.

Investigations of the heavy neutrino impact on the SM-
like Higgs boson mass have been performed in some super-
symmetric extensions. In the Minimal Supersymmetric Stan-
dard Model (MSSM) [24-27] extended by the seesaw mech-
anism, the corrections stemming solely from the heavy neu-
trinos and their superpartners can be several GeV, cf. [28—
33]. The MSSM extended by a complex singlet field, the
so-called next-to-Minimal Supersymmetric Standard Model
(NMSSM) [11,14,16,17,34-45], solves the u—problem and
provides with its non-minimal Higgs sector and larger neu-
tralino sector a rich phenomenology [46,47]. The NMSSM,
with an extended neutrino sector, can have a significant
impact on the SM-like Higgs boson mass, as shown in [48—
50]. Recently, our group has also contributed to the investiga-
tion of the Higgs boson mass in the context of extended Higgs
sectors in supersymmetric theories. We have calculated in
[51] the full one-loop corrections in the complex NMSSM
extended by six singlet leptonic superfields together with the
dominant two-loop corrections computed at O(atz) in the
limit of the complex MSSM and the O(«;a;) corrections in
the vanilla complex NMSSM. We found that the impact of
these singlet superfields on the /,,-like Higgs boson! can be
of upto 5 GeV, taking into account the constraints from Higgs
data, active light neutrino data, oblique parameters, and lep-
ton flavor violation decays such as u — ey and T — ey,
T — py. We have furthermore found significant effects of
the extended (s)neutrino sector on the muon/electron anoma-
lous magnetic moment (AMM), as shown in [52], where we
also computed the impact on the electric dipole moment.
All our calculations have been implemented in the pub-
lic Fortran code NMSSMCALC-nuSS, which computes
the Higgs boson masses and mixings as well as the Higgs
boson decay widths and branching ratios, taking into account
the state-of-the-art higher-order QCD corrections. The code
furthermore calculates the electric dipole moment and the
anomalous magnetic moment of charged leptons, including

! The Higgs boson with dominant up-type-like doublet component /,,
behaves like the SM Higgs.
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the full one-loop and the dominant two-loop corrections.

The ultimate confirmation that the Higgs mechanism is
responsible for mass generation is given by the reconstruc-
tion of the Higgs potential itself. This requires the mea-
surement of the Higgs self-couplings [53-55]. At the LHC
the trilinear Higgs coupling (THC) is directly accessible in
Higgs pair production through gluon fusion at hadron col-
liders [54,56] and in double Higgs strahlung and W boson
fusion into Higgs pairs at eTe™ colliders [53]. The Higgs
boson couplings to the SM particles have been measured to
be SM-like. The current experimental constraints at 95% CL
on the THC modifier «;, given by the ratio of the SM-like
THC in the new physics model Ay, to the tree-level THC
)L(S?\),[ of the SM, «; = khhh/ké(;\),l, on the other hand, are
still rather loose, with —1.2 < k) < 7.2 given by ATLAS
[57] and —1.24 < k) < 6.9 given by CMS [4], assum-
ing a SM top-quark Yukawa coupling. There is hence still
room for beyond-SM physics in the THC [58]. In the high-
luminosity phase of the LHC, it is expected that the sensitivity
range can be reduced to —0.5 < k) < 1.6 [59], at high-
energy linear colliders a 10-20% accuracy can be reachable,
see e.g. Refs. [60—62], and at the high-luminosity 100 TeV
hadron collider the THC can be measured with about 3.5-8%
accuracy [63]. This requires precise theoretical predictions
of the THC in the SM as well as models beyond the SM.
Moreover, the Higgs boson mass and the THC are intimately
related through the Higgs potential. For the consistent inter-
pretation of the experimental results, the predictions for the
Higgs boson mass and the trilinear Higgs self-coupling hence
have to be provided by theory at the same precision. Devia-
tions of the THC from the SM value lift the destructive inter-
ference between the triangle and box diagrams contributing
to gluon fusion Higgs pair production at the LHC. The impact
of potentially large higher-order corrections and interference
effects on the comparison between the experimental results
and the theoretical predictions for Higgs boson pair produc-
tion at the LHC can therefore be substantial [64—66].

In the SM, the tree-level THC )L(S?\)A is uniquely deter-
mined by the Higgs boson mass My as )»g])&[ = 3M%{/v,
where v &~ 246 GeV denotes the vacuum expectation value.
In the on-shell scheme, the dominant one-loop corrections
[67] and the dominant two-loop corrections [68,69] arising
from the top-quark Yukawa coupling are of about —8.5% and
+1.4%, respectively. In the MSSM, the one-loop corrections
to the effective trilinear couplings have been provided many
years ago in [67,70,71]. The process-dependent corrections
to heavy scalar MSSM Higgs decays into a lighter Higgs
pair have been calculated in [72,73]. The two-loop O(«; o)
SUSY-QCD corrections to the top/stop-loop induced correc-
tions have been made available within the effective potential
approach in [74]. In the NMSSM, we provided the full one-
loop corrections for the CP-conserving NMSSM [75]. They
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are sizeable so that the inclusion of the two-loop corrections
is mandatory to reduce the theoretical uncertainties due to
missing higher-order corrections. Consequently, we subse-
quently calculated the two-loop O (o5 + octz) corrections
in the limit of vanishing external momenta in [76,77], in the
CP-violating NMSSM. The full one-loop corrections to the
Higgs-to-Higgs decays and other on-shell two-body decays
were implemented in [78]. For corrections to the trilinear
Higgs self-couplings in non-supersymmetric (non-SUSY)
Higgs models, see for example Refs. [79—87] for one-loop
and Refs. [68,69,88-91] for two-loop results, and Refs. [92—
101] for the process-dependent Higgs-to-Higgs decays at
one-loop level.

In this paper, we extend the computation of the higher-
order corrections from the masses to the trilinear Higgs self-
couplings in the framework of the complex NMSSM with
the inverse see-saw mechanism as a benchmark model that,
as a SUSY model, allows for the solution of several open
problems of the SM and, with its inverse see-saw mecha-
nism, allows for an explanation of massive neutrinos. Since
the effect of the extended (s)neutrino sector on the mass can
be significant, as we found in [51], where we calculated the
full one-loop corrections to the Higgs boson mass consis-
tently combined with the dominant Yukawa and strong cou-
pling induced two-loop corrections, sizable effects on the
THC can be expected as well. In a simple extension of the
SM including one Dirac heavy neutrino, the impact of the
one heavy neutrino on the SM THC has been investigated in
[102]. It can be of order +20% to +30% if the off-shell Higgs
momentum is fixed to g7, = 2500 GeV. The conclusion is
further confirmed in the SM with the inverse seesaw mech-
anism, provided that the magnitude of the neutrino Yukawa
coupling |Y,| > 3 [103].

Furthermore, we quantify the effect of the (s)neutrinos
on the THCs when including higher-order corrections and
investigate their correlation with the previously computed
higher-order corrections to the Higgs boson masses, taking
into account the current constraints from the LHC Higgs data,
from active neutrino data as well as the LHC constraints on
the search for electroweakinos, charged sleptons and sneutri-
nos. In detail, we compute the full one-loop corrections from
all sectors of the model to the THCs taking into account the
full dependence on external momenta. Furthermore, we fac-
torize the dominant corrections from the (s)top sector and
the heavy neutrinos and their superpartners and then include
them to the effective trilinear Higgs self-couplings which
are defined at the zero external momentum. Additionally, to
improve the accuracy of the theoretical predictions for the
THCs and the Higgs-to-Higgs decays, we include also the
dominant top-Yukawa (o) and strong coupling (os) induced
two-loop corrections of the order O(a; (o5 + «;)) from our
previous calculations [76,77] in the complex NMSSM. Our

results are implemented in the new version of the code
NMSSMCALC-nusSS.

The outline of the paper is as follows. In Sect. 2 we intro-
duce the NMSSM with the inverse seesaw mechanism at tree
level and set our notation. In Sect. 3 we describe our compu-
tation of the electroweak one-loop corrections to the THCs.
In the numerical results presented in Sect. 4 we analyze the
impact of the (s)neutrino sector on the THCs in comparison
with their impact on the SM-like Higgs boson mass. Further-
more, we investigate the electroweak corrections as a func-
tion of the relevant (s)neutrino sector parameters and discuss
scatter plots obtained from the parameter scan. In Sect. 5 we
summarize our results.

2 The model at tree level

We consider the complex NMSSM with inverse seesaw
mechanism, abbreviated as NMSSM-nuSS. Its main differ-
ences compared to the usual complex NMSSM are in the neu-
trino and sneutrino sectors. We have introduced the model in
detail in our previous studies [51,52]. In the following, we
only give a short introduction into the model and refer the
reader to [51,52] for a detailed discussion.

The NMSSM-nuSS extends the complex NMSSM by
including six gauge-singlet chiral superfields Ni, Xi (i =
1,2, 3) that carry lepton number. We further impose a dis-
crete Z3 symmetry with a unit charge of @ = €/%*/3 on
the NMSSM-nuSS. With the particular Z3 charge assign-
ment presented in [51] we find the following NMSSM-nuSS
superpotential®

PR 1 .
WiMssMnuss = Waissm — €apASHS HY + §/<S3

— yveabI:I,flA,ch +Axg)2)2 + Mx)A(NC ,
(1)

where the complex MSSM superpotential is given by

AL A A ~

WMssM=—€ab (yu A QP Uy, HY bec—yeﬁfibﬁc> .
(2)

In the above expressions, the quark and lepton superfields
are denoted by Q U,Dand L, E, respectively, whereas
the Higgs doublet superfields are Hy, H, and the singlet
superfield is S. The totally antisymmetric tensor is given by
€12 = €'2 = 1. Charge conjugated fields are denoted by
the superscript c. Color and generation indices have been
omitted. The quark and lepton Yukawa couplings vq, yu, Ve

2 In comparison with [51,52] we have changed the notation of px to
My.

@ Springer
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are chosen to be real and diagonal. However, the coupling
and mass matrices in the neutrino sector, y,, Ay, My, are
in general non-diagonal and complex. The NMSSM-specific
coupling parameters A and « are complex. The soft SUSY-
breaking NMSSM-nuSS Lagrangian respecting the gauge
symmetries and the global Z3 symmetry reads

LNissMonuss = LxMissm + (€apyv Ay HILPN*
+ )LxAXsXX + ,U«XBIU,XXN + h.c.)

— ik ]x\ 3)
with the neutrino trilinear couplings A,, Ax and the bilin-
ear mass B ,. The soft SUSY-breaking mass parameters
nﬁ%,ﬁﬁv are 3 x 3 matrices and the soft SUSY-breaking
NMSSM Lagrangian is

—m%{deTHd —m* QTQ

—m2LTL — m? —m2
miL'L mg URUR dedeR

Lsoft, \MSSM = mH HH,

(eijlyeAcHL,LI &%
+ yaAdH O/ dy — y, Ay HL QT i1 + hic.)

2 ~k 5
— mEReReR -

| I - -
— 5 (MiBB + MyW;W; + M3GG +h.c)

20 a2 i 1 3
~m3|SP+(eijh Ay SHyH] — Sk AcS* hec)

“

We treat all soft SUSY-breaking gaugino mass parameters
Mk (k = 1,2,3), of the bino, wino and gluino fields, B,
W, (I = 1,2,3) and G, respectively, as well as the soft
SUSY-breaking trilinear couplings, A, (x = A, k,u,d, e),
as complex. In this model, there are only two lepton number
violating terms, namely Ay SXX and A xAx SXX.

The tree-level Higgs potential is given by
Vi = (IASIP+m3; ) H) Hy+(AS1*+m3; ) H) Hy+m3| S|
1 " 1
+5(83 + gD (HyHa = HIH)® + 23| Hy Hul®
+| — €AHy  Hy j+xS*)> + [ — €/2ASHy i H
1 3
+§KA,<S +h.c.], 4)

where g1 and gp denote the U(l)y and SU(2); gauge
couplings, respectively. Electroweak symmetry breaking
(EWSB) occurs at the minimum of the Higgs potential where
the three neutral Higgs boson fields acquire non-vanishing
VEVs,

vg+hg+iay h+
[ u

Hy = V2 , Hy =% | vthytia, | »
hy V2

@ Springer

PUA .
Szﬁ(vs + hs +iay), (6)

with the CP-violating phases ¢, ;. After EWSB, the W and
Z bosons get masses,

1 1
M%V = Zg% (v5+v§) , M% = Z(glz+g%) <v3+v3>.
N

The two VEVs v, and v, are replaced by tan 8 and the SM
VEV,

v
tan 8 = —",

v = v,f + v[% , (®)
Ud

and the singlet VEV is related to the effective p parameter
by

Lvgel®s

Meff =
) V2

The Higgs potential can be cast into the form

(C))

Vi V,C;’““—Hh Jha+tn, hy+in, hs+ta,a0+ta, ay + ta,as
3 4
+5¢°~TM¢¢ 40T My 0V + V], (10)

with ¢ = (ha. hu, hy, ag, aw, a)" and ¢¢ = ((hg)*, h)'.
The six tadpole coefficients are given by

hy _ 5 c2pM7  |i|tan Bu
Va ) 2

—\/QImA;Ls%_wy + «/EReA,\c%_(py)

(|K|C<pyvs

1
+ 3127 <sﬂ2v2 + vf) (11a)
2
In, 2 M7 v ( NG
= — - —+/2ImA _
vy ", 2 2tan B liclcg, vs MA@ —¢y

+ﬁReAAc¢w_¢y)

1
+ 3127 <cﬂ2v2 + vf) (11b)
Iy 2 20 AP
D v
vs s+l 2
\/zvs (py
[k |vs(ReAicy, —ImA,sg,) (11¢)
V2
ta, 1
v_; = §|A|us (—|K|USS%, + «/EImA/\C}pw—wy
+\/§R6A1s¢w7¢y) (11d)

1
faw = Tan gl (1)
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1
o = Stcpn? (2, + VEmasc -,

~|—\/§RCA)LS%)7%)

lik|v2(Im A, cy, + ReAysy,)
V2 ’

where the complex parameters A, and A, are decomposed
into the corresponding imaginary and real parts. We intro-
duced the short-hand notation ¢, = cos x and s, = sin x. The
two combinations of phases that enter the tree-level potential
are

(11f)

(12a)
(12b)

Oy =@ — Qo+ 205 — @y
Vo = O + 305 .

Since we require the five independent tadpoles to vanish at
the minimum of the potential, we can use these minimum
conditions to eliminate a set of five parameters which we
choose as {m%id, m%i ,mS, ImA;,ImA,}. The 6 x 6 mass
matrix for the neutral H1 ggs bosons, M4, and the 2 x 2 mass
matrix for the charged Higgs bosons, M, +j-, can be found

in [104]. The triple Higgs interactions are collected in V¢3,
their explicit expressions can be found in the appendix A of
[76]. Constant terms and quartic interactions are summarized
in V™" and fo, respectively.

The neutral Higgs mass matrix Mg, is diagonalized by
an orthogonal matrix R’ such that

dlag(mhl,mﬁz, mi, mi4, mhi, o) = RHM¢¢RH T
(13a)
(h1, ha, h3, ha, hs, GOT = RT (hy, hy, hs, ag, ay, a)” .
(13b)

The tree-level masses are in ascending order, mj, < my, <
mpy < mp, < mp,.Inthe tHooft-Feynman gauge, the neu-
tral Goldstone boson tree-level mass is equal to the Z boson
tree-level mass. The charged Higgs mass matrlx My
diagonalized with an orthogonal matrix RH

diag(M?%+, M21) = R My (RET, (14a)
gt _ (—cosp sinf
RT = ( sin B cos,B) (14b)

where the charged Goldstone boson tree-level mass is equal
to the W boson tree-level mass in the ’tHooft-Feynman
gauge.

We chose the set of independent parameters entering the
Higgs potential as

{thda thua thS7 tad9 tasv MHia MW? MZa ev tanﬂ’ |)\'|5 Meff, |K|7
ReAK’ (p)w(pl(ku’ (pé} ’ (15)

or alternatively with Re A, instead of the charged Higgs mass
as input

{thy. thy th s tags tag, Mw, Mz, e, tan B, |Al, perr, ||,
ReA)nReAl(a (p)w (pl(’ (pbi’ §03} M (16)

The gauge, quark and charged lepton sectors of the
NMSSM-nuSS are similar to the SM. Likewise, the neu-
tralino, chargino, up squark, down squark, charged slepton
sectors are similar to the ones of the complex NMSSM. We
review here the neutrino and sneutrino sectors which we
focus on in this study. With the NMSSM-nuSS superpoten-
tial in Eq. (1), one can derive the mass matrix describing
the mixing between the three left-handed neutrino compo-
nents, vy, with the fermionic fields of the six leptonic singlet
superfields, Nf )2',', i=1,2,3,

1 VL
—=(ve N X) Mjgg | N© |, a7
2 X

L ass =

mass

where vy, N¢ and X are left-handed Weyl spinors and

0 Mp 0
ML 0 Mx|. (18)
0 My ux

v —
Migg =

The mass blocks Mp, Mx and ux are 3 x 3 matrices and

v ei(ﬂu ei(Px
‘ = Ox+2rh). (19)

v
—y 9 MX -
N V2

In the inverse seesaw mechanism, one assumes that there is
a hierarchy in the eigenvalues of the matrices wy, Mp and
My, Im*x| < |mMp| < |m
around eV can be obtained with Mx elements of O(TeV)
and y, ~ O(1). With this mass hierarchy, the 3 x 3 light
neutrino mass matrix can be approximated at leading order
as

Mp =

Miighe = MpMy' ML, with My = Mxpy' ML, (20)

and is diagonalized by the Pontecorvo—Maki—Nakagawa—
Sakata (PMNS) matrix Upmns,

m, = diag(m,,, m,,, m,,).

21

* . T _
Upnns Miight Upyins = v,

Neutrino oscillation data constrain the neutrino masses
(or relations among them) and the mixing angles entering
Upmns.- In order to be able to use these experimental results
as input, we re-parameterize the neutrino sector accordingly.
There are two common parameterizations in the literature.
Both parametrizations make use of Eq. (21) such that the

@ Springer
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light neutrino oscillation data can be taken as input parame-
ters. The three complex matrices Mp, iy, My are then not
entirely independent, but one of them will be computed from
the others. In the Casas-Ibarra parameterization [105], Mp
is computed from the relation

MD = Ulz‘MNs«/mpR\/ MNVU,
My = diag(My,, My,, My;) = V;My V), (22)

with R being a complex orthogonal matrix parameterized
by three complex angles (51,2, 3), and V,, is a unitary matrix
diagonalizing My. One can then obtain y, from Eq. (19).
In this parameterization, the set of input parameters in the
neutrino sector reads

mvl ’ ml)29 mV31 9127 9233 9137 8CP7 élv 529 531 MX9 /’LX- (23)

The second possibility used in this work is the u x-paramete
rization [106] in which py is computed from the relation
derived from Egs. (20) and (21),

- —1
px = M{Mp Uynsmo Upns My~ M., (24)

where M is calculated from the input y,. Therefore the set
of input parameters in this parameterization is given by

My, Moy, My, 012, 023, 013, 6cp, Mx, yy. (25)

After using one of the two parameterizations, we have
fixed all degrees of freedom of the three complex matrices
Mp, nux, Mx. We diagonalize the 9 x 9 neutrino mass matrix
in Eq. (18) numerically using quadruple precision to obtain
a unitary rotation matrix U" and nine neutrino mass eigen-
states with their masses m,, (i = 1,...,9) being sorted in
ascending order,

U MU = diag(my,, . .., my,). (26)

We define the Majorana neutrino fields as
Vi . .
n; = (v_l> with v, = U ivek + U ig+3) Ny
1
+ Ui k+6) Xk 27)
wherei =1,...,9, k=1, 2,3, and
v =iopv). (28)

The Majorana neutrino fields, n;, and their corresponding
mass eigenvalues are then used in our actual computation.

In the sneutrino sectors, we decompose each complex
scalar field into its CP-even and CP-odd components,

b= %2 by +iv_) (29a)
N =L (M n iﬁ,) , (29b)
NG

@ Springer
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X=— (% +i%-).
VAN

Due to non-vanishing CP-violating phases, the 9 CP-even

components mix with the 9 CP-odd ones resulting in the

mass term in the Lagrangian

(29¢)

Ly = %wTMm/f : (30)

where ¥ = (Vy, Ny, X4, v, N_, X_)T and Mj is an 18 x
18 symmetric matrix which can be found in [51]. We then
diagonalize the mass matrix My with an orthogonal matrix
Uy

18

diag (mgl,...,mz ):unguﬁr, 31)
and order the mass values as m}%l <...< m%ls. In addition
to parameters in the neutrino sector, the sneutrino sector has
the following chosen input parameters

AvamiamiamNaBﬂxv (32)

which are used to numerically obtain the mass eigenvalues
and mixing matrices as described above.

3 Loop corrections to the effective THCs and
Higgs-to-Higgs decays

Loop corrections are important for both the Higgs mass pre-
dictions and the triple Higgs couplings. In order to investi-
gate a correlation between the two quantities, it is therefore
mandatory to perform the calculation of the two using the
same framework, e.g. renormalization schemes and approx-
imations. In this model, there are five neutral Higgs bosons,
many of the triple Higgs couplings are non-vanishing at the
tree-level. We consider the loop-corrections to all of them,
therefore, the loop-corrected THCs considered in this study
can be expressed as follows:

7 _ M (2.a501) Q.af)
Mhihihie = Mhihjhg = Dhjgpe T Ak A Ay s
i, jk=1,..5, (33)

where Ay, ;n, are the tree-level THCs, A)L%j hy denotes the

. 2 2,02
one-loop corrections and A)\;li}f;“,f; 2 A)»;” hoj,’,;k are the dom-

inant two-loop QCD and electroweak corrections, respec-
tively. These two-loop corrections have been previously com-
puted in the zero momentum approximation in [76,77] for the
CP-violating NMSSM without inverse seesaw mechanism.
However, it is possible to embed them into the NMSSM-
nuSS in a straight-forward way [51]. Therefore, the approxi-
mation in the THCs is the same as the one in the Higgs mass
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calculation which includes also the two-loop O(a ;) and
O(a ) corrections.

In general, these loop-corrected THCs depend on the
external momenta. If the decay of the heavier Higgs bosons
into two lighter Higgs bosons is kinematically allowed, we
compute the decay width using the loop-corrected THCs and
the on-shell (OS) condition for external Higgs bosons. This
means that we set the momentum squared for each exter-
nal leg equal to the loop-corrected Higgs mass squared. To
ensure that the OS condition of the external Higgs bosons is
fulfilled, we take into account the appropriate wave-function
renormalization (WFR) factors [75,78]. The partial decay
width for the decay channel H; — H; Hy, where capital H
denotes the loop-corrected mass eigenstates and small 4 the
tree-level mass eigenstates, is then given by

A2, M%,j, M3,)
FHi—>H'Hk = R2 ! 3
! 167 M3,
2
HrogH zH 3 2 2 2
X Z ZUIZJJIZkkl)“hihjhk(MHiv MH]-, MHk)
i1, j1.k1=1
34

Here R, = 1/2 for two identical final states and R, = 1 oth-
erwise. Z denotes the wave-function renormalization factor,
which can be found in [75] for the real case and in [78] for
the complex case. In the following, weuse My, (i =1, ..., 5)
to denote the loop-corrected Higgs masses and m,; to denote
the tree-level ones. All possible decay channels have been
integrated into the computation of the total decay widths and
decay branching ratios of the heavy Higgs boson states.

The trilinear Higgs self-couplings are not only impor-
tant for Higgs decays, but can also enter e.g. the predic-
tion for Higgs pair production. At the LHC the dominant
Higgs pair production process is given by gluon fusion into
Higgs pairs which is a loop induced process. We discuss
here only the gluon fusion into two SM-like Higgs bosons,
gg — H;H; (H; = Hsm). At leading order, the Feynman
diagrams, involving triangle and box contributions, are sim-
ilar to the MSSM case [107,108], except for the ones involv-
ing a scalar Higgs boson in the s-channel, which gets con-
tributions from five neutral NMSSM Higgs bosons in the
general CP-violating case. Thus the cross section involves
couplings of the form A pgyHoqHsy aNd A Hoy How Hy £ Hsu -
Assuming that the loop corrections to the gluon fusion pro-
cess are dominated by the corrections to the trilinear Higgs
self-couplings, which is the case for large corrections to the
couplings between the Higgs bosons, the loop-corrected tri-
linear Higgs self-couplings can be used in the leading-order
gluon fusion process in order to obtain an approximate loop-
corrected production cross section. A proper treatment would
require the inclusion of the momentum dependence in the tri-

linear Higgs self-coupling as well as the calculation of notori-
ously difficult massive double-box diagrams. This is beyond
the purpose of the analysis in this paper, where we only
want to investigate the effects of the extended (s)neutrino
sectors on the gg — Hsm Hsm process.3 Therefore, we sim-
plify our investigation by using the effective loop-corrected
THCs, which are computed at zero external momenta. For
this, we include the effective loop-corrected THCs that con-
tain the dominant one- and two-loop contributions arising
from the (s)top sector as in Eq. (33) and the one-loop con-
tributions from the extended (s)neutrino sector. In the fol-
lowing, we describe in detail our computation of the com-
plete one-loop contribution in the NMSSM-nuSS to the triple
nggs couplings including the full momentum dependence
;,l)h e ( pl p2 2) and subsequently introduce the effective
trilinear Higgs self-couplings.

3.1 Complete one-loop corrections with full momentum
dependence

The renormalized one-loop corrections to the THCs can be
written in terms of the unrenormalized one-loop contribution

)‘gzt)h, Iy and the counterterm 6)“2}!_,' I

(1) (D 2 2 2 (D
A hih; hk(P] Pz P3)—)\hhhk(P1,P2’P3)+8Ahhhk
(35)

where the )L;l h iy AT€ computed from genuine one-loop trian-
gle dlagrams generated with FeynArts—3.11 [110,111]
and processed with FormCalc—9.8 [112] including full
external momentum dependence. The one-loop counterterms
can be written as

6
M 1
)\'h h hk = 5 Z (5zllihl)\’hlhjhk + 8Zhjh[)\'hihlhk
+52hkh1)\h1h_,-h/>

H pH hhh
+ Z R”IR]]IRkkl )‘zmkla (36)
i1, j1.k1=1

where we have identified 1 = G for simplicity of notation,
RH is the Higgs rotation matrix defined in Eq. (13b) and
8)\5’1}’]]11,{2 are the counterterms in the interaction eigenstates
(hg, hy, hs, aq, a,, as) and are given in appendix C of [76].

The renormalization scheme applied in this calculation is
the mixed OS-DR scheme as in our Higgs mass calculation
[51]. Here, we have the following two options. In the first

3 For a discussion of the momentum effects cf. e.g. [90,109].
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option, the input parameters are renormalized as

thas> thy» thys tag > tag, M=, My, Mz, e,

oS
tan ﬁs |)“|9 |I-’L€ff|v |K|7 ReAK 9 (37)

DR

where the first nine parameters including five tadpoles, three
masses and the electric coupling are renormalized in the OS
scheme, and the last five parameters are renormalized in the
DR scheme. The complex phases ¢y, ¢, ¢u, ¢s do not get
counterterms at the one-loop order. The explicit renormal-
ization conditions for these parameters can be found in [51].
In the second option, with Re(A) ) as input parameter instead
of M+, we renormalize the input parameters according to

thd?”’lu’thsatadvtasaMW7M2767

oS
tanﬁs |)"|9 Meffa |K|7 ReA)wReAK . (38)

DR

We have checked that A)Lglli)hj i p%, p%, p%) are UV finite and
that in the limit of vanishing neutrino Yukawa couplings, our
results are in agreement with [75] for the real NMSSM and
with [76] for the complex NMSSM.

3.2 Dominant one-loop corrections to the effective THCs

The effective loop-corrected THCs can be defined as the third
derivative of the effective potential with respect to the Higgs
fields as

2yyeff
= OV (39)
i 0h;oh jahk
which is equivalent to )AL;,I. hjhy in Eq. (33) evaluated at zero
external momenta. However, the zero-external-momentum
approximation is known to become unreliable in scenarios
that feature very light or even mass-less scalar states. The
singlet-like pseudoscalar state of the NMSSM is a possible
candidate for such a state [75]. Therefore, it is important to
organize the calculation to be numerically robust in scenarios
with a light pseudoscalar. While several workarounds exist in
the literature, see e.g. Refs. [113—117], we simply evade the
problem of infra-red divergences by identifying the dominant
contributions to the effective trilinear coupling and compute
them explicitly at vanishing external momenta. Therefore,
all two-point and three-point one-loop integrals will be writ-
ten in terms of one-loop tadpole integrals. We compute the
effective trilinear couplings assuming that the most domi-
nant contributions are the O(«;) corrections originating from
the (s)top sector, due to the large top Yukawa coupling, and

@ Springer

the (s)neutrino contributions that also naturally feature O(1)
Yukawa couplings due to the inverse seesaw mechanism. To
further simplify the calculation and to focus on the largest
corrections, we have performed the calculation in the gauge-
less limit where the electric coupling is set to zero (e — 0)
but the electroweak VEV is kept non-zero (v # 0). For the
O(ay) corrections, the following set of parameters has to be
renormalized,

2
t]’ld! t/’ll” t/’l.‘-s tadv tas, MH:E: U, tan ﬁ’ |)"| ’ (40)

where the first seven parameters are renormalized in the OS
scheme and the last two parameters are renormalized in the
DR scheme. Explicit expressions of the O(«;) contributions
to the one-loop counterterms, 8ty , 8ty,,, 8tp, , 8tay, Sta,
8M12{i, dv, dtan B, 6 |A|, are given in [76]. In this study we
assume that the neutrino Yukawa couplings are large. There-
fore, the contributions from the (s)neutrino sector can be sig-
nificant. In the following, we present the analytic expres-
sions of the neutrino and sneutrino contributions for the OS
counterterms (8, 8tp,, 8tn,, 8ta,, 8tay, (SM%Ii, év). In the
gaugeless limit, the counterterm of the SM VEV can be
expressed as

2 2 2 2
@:C_VZ<W_22_W_2W)+EW_2W, 41)
v 22 \ M2 M%) T2 M
where
My _ 29: " j’zl Uy | 1

2~ 2.2 -
My, P 8m4v €
{ 3018
2 2 2 2
M [21 Zl(uﬁﬁ + Ui ) POl m7 )
i=1j=
(42)
3 9 L
+43 " A2 ) =2 Y (1= 2Inm2))
i=1 l i=1
3
ma > Uy |2} 43)
j=1
My _ i m, ?;1 |u”i.i|2l
M2 - pa 8mw2v? €

18
1
+W[Zgﬁi6izon(m%i)

i=1

18
+4) g%,gszoo(m,%l,,m,%,_l,)]
ij=1

9
+2 ) [— 2Bo(my,, my (gl P +i <))
i,j=1
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—4(A0(mﬁj) — 2Bgo(m;,. mrzzj)

—I—Bo(mii,mﬁj)mﬁi)lgﬁivjzﬁ] (44)

where lnm_,zli = ln(m,%i / ,u%) (g denotes the renormaliza-
tion scale) and the couplings read

3
1 * * * *
8uivjzz = 5 Z (uvzkum +u\7i<k+9)u‘7i(k+9)) ’ )
k=1
1 3
-~ = — x ¥ ; 4
8uiv;2 = 5 Z (uﬁi(k+9)uﬁjk uﬁikuﬁj(ﬂ")) ’ (416)
k=1
gk, = ‘Z“w . (47)

The charged Higgs mass counterterm is given by

M, = e AS(m?)
HE* — 32n2gH+n,~n,'H_ 0 n;

“lon 2gH+l,l,H—A0(m )

1

T
1 2

8JT2 mni

~ €r..2 2
gﬁile*‘ By (m[,» mg.)

2
B (0, m;), (48)

L
gn,-lj If+
and the neutral Higgs tadpole counterterms #, (hy =
hd, huv th ad, a_&‘) read

18

8hini it

) _ injny

8ty = Zl 3072
j:

Ajm3 )

1
g Relg I, AGOn ). (49)
The couplings of the charged Higgs boson to the neutrinos,
the charged leptons, the sneutrinos and the selectrons are
given by

gH+ﬁjﬁjH7

3
1
= _ECIZS Z (yv )ll,lz(y\/);kl,l3

I1,1,13
D D . 9D
X[ il3+3 (Uj,12+3 -1 Uj,12+12)
v <90
_H/{ 3412 (Z/l./,12+12 +1 ujslz-&-3>

+( a3 — iU 12+12) (U;,13+3 +i U;,13+12)}

3
1 .
+§C,3 sg E {e”p“)\()» x 0

Il
B B
X[—Ui,zfm (uj,11+6 iU 11+15)

v v - 2D
+U; 1,415 (uj,11+15 R uj,ll+6)

- (Uiﬂ,11+6 i 11+15)

(u]l?,lz-‘rﬁ iuy 12+15):| — e
><|: i‘?12+6 (u}?,11+6 + iuJ?JIHS)

+ild] D415 (Z’[J?JML6 +iy; 11“5)

+ (Uiﬂ,11+6 +il; 11+15)

(U0 e+ U 15) } } (50)

il H- = B Z {f T (xOn,b8 1

I1,0,13
(U" i,h+6 il 12+15)

(2% )73,11 +

(uf, + it lz+9)}

1
Evu (yu)Z;J, 3]’,13 ()’v)lz,ll

3
1 .
+y {ECﬁe 8 v AW

2,1y

; .
( Uy, gz +itd” i,lz+12)

i aspus N L8 (U3 + U410
7B vl B\ Yih+3 Jh+12

(5D
3
8u+iin- = —c5 Y 88 Wnn i (52)
UWONE
3
it = 8 )€Y OWIn 8 Uy, 5. (53)
L.l

For the contributions from the genuine one-loop triangle dia-
grams with neutrinos and sneutrinos in the loops to the trilin-
ear Higgs-self coupling in the limit of vanishing momentum
we find

(1,n,1)

— 2 — R —
hihjhe = ~ Ton2 Co(m ”z 51.3)gh,-nilnizghj}1,-1n13ghkn,-zn,-3
B2 w2 (s 8h ity 7
3272 0 nj, n,2 hi "11"12 hjhk"ilni2

T8njiij iijy 8hihiiij, iy T Shyiiy, iy Shih jity, ﬁ,-2>

1
€02 2 L Lx L
+4 2 [Bo(m”il ’ m”i2)< 8iziyh; 8isigh8itiahy ‘ iy

+

Lx L L
8iziyh; 8izinhy 8iyirh; ‘ Mnj,

Lx Lx L 2 2
gigi]hkgi3i2hjgi1i2hi ) mni3) + CO(mnil ’ m"iz

(

my,

Lx Lx L 2
8iyinh; 8izith;8irizhy ) My,
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+

Lx* L Lx*
gilizhigigilhjgizt':;hk m"il m”iz

+

L Lx Lx
gilizh[ gi3i1h_,~gi2i3hk ‘ mni| mni3

Lx Lx Lx
+ gilizhl‘gi3i1hjgi2i3hk‘m”izm"i3>i|' (54)

The couplings of the neutral Higgs bosons with neutrinos
and sneutrinos are derived from the following interaction
terms in the Lagrangian

=L Lx , = o
i1 (8hinn PL F 8hin g PRI A 1807373, it jik

+ i8n;n i hihjnini (55)
where
L ol¥s . o
gh,'njnk = _% (R,ﬂ + lRi,G)

3
vk Vi vk vk
X Z xn.b (U +6UT 6 +UST 6 Ui 1r+6)
bL,l1=1

eiWu

-5 (RE, +iRE)
3
X Z Ylll),lz (u;,72+3u]:,71 +u;,7]ull()jz+3) : (56)

b,l1=1

The couplings between the neutral Higgs bosons and sneu-
trinos are very lengthy. Therefore we do not display them
explicitly here, but we will provide them upon request. The
loop functions appearing in the above expressions are given
by

~ 2xInZ
Fo(x,y)=—x—y|3—2Inx — ],
y—x

Ap(x) =x(1 —InX),

xInZ

Bo(x,y) =1—-Iny - —2
X =Yy

Bo(x,x) = —Inx,

By(0,x) =1 —1InXx,

X+ 3 _ x Ing
Boo(x, y) = Ty (— —IHY> Ty -

BMLw=§U—m@,

x (3 _ . X
BOO(O,.X) = Z E —InXx s O(-x) = g + AO(.X) ’

1
BS(X, )’) = g +BO(X, y)a

Col ) yln$ zIn¥
o(x,y,2) = + ,
(=x+y(y -2 (=x+2)(=y+2)
1
C 5 Ay = -~
o(x, x, x) P
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an(2)

(x—2? x—2z’

Co(x,x,2) = (57)

whereInx = In ”iz with u g being the renormalization scale.
R

4 Numerical analysis

In this section, we analyse the numerical impact of the loop
corrections from the (s)neutrino sector to the Higgs trilinear
couplings and their correlation with the corrections to the
SM-like Higgs boson mass. For this purpose, we have per-
formed a parameter scan where we have taken into account
several constraints from the Higgs data, the neutrino oscil-
lation data, the oblique parameters S, T, U, and the charged
lepton flavor-violating decays. For our parameter scan we
proceed as follows. A given parameter point is first processed
by the program NMSSMCALC-nuSS. The code calculates the
loop-corrected Higgs boson masses in the OS renormaliza-
tion scheme in the top/stop sector as well as the tree-level
SUSY particle masses together with their mixing angles as
described in Sect. 2. We require one of the neutral CP-even
Higgs bosons to be the SM-like Higgs boson, having a mass
in the range

122 GeV < Myg, < 128 GeV. (58)

Note that we denote Hsyy as the SM-like Higgs boson, where
Hsw can be the lightest scalar state Hy or the next-to-lightest
state H,. The masses of the SUSY particles must be larger
than the lower bounds from the LEP and LHC searches [118],
in particular we require

M_+ > 94GeV, M_ o> 624GeV, M_o>99.9GeV,
X1 X2 X3
M_o > 116GeV, Mz > 107 GeV, Mg, > 94GeV,
X4 1 22t
Mg >81.9GeV, My, > 94GeV, Mp > 1270GeV,
M; > 1310GeV, Mg > 2300 GeV. 59)

Note, however, that these lower bounds are the most con-
servative ones from direct searches for the SUSY particles
within simplified versions of the MSSM. In most cases,
the lightest neutralino is assumed to be the lightest SUSY
particle. In some specific cases, there are much stronger
bounds existing in literature. NMSSMCALC-nuSS provides
the Higgs decay widths and branching ratios, including the
state-of-the-art higher-order QCD corrections as well as the
effective Higgs couplings discussed in Sect. 3. Furthermore,
NMSSMCALC-nuSS presents all predictions in the SLHA
output format which is passed to HiggsTools [119], con-
taining HiggsBounds [120], to check if the parameter
points pass all the exclusion limits from the searches at
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Table 1 The input parameter ranges for the scan. The indices 7, j run from 1 to 3. All parameters with mass dimension are given in TeV unit

1g A K My, M A, My M, M, M, M= Ay [1eett]
Min 1 0 -1 0.3 ) 1 0.5 0.6 -3 0.2
Max 20 1 1 1 5 3 2 3 3

)ij (Mx)ii (Av)ii (Ax)ii My, , M3, (B)i/(Ax)ii
Min —1 0.5 -2 -2 0.001
Max 1 10 2 2 2 1

LEP, Tevatron, and the LHC, and HiggsSignals [121],
to check if the points are consistent with the LHC data
for a 125 GeV Higgs boson within 20 using a x>-test.
NMSSMCALC-nuSS automatically compares its predictions
against several experimental results. It can check the neu-
trino oscillation data, the oblique parameters S, 7', U, and the
charged lepton flavor-violating decays and decide whether a
given parameter point violates any of these constraints. For
further information on the use these constraints, we refer the
reader to [51] whose strategy is followed here as well.

To efficiently identify phenomenologically viable param-
eter areas, we make use of the Markov Chain Monte Carlo
sampling with EasyScan_HEP—1.0 [122].In Table 1, we
present the ranges applied for specific parameters appearing
in the scan.

Note that we have used the ux-parameterization for the
neutrino sector. All parameters in Table 1 are chosen to be
real in the parameter scan and all the 3 x 3 matrices are set to
be diagonal except for the neutrino Yukawa coupling, y,. We
assume that the input parameters A,, Ax, B, are identical
for all three generations. The remaining soft-SUSY-breaking
parameters are fixed as follows,

M3 = 2300GCV, mQ|/2 = mil/z =Mz, = 3TGV,

Apr =2TeV, (60)

where x = u,d, c, s, b, e, . The SM parameters are taken
from [118],

o =1/127.955,  oMSMy =o0.1181,
My =80379GeV My — 91.1876 GeV,
MS, MS 1)
m =17274GeV,  mMSmMS) = 418 Gev,
my = 1.77686 GeV .

We have selected the normal mass ordering class for the
active neutrino inputs. The mass of the lightest neutrino is
fixed to be m,, = 10~!! GeV while the other neutrino
masses and mixing parameters are chosen randomly from
the 30 ranges around their best-fit values,

My, € [\/mg1 +6.82x 1072, \/m3, +8.04 x 10*23] GeV,

my, € [\/mg1 +2.435x 10721, \/m2, +2.598 x 10—21] GeV,

01 € [arcsin(«/(%), arcsin(«/(ﬁ)],

63 € [arcsin(«/(ﬁ), arcsin(«/(ﬁ)],

013 € [arcsin(«/m), arcsin(x/(mn,

dcp € [120,369]. (62)

In order to study the impact of (s)neutrino contributions
on the effective triple Higgs coupling and on the Higgs-to-
Higgs decays, we select a valid parameter point from our
scan sample and vary each neutrino and sneutrino parameter
individually while keeping the other parameters fixed. Note
that the variation of the neutrino and sneutrino parameters
may lead to a violation of one or more constraints considered
in this study. Our chosen parameter point is called P1, with
the following input parameters:

Mpy+ =1970GeV, my = diag(806, 1204, 305) GeV,
My = 679GeV , my = diag(337, 157,359) GeV,
M, =461GeV, A, = diag(—678, —678, —678) GeV ,
Heff = 418GeV , Ay = diag(—1019, —1019, —1019) GeV,
mes, = 1963 GeV, B, = diag(31,31,31)GeV,
my, =2203GeV, Mx = diag(5179, 7957, 2527) GeV ,
mz, = 647GeV, (M), ()12, W)13)
= (—0.04, —0.48, —0.33),
A = =2982GeV, ((yv)21, (yv)22, (yv)23)
= (—0.95,0.35, —0.04) ,
ReAy = —2480GeV ., ((yv)31, (yv)32, (yv)33)
= (—0.85,0.07, —0.87) ,
tan B = 6.4,
A=047,k=0.75. (63)

The resulting spectrum of the Higgs boson masses at
O(oy (a5 4+ ) is given in Table 2. For this parameter point,
the SM-like Higgs boson is dominated by the /,, component
and its mass is about 125.0 GeV, while the second lightest
Higgs boson has a mass of 433.3GeV and is dominantly
h-like. The remaining Higgs bosons are much heavier.
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Table2 The parameter point P1: Higgs masses in GeV for the NMSSM
with and without inverse seesaw mechanism and their main components.
The mass spectrum was obtained at two-loop O(a; (o5 + @¢)) with OS
renormalisation in the top/stop sector

H, H> H3 Hy Hs
ISS 125.0 433.3 1969.4 1971.6 2197.0
No-ISS 123.1 433.3 1969.4 1971.7 2197.0
hy hyg a ha [

4.1 Impact on the SM-like effective triple Higgs coupling
and the SM-like Higgs mass

We first investigate the dependence of the effective trilinear
coupling Azf,fh of the SM-like Higgs boson / on a selection of
SUSY input parameters. In order to do so, we take the param-
eter point P1 and vary the chosen input parameter around its
central value in P1, cf. Eq. (63). In Fig. 1 (left), we vary the
real part of (A,);; (i = 1,2,3) while in Fig. 1 (right) the
corresponding complex phases are varied. Note that we have
chosen A, to be diagonal with the three diagonal entries taken
to be identical. The upper panels in Fig. I show the effective
trilinear Higgs coupling of the SM-like Higgs at one-loop
order (red), O(a;a;) (blue) and O (o, (as + o)) (black). We
remind the reader that the contribution from the (s)neutrino
sector only enters at the one-loop level, whereas the two-
loop corrections are from the top/stop sector only and do not
depend on the neutrino parameters. On the middle panels,
we plot the predictions for the SM-like Higgs boson mass at
O(as (0g + ;) (yellow line) as function of the varied param-
eters. The predictions for the originally chosen parameter
point P1 are presented by the red triangle while all parame-
ter points (obtained from P1 by varying Re(A,);;) satisfying
our applied constraints are denoted by green triangles. Note
that the variation of the parameter (A,);; does not affect the
constraints from the neutrino data, but may give a signifi-
cant effect on the charged lepton flavor-violating decays, the
S, T, U parameters and the Higgs signal rates. In the lower
panels, we quantify the contribution from the (s)neutrino sec-
tor by plotting the relative differences between the results in
NMSSMCALC-nuSS and in NMSSMCALC, which is defined
as

ISS _ ,no-ISS
A=t 1 (64)

xho-ISS
with x155 (x"°I88) referring to the SM-like trilinear self-
couplings or the Higgs boson mass in the NMSSM with

(without) inverse seesaw mechanism at the same loop order.
The resulting figure suggests that the trilinear and the Higgs

mass values are symmetric around (A, );; = 0, whichis, how-
ever, not true for the following reasons. The minimal Higgs
mass values are obtained for Re(A,);; = Re(uefr)/tan f ~
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65 GeV for P1, which corresponds to the off-diagonal com-
ponents of the sneutrino mass matrix, Mﬁi Ny being zero.
This is similar to the dependence of the one-loop top/stop
sector contributions to Higgs boson masses on A; [104,123].
For the trilinear Higgs self-couplings, however, the depen-
dence on A, is more complicated, and the minimal values
are obtained for Re(A,);; ~ 30 GeV. We observe that there
are more valid points for negative values of Re(A,);; and
®(A,);; than for positive ones. The invalid points violate either
the constraints on the charged lepton flavor-violating decays
or on the oblique parameters S, T, U. A general feature, as
observed in the lower panels of Fig. 1, is that the relative dif-
ference in the corrections due to the (s)neutrino sector for
the trilinear Higgs self-coupling are two to three times larger
(depending on the loop-order) than for the SM-like Higgs
mass. In particular, the relative difference in the corrections
for the Higgs mass range between 1% and 2.8% for the var-
ied range of Re(A,);;, while the ones for the trilinear cou-
plings are in [3%,5.8%] at one-loop order, in [3.5%,6.3%] at
O(oratg) and in [2.6%,4.5%] at O(a; (g + o). There exists
a strong correlation between the corrections to the SM-like
Higgs mass and to the SM-like trilinear Higgs self-coupling.
This feature will be discussed at length later in the discussion
of Fig. 4. The relative differences in the corrections as defined
above give the impression of a rather moderate overall impor-
tance of the higher-order corrections to the trilinear coupling.
However, this is deceptive because we divide the (s)neutrino
corrections by the result obtained in NMSSMCALC at the same
considered order thereby accidentally canceling all higher-
order contributions from the s/top sector of the denominator
with the (s)neutrino contributions in the numerator. If we
instead define the (s)neutrino corrections as

eff,ISS, 1L eff,no-ISS, 1L eff,ISS, Tree
8= i = M ) M ) (65)

then we are only sensitive to the higher-order correc-
tions originating from the (s)neutrino sector and find that
the one-loop (s)neutrino corrections are in the range of
8 o« [7%, 15%]. These large corrections arise from sev-
eral large neutrino Yukawa coupling components such as
()21, ()31, (¥v)33 which are close to one.

We also observe a slight dependence of the trilinear Higgs
self-coupling and the SM-like Higgs mass on the phase of
(Ay)ii, as can be inferred from the right panels of Fig. 1. We
vary the phase in the range [—, 7]. From the distribution
of the green points in the middle right panel it can be seen
that the phase ¢(4,),; is constrained to very small values. We
note that the electric dipole moment (EDM) measurements,
which are known to tightly constrain the CP-violating phases
in the NMSSM without seesaw mechanism, are not the dom-
inating constraint in this scenario. Most of the points with
larger phases pass EDM constraints but violate the S, 7', U
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Fig. 2 Similar to Fig. 1 but (My); is varied instead

constraints and/or the constraints from the charged lepton
flavor-violating decays.

We next show the impact of My on the effective trilinear
Higgs self-couplings k;l;lfh. In Fig. 2, we present the results
with a varying first diagonal component of M. The depen-

dence of )Lzr}fh and M}, on the other diagonal components

—]]..00 —0‘.75 —0‘.50 —0‘.25 0.60 0.‘25 0.:30 0.‘75 1.00
P, [l

changes of the corrections defined in Eq. (64) to the trilinear Higgs
self-coupling at the various loop orders (blue, red, black lines) and to
the Higgs boson mass at O (o (a5 + «;)) (yellow line) (in percent) due
to the (s)neutrino sector. Right plots: similar to left plots but the phase
of (A,);; is varied instead

is qualitatively the same compared to the one shown here.
The notation of Fig. 2 is the same as the one in Fig. 1. The
prominent feature of these plots is the peak at (Mx)1; = 0
in both the mass and the trilinear Higgs coupling plot. While
the mass can go up to 143 GeV, the trilinear Higgs coupling
at O(oy (a5 +ar)) goes up to 271 GeV.* The dominant contri-
butions to the corrections on the mass as well on the trilinear
Higgs couplings are from the the two lightest sneutrinos and
the two lightest heavy neutrinos whose main components are
from the singlet superfield X 1. For this parameter point, the
masses of the two lightest sneutrinos are around 378 GeV
which are the smallest values for all considered values of
(Mx)11. They are, however, still not the lightest SUSY par-
ticle which is the lightest neutralino with a mass of 368 GeV.
The two lightest heavy neutrinos have a mass of 216 GeV. As
usual, there is a cancellation between the contributions from
fermions and their superpartners. At My, the fermions con-
tribute with a positive sign to the scalar diagrams while their
superpartners contribute with a negative sign. The neutrino
Yukawa coupling component (y,)21 = 0.95 enlarges these
contributions.

From the previous discussion we know that the neutrino
Yukawa coupling matrix y, is an important factor in the
(s)neutrino contributions. In Fig.3 we present nine plots

4 We remind the reader that the tree-level SM value is given by
gy Hsw Hsw = 3M g, /v ~ 190 GeV.
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Fig. 3 Dependence of the SM-like triple Higgs self-coupling, the Higgs mass and the relative differences A on the nine components of the neutrino

Yukawa matrix. The notation and color code is the same as in Fig. 1

in which the nine elements of the matrix y, are varied
independently. The notation and color code are the same
as in the previous plots. We chose the ranges of all var-
ied elements to be [—1.5, 1.5] which is still much smaller
than the perturbative unitary limit of o +/47. We observe
that the different elements of the matrix affect the trilinear
Higgs self-coupling and the mass as well other observables
with a different magnitude and shape. For some elements
like (y)11, ()33, ()13, ()23, the quantity A for ASH
at O(ay (g + a;)) can be larger than 10%, while for other
elements, it remains below 7.5%.

@ Springer

Furthermore, we do not observe a symmetric behaviour
around y, = 0. We also observe that the constraints from the
S, T, U parameters and the charged lepton flavor-violating
decays are very sensitive to the change of each element. In
particular, we still get a large number of valid points when
varying the third row elements (y,)31, (yv)32, (¥v)33, which
is not the case for the other elements that are in-turn much
more strongly constrained. As can be seen from Fig. 3, the
variation of each element of the neutrino Yukawa matrix
shows a different impact on the THCs as well as on the SM-
like Higgs mass. This is due to our initial chosen parame-
ter point P1, which features no symmetric properties in the
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couplings (upper and lower left) at O(«; (o5 + «;)) for all parame-
ter points obtained from our scan satisfying all our constraints. The
color code of each point indicates the relative (s)neutrino correction
A in percent. The lower right plot shows the correlation between the

matrices y, and My. If we set y,, My proportional to the
unit matrix, then the three diagonal elements have a similar
impact on the THCs and SM-like Higgs mass.

We close this section by showing in Fig.4 scatter plots
obtained in the parameter scan described at the beginning
of Sect. 4. In the upper left (upper right / lower left) plot we
show the effective trilinear Higgs self-couplings computed at
the highest available order as a function of (A,)11 (Mx)11
/ max|y,|), where max|y,| refers to the component of y,

A [%]

2254
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N
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195 4 : T T T
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(My)11 [GeV]
max(yy)
0.4 0.5 0.6 0.7 0.8 0.9

By, 1%]

Ay, [%]

relative (s)neutrino corrections for the effective SM-like triple Higgs
self-coupling and for the SM-like Higgs mass. The color code indicates
the maximal absolute value of all neutrino Yukawa coupling elements
at each point

with the largest absolute value. All parameter points shown
in the plots satisfy the applied constraints discussed above.
The color of each point represents the magnitude of the rel-
ative differences A in percent. For all valid points we find
that the trilinear Higgs self-coupling Aszfh at O (o (ag + o))
is in the range of [195, 229] GeV. From these plots, one can
infer the preferred regions in the parameters space to get
both valid points and maximal (s)neutrino contributions. In
the lower right panel, we show a scatter plot with the relative
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(s)neutrino corrections computed at O (o, (aes + ;) for the
effective SM-like triple Higgs self-coupling on the vertical
axis and the one for the SM-like Higgs mass on the horizon-
tal axis. We observe a strong correlation between these two
corrections, similar to the findings in [77], showing that the
simultaneous inclusion of higher-order corrections to both
quantities can be equally important. For the found parameter
points, the values of A can go up to 10.5% for the trilin-
ear Higgs self-coupling and up to 4.5% for the Higgs mass,
respectively.

An explanation for the strong correlation between the cor-
rections to SM-like THC and the SM-like Higgs mass can
be formulated as follows. In the decoupling limit where the
masses of all SUSY particles, the charged Higgs, the heavy
neutral Higgs masses, the singlet VEV and masses of sterile
neutrinos are large compared to the SM mass scale, the SM
is a good effective theory of the NMSSM-nuSS. In this limit,
one expects that the loop-corrected SM-like Higgs mass and
the loop-corrected SM-like triple Higgs coupling are related
as in the SM, i.e. Agm = 3M%1/v. The corrections defined in
Eq. (64) to the triple Higgs coupling and to the Higgs mass
can be approximated as

)Leff,ISS _ )Leff,no—ISS

1SSy2 n0-ISS\ 2
A, = “hhh hhh - (M;>°)" — (M, )
A= 5 eff.no-ISS

e (M;:O—ISS)2
~ Ay, (66)

Many valid points obtained from our scan on the lower right
plot of Fig.4 are aligned along the line Ay ~ 2A,. How-
ever, there are also points which do not follow the above
estimate. We quantify the genuine correction to the triple
Higgs coupling by the difference Ay — 2Ayy,, which is in
the range [—2.3, 3.4]% for all valid points. Investigating the
outliers, we find that these points have rather low masses for
the sterile neutrinos and their corresponding superpartners,
as well as a significant mixing among the sneutrinos. For
these points the cancellation between the contributions from
the neutrinos and the contributions from the sneutrinos can
be strong either in the mass corrections or in the trilinear cou-
pling corrections, but not simultaneously in both predictions.

4.2 Impacts on Higgs-to-Higgs decays

In this section we present our new results for the Higgs-to-
Higgs decay widths and branching ratios implemented in the
code NMSSMCALC-nuSS. We first investigate the parameter
point P1, cf. Table 2. In Table 3 we show all kinematically
allowed Higgs decay channels with the predictions for their
corresponding branching ratios at tree-level, one-loop order,
O(asor5) and O (o (ot +0;)) in the NMSSM with inverse see-
saw mechanism. For comparison, we present in the last row
results for the branching ratios at O («; (s + @, )) obtained in
the NMSSM without inverse seesaw mechanism. Note that

@ Springer

the Higgs-to-Higgs decay widths are defined in Eq. (34) and
that we dress all results with the external-leg corrections in
order to ensure the fields are on the mass shell. This means in
particular, that, in the defined tree-level accuracy, we include
partially higher-order effects through the WFR factor Z.
As we can see, there is a significant change of the branch-
ing ratios when we compare the tree-level to the one-loop
results. Especially for the decay channel H, — HjHj, the
one-loop result is about 40% larger than the tree-level one.
However, for the remaining decay channels, the branching
ratios are reduced when the higher-order corrections to the
decay widths are included. The effect of the (s)neutrino con-
tributions on the branching ratios can be roughly estimated by
comparing the branching ratios between the models with and
without ISS at the same order of accuracy. The contributions
entering the decay widths can be classified into three parts:
the Higgs masses, the WFR factor and the one-loop diagrams.
Since the effect from the (s)neutrino sector is mostly related
to the neutrino Yukawa couplings, which are the couplings
between the doublet Higgs H,, and the left-handed neutrinos
and N-neutrinos, one expects that their effect may be small
for the decays of the non-SM-like Higgs bosons. From the
two last rows in Table 3, one can see that the new contribu-
tions are indeed small on the branching ratios. The relative
differences A are largest for the decay H4 — HyH; with
about 3.4%.

We also investigate the dependence of the Higgs-to-Higgs
decay widths on parameters of the (s)neutrino sector and
demonstrate the significant effect coming from the neu-
trino Yukawa couplings. All other parameters are found to
give small or mild effects. To illustrate our findings we
present in Fig.5 the dependence of the five decay widths
I'(H, — HHy), I'(Hy — H{H), I'(Hy — HiHy),
['(Hy — HyH3), and I'(Hs — H{ H3) on the first compo-
nent of the neutrino Yukawa matrix, (y,)11, which is varied
in the range [—1.5, 1.5]. The green, red, blue, and black lines
in the upper panels of each plot represent the decay widths
at tree-level, one-loop order, O(a; ), and O (o, (a5 + o4)),
respectively. We see that the tree-level decay widths also
depend on (y,)11. This dependence stems from the WFR
factors and the phase-space factor and is quite noticeable for
most of the considered decay channels. In the lower pan-
els of each plot, we show the absolute value of the relative
(s)neutrino corrections defined as

[x.ISS _ px.nolSs

8 = [x—LISS (67)

with x denoting the level of accuracy (1 L/O(a;ots)/O (0 (s
~+a;)) corresponding to the (red/blue/black colors) and x — 1
being the next-lower level of accuracy. With this definition,
the nominator of Eq. (67) represents the (s)neutrino contri-
butions to the width at the considered order. For all decays
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matrix, (y,)11. Lower panels: Absolute values of the relative (s)neutrino
corrections as defined in Eq. (67)

Table 3 The parameter point P1: all possible Higgs-to-Higgs decays and their branching ratios in percent at several levels of accuracy in the
NMSSM with and without inverse seesaw mechanism

Br(Hz — Hl H]) Br(H4 — H1H1) BI‘(H4 d H1 Hz) Br(H4 — H2H2) Br(H5 = Hl H3)

Tree-level-ISS 26.35 0.247 11.39 0.845 0.335
One-loop-ISS 37.52 0.177 10.47 0.801 0.327
O(aa4)-ISS 35.11 0.206 10.45 0.804 0.323
O(ot (org + o;))-ISS 36.46 0.215 10.44 0.804 0.323
O(ot (0rg + o))-no-ISS 36.03 0.208 10.38 0.788 0.321

considered here, 8! is the largest for the H, — Hj Hj decay

channel, which involves two SM-like Higgs bosons in the

pendent of the ISS mechanism and therefore drop out, while
the higher-orders entering the denominator are different and

final states. The correction to this particular channel is in
the range [7, 14.5]% for the varied range of (y,)11, while
it remains below 5% for the other decays. The qualitative
behaviour of § at O(a; o) and O(oy (g + ;) is quite sim-
ilar to the one-loop one with different magnitudes. This is
because the nominators of Eq. (67) are quite close to the
one-loop results, as the leading higher-order effects are inde-

not cancelled. For all plots in Fig. 5, the dependence of the
widths and § on (y,)11 for the decay Hs — HjH3 looks
different than the ones for the other decays. In particular, the
width of Hs — Hj Hj3 is smallest at (y,)1; = —1.5 while
it is the largest here for the other decays. This is due to the
phase space factor R, which is smallest at (y,);; = —1.5.
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5 Conclusions

In this paper we investigated the influence of the inverse
seesaw mechanism in the NMSSM for both the higher-order
corrections to the effective trilinear Higgs self-couplings and
the Higgs-to-Higgs decays in comparison with the correc-
tions on the Higgs boson masses. We computed the complete
one-loop corrections to the Higgs-to-Higgs decay widths tak-
ing into account non-vanishing external momentum. Further-
more, we obtain the dominant one-loop corrections from the
(s)top sector and the (s)neutrino sector to the effective SM-
like trilinear Higgs self-coupling computed in the limit of
vanishing external momenta and in the limit of vanishing
gauge couplings. Regarding the renormalization, we applied
a mixed OS-DR scheme, which is the same scheme used for
the loop-corrections to the Higgs boson masses. We then con-
sistently combined the one-loop result with the leading two-
loop O(ayers) and O(a (g + o)) results previously com-
puted in the vanilla NMSSM by our group. In the numerical
analysis, we performed a parameter scan of the model and
kept only those points for our study that respect the con-
straints from the Higgs data, the neutrino oscillation data,
the charged lepton flavor-violating decays [; — [; + y,
and the new physics constraints from the oblique parameters
S, T, U. We quantify the impact of the one-loop corrections
from the (s)neutrino sector on the SM-like Higgs trilinear
self-coupling and on the SM-like Higgs boson mass predic-
tion by defining the relative differences A between the results
with and without (s)neutrino contributions. We find that the
A for the SM-like trilinear Higgs self-coupling can reach
10.5% while the relative corrections to the SM-like Higgs
boson mass can reach reach 4.5% for all found parameter
points. The relative effect of (s)neutrinos on the decay widths
of the heavy Higgs decays can be significant for the decays
of the singlet-like and down-type-like scalars decaying into
a pair of the SM-like Higgs bosons. For the Higgs-to-Higgs
branching ratios of non-SM-like Higgs bosons, A is less than
3.4% and mostly encoded in the external-leg corrections and
phase-space factors.
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