arXiv:1809.07371v1 [hep-ph] 19 Sep 2018

DESY-17-075, KA-TP-26-2018

Phenomenology of the inflation-inspired
NMSSM at the electroweak scale

Wolfgang Gregor Hollik?, Stefan Liebler?, Gudrid Moortgat-Pick®®,
Sebastian PaBehr?, Georg Weiglein®

*DESY, Notkestrafie 85, D-22607 Hamburg, Germany

b Institute for Theoretical Physics, Karlsruhe Institute of Technology,
D-76131 Karlsruhe, Germany

°Il. Institut fur Theoretische Physik, Universitat Hamburg,
Luruper Chaussee 149, D-22761 Hamburg, Germany

4Sorbonne Université, CNRS,
Laboratoire de Physique Théorique et Hautes Energies (LPTHE),
4 Place Jussieu, F-75252 Paris CEDEX 05, France

w.hollik@desy.de
stefan.liebler@kit.edu
gudrid.moortgat-pick@desy.de
passehr@lpthe. jussieu.fr

georg.weiglein@desy.de

September 21, 2018

The concept of Higgs inflation can be elegantly incorporated in the Next-to-Minimal Super-
symmetric Standard Model (NMSSM). A linear combination of the two Higgs-doublet fields
plays the role of the inflaton which is non-minimally coupled to gravity. This non-minimal
coupling appears in the low-energy effective superpotential and changes the phenomenology
at the electroweak scale. While the field content of the inflation-inspired model is the same
as in the NMSSM, there is another contribution to the p term in addition to the vacuum
expectation value of the singlet. We explore this extended parameter space and point out
scenarios with phenomenological differences compared to the pure NMSSM. A special fo-
cus is set on the electroweak vacuum stability and the parameter dependence of the Higgs
and neutralino sectors. We highlight regions which yield a SM-like 125 GeV Higgs boson
compatible with the experimental observations and are in accordance with the limits from
searches for additional Higgs bosons. Finally, we study the impact of the non-minimal
coupling to gravity on the Higgs mixing and in turn on the decays of the Higgs bosons in
this model.
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1 Introduction

In the history of our universe, there has been a period in which the size of the universe exponentially
increased. This short period is known as inflationary epoch, and many models have been developed
in order to explain the inflation of the early universe. Unfortunately, most of these models of inflation
cannot be tested directly in the laboratory; the observation of the universe is the only discriminator
to disfavor or support such models. Therefore, testing the phenomenology of a particle physics model
of inflation at the electroweak scale with colliders is of interest both from the point of view of particle
physics and cosmology.

One possibility to describe inflation is the extension of a particle physics model by additional scalar
fields which drive inflation but are removed from the theory afterwards. A more economical approach
is the idea of using the Higgs field of the Standard Model (SM) as inflaton [1-3]. The simplest version,
however, is under tension as it suffers from a fine-tuning and becomes unnatural [4]. A less minimal
version of Higgs-portal inflation with an additional complex scalar field can in addition solve further
problems of the SM, see Refs. [5, 6]. Other solutions are offered by scale-free extensions of the SM. A
natural way of such an implementation can be realized in canonical superconformal supergravity (CSS)
models as proposed by Refs. [7, 8] based on earlier work by Ref. [9].

The Higgs inflation in the supergravity framework is triggered by a non-minimal coupling to Einstein
gravity. For the supergravity Lagrangian this can be achieved with an additional term X (é) R of
chiral superfields $ and the curvature multiplet R (the supersymmetrized field version of the Ricci
scalar which contains the scalar curvature in the Grassmannian coordinate 2), following the notation

of Ref. [9]. The Lagrangian then reads

ﬁxz—ﬁ/d2e5[R+X(<i>)R—i(752—83)&»*@+W(<i>) +hoe+..., (1)



where X (®) as well as the Superpotential W(®) are holomorphic functions of the (left) chiral super-
fields @, & is the vierbein multiplet and D a covariant derivative. The ellipses encode further gauge
terms. The only possible choice of such a non-minimal coupling suitable for inflation is given by [9]

where x is a dimensionless coupling and I:Idm contain the two SU(2)y, Higgs doublets of the Next-to-
Minimal Supersymmetric Standard Model (NMSSM).! The extension by an additional scalar singlet
like in the NMSSM has been shown to be a viable model for inflation, although this version suffers from
a tachyonic instability [10]. In order to avoid this instability, a stabilizer term has been introduced
in Refs. [8, 10] that is suppressed at low energies. The stabilizer term can be avoided in a model
with minimal supergravity couplings where the Kahler potential has a shift symmetry in the doublet
fields [11]; however, cosmological phenomenology and observations have meanwhile ruled out this
possibility [12].

The simplest implementation of a superconformal model which can accommodate the non-minimal
coupling term XH - Hy is the well-known Zs-invariant NMSSM augmented by an additional p term,
which we call p-extended NMSSM (uNMSSM) in the following. We neglect all additional Zs-violating
parameters in the superpotential at the tree level (see the discussion below). These terms are not
relevant for the physics of inflation: the function X could potentially also contain an 52 term, since
it has the same structure as H,, - H; and is allowed by gauge symmetries. However, inflation driven
by this term does not lead to the desired properties as pointed out in Ref.[9]. The other term, which
is not present in the NMSSM, is a singlet tadpole proportional to S that is not quadratic or bilinear
in the chiral superfields and thus would need a dimensionful coupling to supergravity instead of the
dimensionless .

In this work, we are going to study the low-energy electroweak phenomenology of the model out-
lined in Refs. [7, 8] and Ref.[10], where previously the focus was put on the description of inflation
and the superconformal embedding of the NMSSM into supergravity. We have generated a model
file for FeynArts [13, 14], where SARAH [15-18] has been used to generate the tree-level couplings
of the uNMSSM, and we have implemented the one-loop counterterms. The loop calculations have
been carried out with the help of FormCalc [19] and LoopTools [19]. In order to predict the Higgs-
boson masses, we have performed a one-loop renormalization of the Higgs sector of the uINMSSM
which is compatible with the renormalization schemes that have been employed in Refs.[20, 21]
for the cases of the MSSMand NMSSM, respectively. This allowed us to add the leading MSSM-
like two-loop corrections which are implemented in FeynHiggs [22-29] in order to achieve a state-
of-the-art prediction for the Higgs masses and mixing. The parameter space is checked for com-
patibility with the experimental searches for additional Higgs bosons using HiggsBounds version
5.1.0beta [30-34] and with the experimental observation of the SM-like Higgs boson via HiggsSignals
version 2.1.0beta [35]. In addition, we check the electroweak vacuum for its stability under quan-
tum tunneling to a non-standard global minimum and for tachyonic Higgs states in the tree-level
spectrum. Finally, we investigate some typical scenarios and study their collider phenomenology
at the Large Hadron Collider (LHC) and a future electron-positron collider. For this purpose in
some analyses we use SusHi [36, 37] for the calculation of neutral Higgs-boson production cross-
sections. We emphasize the possibility of light CP-even singlets in the spectrum with masses be-
low 100 GeV that could be of interest in view of slight excesses observed in the existing data of
the Large Electron-Positron collider (LEP) [38] and the Compact Muon Solenoid (CMS) [39] which
are compatible with bounds from A Toroidal LHC ApparatuS (ATLAS) [40]. For one scenario that
differs substantially from the usual NMSSM, we exemplarily discuss the total decay widths and branch-
ing ratios of the three lightest Higgs bosons and their dependence on the additional parameters of
the uNMSSM.

! The field content of the MSSM alone (without the Higgs singlet) is not sufficient to describe inflation successfully as
pointed out in Ref. [9].



The paper is organized as follows: we start with a description of our model and the theoretical frame-
work in Section 2 by discussing analytically the phenomenological differences of the Higgs potential in
the uNMSSM compared to the Zs-invariant NMSSM. We study vacuum stability and the incorporation
of higher-order corrections for the Higgs boson masses. Then, we derive the trilinear self-couplings of
the Higgs bosons and comment on the remaining sectors of the model which are affected by the addi-
tional p term. In Section 3, we focus on the parameter space of interest and investigate the Higgs-boson
masses as well as the stability of the electroweak vacuum numerically and also show the neutralino
spectrum. Furthermore, we study the effect of the additional u parameter on Higgs-boson production
and decays. Lastly, we conclude in Section 4. In the Appendix we present the beta functions for the
superpotential and some soft-breaking parameters of the general NMSSM (GNMSSM) [41-43] including
all Zs-breaking terms.

2 Theoretical framework

In this section we introduce the model under consideration, the uNMSSM, which differs by an addi-
tional y term from the scale-invariant NMSSM. We derive the Higgs potential and investigate vacuum
stability and the prediction for the Higgs-boson masses of the model. Furthermore, we discuss the
trilinear self-couplings of the Higgs bosons and comment on the electroweakinos—i. e. charginos and
neutralinos—as well as on the sfermion sector. We constrain our analytical investigations in this sec-
tion mostly to tree-level relations. Higher-order contributions, e. g. for the Higgs-boson masses, are
explained generically and are evaluated numerically in the subsequent phenomenological section.

2.1 Model description

For the Higgs sector of the NMSSM the superpotential is of the form?
WHiggs:)\gﬁu~ﬁd+%HS3. (3)

where H, and Hg are the well-known SU(2)1, doublets of the MSSM, and S is the additional SU(2)y, sin-
glet. The SU(2)-invariant product H, - H, is defined through H, - H; = Zmb €ab H'j H’Z with €21 = 1,
€12 = —1 and €4, = 0 with a,b € {1,2}. As outlined in Ref. [8], a Kéhler transformation starting from
Jordan-frame supergravity introduces a correction in the superpotential, which is of the form

Whtiggs — Witiggs + 5 Ma/2 X H, Hy. (4)

The parameter mg/, denotes the gravitino mass, and x is the coupling of Eq. (2). The scalar Higgs
fields are denoted by H,, H; and S in the following. During electroweak symmetry breaking, they
receive the vacuum expectation values (vevs) vy, vy and v, respectively. Expanding around the vevs,
we decompose the fields as follows:

iy N _(ha\ _ [va+ T (0a+ida)
<hu>_<uu+\}§(au+z’¢u)>’ Hd:(h;>_< ﬁng ) (52)

Szvs+%(as+i¢s). (5b)

Hy,

The additional bilinear contribution to the superpotential in Eq. (4) generates a term which is analogous
to the p term of the MSSM, but with

N:%msz- (6)

2 Compared to Refs. [7, 8], we flip the sign of A to follow the conventions of the NMSSM literature—see e. g. Ref. [41]—and
thus have A > 0. As shown in Ref. [7], the product of k and A needs to be positive for that convention.



When the singlet S acquires its vev, an effective peg = Avs is dynamically generated. Often, the
sum (p + peg) is the phenomenologically more relevant parameter of the model. It takes the form

u+ueﬁ=%m3/2x + A (7)

and corresponds to the MSSM-like higgsino mass term. In the following, we consider both quantities y
and pe as independent input parameters, where p is linearly dependent on the gravitino mass mg/,. In
order to be a viable dark-matter candidate, the gravitino mass can range from a few eV to multiple TeV,
see e. g. Ref. [44]. The value of y is a priori not fixed; for cosmological reasons we adopt

x ~ 10° A (8)

according to Refs. [8, 10]. The additional contribution to the superpotential in the uNMSSM is thus
mainly steered by the gravitino mass, whereas vs can be traded for peg. If we require a p parameter
above the electroweak scale, u = 1 TeV, and in addition a sizable coupling A 2 0.1, the typical gravitino
mass turns out to be much below the electroweak scale at mg/, 2 10 MeV. However, if we allow for
very small values of A < 1072 and very large values of > 1TeV, the gravitino mass could as well
be above the TeV scale. In the latter case, the phenomenology of the uNMSSM is not necessarily
similar to the MSSM: the singlets only decouple for A — 0 with x « A and therefore vy — co. If the
constraint x oc A is dropped, interesting effects can occur; e. g. we will discuss a scenario with small A
and small peg in our numerical studies. In contrast to the NMSSM, the higgsino mass can be generated
by p alone and thus even a vanishing v is not in conflict with experimental bounds.

In order to avoid the cosmological gravitino problem [45], where the light gravitino dark matter over-
closes the universe [46, 47], one has to control the reheating temperature in order to keep the production
rate of the light gravitinos low [48]. This potential problem may affect the model under consideration for
gravitino masses in the range from MeV to GeV; it disappears for much heavier gravitinos (2 10 TeV).
In the latter case the inflationary p term would dominate over the NMSSM-like peg and drive the
higgsino masses to very high values (unless peg is tuned such that the sum (u + peg) remains small).
For gravitino masses mg/; > 1GeV it affects Big Bang Nucleosynthesis via photo-deconstruction of
light elements, see Ref.[45]. As discussed in Ref.[8], in the uNMSSM there is no strict constraint
on the reheating temperature Tr. We note that a reheating temperature below T < 10%3-10° GeV,
as advocated in Ref. [49], avoids the gravitino problem. The rough estimate of m3/5 ~ 10MeV even
needs T < 10° GeV in order to not overclose the universe with thermally produced gravitinos after
inflation [50-53]. Interestingly, such low reheating temperatures preserve high-scale global minima
after inflation, see Ref. [54], and disfavor the preparation of the universe in a meta-stable state af-
ter the end of inflation [55]. In any case, the reheating temperature at the end of inflation is very
model dependent and rather concerns the inflationary physics. A study to estimate the reheating
temperature Tx is given in Ref. [56]. Therein, a relation is drawn between the decay width of the
inflaton and Tgr. Interestingly, if we naively assume that this width at the end of inflation is equal
to the SM-like Higgs width I'j, ~ 4 x 1073 GeV, we can estimate a rather low reheating tempera-
ture Tr ~ /T Mp) ~ 107 GeV with the Planck mass Mp; ~ 2.4 x 10'¥ GeV. For our studies below
we assume that a reheating temperature as low as Tg < 10° GeV can be achieved even with large
couplings.

Since the bilinear p term breaks the Zs symmetry, additional parameters are allowed compared to
the NMSSM. In the general NMSSM (GNMSSM)—including the bilinear singlet mass parameter v and
the singlet tadpole coefficient &—the Higgs sector of the superpotential is given by

WHiggs:)\Sﬁu'ﬁd+%’i‘§’3+ﬂﬁU'ﬁd+%VS2+§S' (9)

However, we assume that the non-minimal coupling of the Higgs doublets to supergravity is the only
source of superconformal and thus Z3 symmetry breaking—as outlined in Section 5 of Ref. [8]. In this
case, all other superpotential parameters that are forbidden by Z3 symmetry remain exactly zero at all



scales: the beta functions for the parameters of the superpotential are proportional to the respective
parameter itself and thus they cannot be generated radiatively.

Because the Z3 symmetry is broken (which avoids the typical domain-wall problem of the NMSSM [57]),
another symmetry at the high scale is required in order to solve the tadpole problem [58-63]: without
such a symmetry, Planck-scale corrections could possibly induce large contributions to the tadpole
term [64]. The superconformal embedding of the uNMSSM, where the p term is generated from the
Kéhler potential, serves as this symmetry. As pointed out in Ref. [64], other possibilities consist of dis-
crete or continuous non-gauge symmetries, so-called R symmetries. Imposing discrete Z4 or Zg R sym-
metries as proposed in Refs. [42, 65, 66] provide a viable solution, since dimensionful linear and bilinear
terms are forbidden as long as the symmetry is not broken.?

Furthermore, each parameter in the superpotential induces a corresponding soft-breaking term; addi-
tional mass terms are allowed:

~Loott = [ANASHy - Hy+ 3 Ay S+ By Hy - Hy+ 3 ByvS* + Ce €S +h.c]

+mfgd ]Hd\Z—i-m%{u |Hu|2+m§|5\2. (10)
It should be noted that the beta functions for soft-breaking parameters are not only proportional to
themselves, but also receive contributions from the other soft-breaking parameters. Thus, in contrast
to the terms in the superpotential, finite contributions may emerge even if a soft-breaking parameter
is set to zero at the tree level. The beta functions for the parameters of the superpotential in Eq. (9)
and its corresponding soft-breaking parameters in Eq. (10) can be found in Refs. [41, 68, 69]; however,
since we employ different conventions we list them in Appendix A.

Contrary to studies in the GNMSSM (see Refs.[41-43, 70]), where the MSSM-like p term can be
easily shifted away and absorbed in a redefinition of the other parameters—especially the tadpole
contribution—we cannot do so in the inflation-inspired uNMSSM. First of all, the u term is introduced
via the R symmetry-breaking non-minimal coupling to supergravity only. The other parameters in
the singlet sector are not supposed to be generated by this breaking. Secondly, by redefining the
parameters, we would introduce a tadpole term and shift the effect simply there. Note that the authors
of Ref. [42] perform this shift in order to eliminate the linear (i. e. tadpole) term in the superpotential
and keep p, while others (e. g. Ref. [71]) shift the p term to zero and keep the tadpole and bilinear
terms for the singlet in the superpotential. As discussed above, in the uNMSSM considered in this
paper due to the superconformal symmetry breaking at the Planck scale solely the Zs-breaking p term
is present.

2.2 Higgs potential

With the superpotential of Eq. (9) and the soft-breaking Lagrangian of Eq. (10), we derive the following
Higgs potential, where we stick to real parameters:

V= [, + (0 XS] [Hal + [, + (b ASP| [HA? + (m + By v) 87

20 ES+2RA S+ [€+vS+rSP+AH, Hy]* +2(Byu+AA\S) H, - Hy (11)
2
+ % (97 + 93) (IHal® = [Hul?)" + 5 g3 | H] H, |

3 There is an interplay between discrete R symmetries, SUSY breaking and hence the gravitino mass in supergravity,
which favors the Zs R symmetry [67]. Note, however, that our model at hand is fundamentally different from Ref. [67]
as the inflaton is related to the Higgs fields of the NMSSM.



This potential can be expanded in the components of the Higgs fields in Eq. (5). Defining the vectors
in field space ST = (04,04, 05), PT = ($a, pus ¢s) and CT = (¢, ¢y ) = (0], nF)", it reads

V=const—Tg S—Tp P+3S" MzS+ 1P " MpP+CT MEC*
oy SLSlNY : (12)
+ D BRSPS PSP+ D Y 5N (8P (C); (CH)y+ -

ijk=1 i=1jk=1

where the CP-even and CP-odd tadpole coefficients 7g and Tp, the CP-even, CP-odd and charged
squared mass matrices M3, ./\/l%g and M% are given below, and the trilinear couplings )\gjk and Xijk
are specified in Section 2.5, though in a basis where the Goldstone mode corresponds to a mass
eigenstate and does not mix with the other states at lowest order. The ellipses denote quadrilinear

terms which are immaterial for the following.

We substitute the electroweak vevs v, and vy by their ratio tan 8 = v, /vy and the sum of their
squares v? = v?2 —i—vfl = (174GeV)2. The symbols tg, cg and sg denote tan 3, cos 3 and sinf3, re-
spectively. Furthermore, ¢g; and go are substituted by the W and Z gauge-boson masses,

miy = 5 g3 0, my =3 (97 + 93) v° . (13)
Using the abbreviations
alzBu:u"i'g)‘_‘_/Leff(V"i';:ueﬂ”"i_A/\)7 (14&)
ag =20\ (1 + flefr) , (14b)
(13:U>\<l/+2§,ueff+x4)\), (14c¢)
1
as = [’U2)\20585 <V+E/Leff+A)\>—7)2)\2,11,—5)\(1/—'—05) , (14d)
Meft A
K\? o K 242
as =4 (X) Mo t+ N [,ueff (Ax +3v) —v* X e 85] , (14e)
a6:UA<V—|—2§/Leff—A)\), (14f)
2
a7:—6<;) ugﬂ+2§(§)\—4y2)+Byu, (14g)

we can write the explicit expressions for the tadpole coefficients Tg p as
\/iv{SBal—Cfg [m%{d+(u+ueg)2+v2)\28%+%m%c%}} 0
Ts = | V20 {cBal — 53 [m%{u + (M+Meﬁ)2+’l)2)\26% — %mZch]} ., Tp=10]=0. (15
0
V2 bt [a4—m%—a5 —ay —v2 )\ — (V+2,U,eff§)2i|

The minimization of the Higgs potential requires all tadpole coefficients in Eq. (15) to be equal to zero.
With the conditions Tg = 0 we choose to eliminate m%[d, m%{u and m?g according to

mi = — (e + per)” — v2 N2 s3— tmy o +arty, (16a)
ai
m12ﬁ1u =—(u+ ,ueﬁ)z — 2 \2 C% + %mQZ 2B + 5, (16Db)
2 242 K 2
mg =a4 —as — ay — v\ —(V—I-QX,ueff) ) (16¢)



Substituting these expressions in the symmetric mass matrices Mg pc we find

mQZc%—i—altg (21}2)\2—m2z) cgsg — a1 G2cg— a353

M% = . mZZ s% + al/tg azsg —azcg |, (17a)
. a4+ as
aitg ai —ag S
M3 = - ai/tg —ag cg , (17b)
. ay — 3as —2ay
2 2 242 tg 1
Mg = [(mW —v°A ) cg S3 + al} C o) (17¢)

Diagonalizing Eq. (17¢) yields zero for the massless charged Goldstone boson, and the charged Higgs-
boson mass my+ at the tree level is given by

m%ii:m%V—UZ)\z—i-&, (18)
Cs g
which we employ as an input parameter. Inserting Eq. (14a) we can then eliminate Ay via
cB 83 9 1 K
A m%e —miy + 02\ — — + /\—(V—F— ) 19
AT (m3+ ) Meﬁ( i+ EN)  Heft (19)
Substituting Ay in the abbreviations of Eq. (14) yields (a2, as and a7 are not changed)
ay = cpsp (m%{i —miy + v )\2) , (20a)
1
a’zm[“ i+ — (d) - B —5)\], 20b
5 Nt (a1 — By —€X) (20D)
v\ ? 1
aﬁlzcﬁsﬁ< > (af = Bup—EXN) — [M’UZ)\QJrf)\(VjLCg)], (20c)
Heff eff
L=uvA 32 2y (&)~ B M| =—dy+2vr (22 d
ag = Xﬂeﬁ-i- V_i(al_ i —§ ) = —az+2v 2xﬂeff+V . (20d)
Heff

The tree-level masses of the three neutral CP-even Higgs bosons mi , are determined by diagonalizing

q. (17a). Analogously, diagonalizing Eq. (17b) yields the masses m2 .., of the CP-odd Higgs bosons at
the tree level; the third eigenvalue is equal to zero and belongs to the neutral Goldstone boson.

Higgs doublets: The mass-matrix elements of the doublet fields in the upper-left (2 x 2) block ma-
trices of Egs. (17a)—(17b) contain the abbreviation a}j. From Eq.(20a) it is apparent that they
are determined by SM parameters and mpy=+, A and tg like in the NMSSM. Neglecting the mixing
between the doublet and singlet sector, the mass of the light CP-even doublet state has an upper
bound of m? > Czﬁ + A2 0? 52 In the limit myg+ > myz, the other two doublet fields decouple and
obtain a mass close to my+. Smaller values of my+ increase the mixing of both CP-even doublet
fields. Also tg needs to be close to one for large doublet mixing.

Higgs singlets: The (3,3) elements of Mg and Mp in Egs. (17a) and (17b) set the mass scale of
the Higgs singlets. They contain the terms a) from Eq. (20c), a5 from Eq. (14e), and a7 from
Eq. (14g). All Zs-violating parameters besides u and B, appear in these terms; in our later
analysis we set these parameters besides u and B, to zero, but for completeness we mention
them in the following discussion of this section.

The parameter A, appears only in the term a5, whereas B, only appears in a7. Thus it is obvious
that the diagonal mass-matrix elements for the singlet fields—and therefore their masses—can be



controlled by these two quantities, without changing any other matrix element. If all Zs-violating
parameters except pu and B, were set to zero, we would rediscover the NMSSM-specific feature
that A, is bound from below and above to avoid tachyonic singlet states at the tree level.

The ratio k/\ which appears in both terms, as and a7, has sizable impact on the mass scale
of the singlets. If K < A the CP-even singlet entry is purely controlled by a), which in turn is
proportional to 1/peg; in the same limit, the CP-odd singlet entry is controlled by a) and the
remainder of a7 which is B, v. Also note that a) contains a term which is linear in p. In the
opposite case k 2 A, the term aj is likely to dominate the (3,3) matrix element for the CP-even
singlet due to the suppression of a)y by peg if it is of the order of a few 100 GeV. The term ajs is
proportional to (x/\)? ,ugﬁ, such that the CP-even singlet exhibits a strong dependence on pieg.
On the other hand for p > e, the term a) can balance the large k-enhanced contribution in as;
thus, possible upper bounds on « as derived in Ref. [72] might be evaded.

For the case of the CP-odd singlet, the terms in a5 and a; that are quadratic in g cancel
each other. Then the size of the other parameters (especially A, p and peg) determines which
contribution is dominant. For moderate values of x = A 2 0.1 together with small A, the CP-
odd singlet develops a dependence on p/pg, as we will discuss later. Lastly, we note that
in the case of K > X and A, # 0GeV the CP-even and CP-odd singlet masses are controlled
through (/)2 p2g and (k/A) per Ax, respectively. Later, this will allow us to present a rescaling
procedure that keeps both singlet masses constant over a large parameter range.

Doublet—singlet mixing: The masses of the doublet-like and the singlet-like Higgs states can be
significantly shifted by mixing between both sectors. The relevant matrix elements are the ones
in the third columns of Egs. (17a) and (17b). They contain the abbreviations ag, af and ag,
see Egs. (14b), (20b) and (20d), respectively. The mixing vanishes in the limit A — 0 with
constant k/\, and it is enhanced for larger values of A. For fixed A it is also strongly enhanced
in the limit peg — 0GeV.

In the CP-even sector, two terms contribute to the doublet—singlet mixing: as which depends on
the sum (u + pesr), and a4 which does not directly depend on p, but only on the soft-breaking
term B, p. In the case of large p and peg of the same sign, as often dominates the mixing with
the lighter doublet, eventually yielding a tachyonic singlet or doublet Higgs; this behavior can
be avoided by choosing a proper value for B, (or &) to cancel the large effect in ap by aj. In
the case of similar p and peg of opposite signs, aj will always dominate the mixing. Again, the
mixing strength can be adjusted by setting B,, (or §).

The doublet-singlet mixing in the CP-odd sector contains only one term ag which is similar to af
with opposite sign. Furthermore, the CP-odd mixing elements can be modified by non-zero &
and v. As indicated above, due to the dependences of a§ and ag on 1/, a small peg < 100 GeV
yields a strong mixing between singlets and doublets.

We subsequently discuss vacuum structure and vacuum stability bounds in the yINMSSM around the
electroweak scale. We do not discuss tachyonic instabilities during inflation or the stabilization of the
inflationary direction, since they are not of relevance for our study (see e. g. Refs. [8, 10]).

2.3 Vacuum structure and vacuum stability bounds

The space of model parameters can be constrained using experimental exclusion limits and theoret-
ical bounds. Those constraints can be applied to rule out certain parts of the parameter space. In
this context, constraints from the stability of the electroweak vacuum appear to be very robust and
theoretically well motivated. It has already been noticed in the early times of supersymmetry that
constraints from the electroweak vacuum stability on the trilinear soft SUSY-breaking parameters can
be important [73-81]. Recently they have been rediscussed in light of the Higgs discovery [82-86].



These constraints are usually associated with non-vanishing vacuum expectation values of sfermion
fields (e. g. staus or stops) and thus known under the phrase “charge- and color-breaking minima”.
Such minima can invalidate the electroweak vacuum and therefore lead to unphysical parameter con-
figurations (see below).

However, the existence of charge- and color-breaking minima is only a necessary condition for the
destabilization of the electroweak vacuum. Clearly one has to compare the value of the potential
at this new minimum with the desired electroweak one, and only if the non-standard vacuum is
deeper the corresponding scenario is potentially excluded. In fact, some of the points with a deeper
non-standard vacuum may be valid when accepting meta-stable vacua under the condition that the
transition time from the local electroweak vacuum to the global true vacuum appears to be longer than
the age of the universe [87]. However, the possibility of the existence of meta-stable vacua is of limited
practical relevance for our analysis: typically only parameter points in close neighborhood to the stable
region are affected by such considerations; well-beyond the boundary region, the false vacua become
rather short-lived and thus are strictly excluded. In addition, there are thermal corrections in the
early universe which give a sizable and positive contribution to the effective potential as the one-loop
corrections are proportional to m?(¢) T2 for the field-dependent masses m(¢). For finite temperature,
they shift the ground state to the symmetric phase around ¢ = 0 GeV [88, 89]. We presume, however,
that our inflationary scenario preselects a vacuum at field values different from zero and, thanks to
the relatively low reheating temperatures in our scenario, gets caught in it, see Ref.[54]. Following
the inflationary scenario of Ref. [8], the trajectory in field space lies at 8 = w/4 with h2 = h2 = h?
and s = 0 GeV; the presence of the singlet field S is needed for the stabilization of the inflationary
trajectory in order to not fall into the tachyonic direction as pointed out by Refs. [8, 10]. Inflation
ends at field values h = ©(0.01) in units of the Planck mass. For small A ~ 1072, the D-flat trajectory
remains stable after inflation ends according to Ref. [8], and will change to 8 # 7/4 and s # 0 GeV
when the SUSY-breaking terms become important. NMSSM-specific effects like the relevance of singlet
Higgs bosons and the additional contribution to the 125 GeV Higgs boson are usually connected to a
large value of A. This is not necessarily the case in the uNMSSM, where striking differences also appear
for small values of peg. Moreover, we will take it as a working assumption that after inflation ends,
even for larger values of A the universe will remain in the state with the inflationary field direction
until it settles down in a minimum closest to this direction. If it is the global minimum of the zero-
temperature potential, reheating may not be sufficient to overcome the barrier and to select a false
(and maybe meta-stable) vacuum. The thermal history of the universe plays then no role for the choice
of the vacuum, and in this case the universe would remain in the global minimum. Accordingly, we
adopt the prescription to exclude all points with a global minimum that does not coincide with the
electroweak vacuum. This means that we do not consider meta-stable electroweak vacua as they are
excluded by the selection rule. A similar discussion and argument has been given in Ref. [90], where
a selection of the vacuum with the largest expectation values was promoted, irrespective whether or
not it is the global minimum of the theory.

We will see that actually in most cases scenarios are excluded because of a tachyonic Higgs mass.
Tachyonic masses are related to the fact that the electroweak point—around which the potential is
expanded—is not a local minimum in the scalar potential, but rather resembles a saddle point or even
local maximum, and the true vacuum lies at a deeper point along this tachyonic direction. Thus, the
true vacuum has vevs different from the input values, and the electroweak breaking condition Tg = 0
in Eq. (15) does not select a minimum.

We briefly sketch how to get constraints on the relevant model parameters in the (neutral) Higgs
sector of the uNMSSM. Similar observations for the NMSSM have been intensively discussed in the
literature [91, 92]. Already the presence of an additional Higgs singlet (see e. g. Refs. [93-95]) invalidates
the well-known results that no charge-breaking Higgs vevs exist at lowest order in the MSSM (see
e. g. Refs. [79, 96]) and in two-Higgs-doublet models (see e. g. Refs.[97, 98]). On the other hand, in
the NMSSM the inclusion of such charge-breaking minima has rather little impact on the overall vacuum
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stability and gives no further information, see Ref. [99]. In a similar manner, we neglect non-vanishing
squark vevs (see discussion below) and therefore we only have to deal with the following potential:

2

V=r?s'+1(gt+3) (2 —h3)" + (M s®+2Apus) (h2 +h3) —2X (ks + Ay s) hy hy 21)

+ A2 h2 b2+ %EAN83+ (mfgu + u?) h2 + (mﬂd + u?) hi+mes® — 2By phy ha,
where we just presented the real fields as we do not consider spontaneous CP violation.* Notice also
that we do not consider the shifted theory with all fields ¢ — ¢ — vy expanded around the electroweak
point, hy = vy, hg = v4, s = per/ . In our case for the stability analysis, the potential vanishes at the
origin, and the electroweak minimum is one of the minima not located at the origin. It is not necessarily
the global minimum. Furthermore, compared to Eq. (11), we neglect all additional Zs-breaking terms
besides the contributions of 1 and B, v of the uNMSSM (see the discussion above).

The “desired” electroweak vacuum can be constructed by fulfilling the minimization conditions at the
tree level, Tg = 0, with 7g given by Eq. (15). The vevs of the doublet fields are taken as fixed input
parameters, whereas the value of p.g is treated as variable similar to u. These equations can be solved
for the soft-breaking masses m%{u, m%[d and m?% according to Egs. (16).

The masses of the Higgs sector are determined in such a way that the desired vacuum with (h,) = vy,
(hq) = vq and (s) = peg/A is a viable vacuum of the potential V' in Eq. (21). However, one has to
ensure that there is no deeper minimum of V. This can only be achieved reasonably-well through a
numerical evaluation. For that purpose, we determine the stationary points of the potential V' and
then compare the corresponding values of V' at these points with the desired minimum given by

2

1
(g7 + 95) v* 35 — 1 N otsgg — o ulg [1 -5 526}

des __
ydes — 2

min

ol

22
K2 4 9 1kA; 4 1 5 9 (22)
— A Heft = U7 et — Mo + 5 A pheft S25 — By prv” s25 .

3 A3

From the expression in Eq. (22), one can derive a few general results: (a) for small values of A the
desired minimum gets deeper and—as the singlet contribution decouples from the rest of the potential—
it becomes more difficult for a non-standard vacuum to appear and to be deeper than the desired
minimum; (b) the (1)NMSSM potential at the desired minimum is usually deeper than in the case of
the MSSM® and is mainly driven by peg; (c) the contribution of Ay plays a subdominant role compared
to A, whose impact is strongly influenced by peg and A; (d) parameter points with Vrgﬁf > 0 have to
be excluded because the trivial minimum at (h,) = (hg) = (s) = 0GeV is obviously deeper.

In our analysis, we focus for clarity on constraints from the tree-level potential, considering the appear-
ance of global non-standard minima and, as discussed above, disregarding the possibility of meta-stable
false vacua. Employing higher-order (i. e. one-loop) corrections does not necessarily give more accu-
rate predictions of vacuum stability, see Ref.[100]. An approach to include one-loop effects using a
certain numerical procedure has been implemented in the public code collection of Vevacious, see
Ref. [101], including a tunneling calculation also at finite temperature using CosmoTransitions [102].
The tree-level evaluation is much faster and numerically more stable; moreover, it has been argued
that the one-loop effective potential is problematic for tunneling rate calculations [103].

Constraints on the NMSSM parameters: There are two main constraints known for the trilinear
soft SUSY-breaking parameters A, and Ay. The first constraint relies on the existence of a non-
vanishing singlet vev to generate peg # 0 GeV. This can be easily derived from the Higgs potential

1 We treat the fields as “classical field values” in the sense of vacuum-expectation values. To avoid confusion with the
true and desired electroweak vevs, we always keep the fields as commuting variables h., hq and s and interpret them
as vacuum-expectation values only at the minima.

5 Compare Eq. (22) with the desired minimum of the MSSM in Eq. (25) which is solely determined by the D term and M3.
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with only s # 0GeV and is given by the requirement [72]
A2 >9m3. (23)

This lower bound on A, is inappropriate for the uNMSSM, as there always exists a non-vanishing
higgsino mass term from p = %mg /2 X- As shown in Section 3, this constraint has hardly any impact
on our analyses. We simply keep it for illustrative reasons.

The second constraint, on Ay, follows from a non-tachyonic charged Higgs mass, since a tachyonic
mass (m? < 0GeV?) means that the potential has negative curvature at this stationary point derived
by the minimization conditions. Thus, the true vacuum would have some non-zero vev for a charged
Higgs component. Configurations like this are possible in the NMSSM, whereas they do not exist as
global or local minima in the MSSM [79]. From the (tree-level) charged Higgs mass in Eq. (18), we
get an indirect bound on Ay. Taking mpg+ as input value, we can eliminate A, as free parameter,
see Eq. (19). Hence, we can ensure that m%{i is always positive. Still, it is worth noticing that by
this procedure A) gets strongly enhanced for small peg (compared to mg+) and thus drives tachyonic
neutral Higgs bosons.

Charge and color breaking: There exist quite strong constraints in the MSSM from the formation
of non-standard minima which break the electric and color charges, known as charge- and color-
breaking (CCB) minima. The famous “A-parameter bounds” read traditionally [73, 77, 79, 104]

A? <3 (m%{u + 1% + m% + m%) , (24a)
A? <3(m%{d+u2+m%+m§) : (24b)

where m% and mtgg are the soft SUSY-breaking masses for the superpartners of the left-handed SU (2)y,

quark doublet, @, and of the right-handed quark singlets, ¢ and b. Several modifications and improve-
ments of Inegs. (24) are present in the literature, see e. g. Refs. [79, 81, 87]. These constraints follow
from the “D-flat” directions in the scalar potential of the MSSM, i. e. h, = t;, =t and hg = b, = IN)R,
respectively. Thus the quartic terms associated with squared gauge couplings vanish. In addition, one
has to be reminded that Inegs. (24) are only necessary conditions for the formation of a non-trivial
minimum with non-vanishing squark vevs in that specific direction. In the case of a violation of In-
egs. (24), one has to check that the generated CCB vacuum is actually deeper than the electroweak
minimum. In the MSSM the desired minimum takes on a comparably small numerical value, only
depending on ¢y (and the B, term which can be replaced by the CP-odd Higgs mass M4):

Vi = =5 (97 + 93) v c35 — 5 M3 v? 535 (25)

In principle, the A-parameter bounds (24) can be simply transferred to the uUNMSSM, where u has to
be replaced by (i + pes), as they can be transferred to the NMSSM [105]. The net effect is roughly the
same in the MSSM, NMSSM and puNMSSM; if A, fulfills Ineq. (24a), no CCB will appear. Constraints
on e alone may get weakened, because the desired minimum also gets deeper for larger peg. Moreover,
the additional singlet direction stabilizes the potential with respect to CCB minima since the peg term
originates from a quadrilinear scalar coupling, and the vacuum with non-vanishing peg or vs is typically
deeper than a CCB vacuum. Generically, constraints from the coupling to the wrong Higgs doublet
relating down-type sfermion vevs to the up-type Higgs and vice versa, see Refs. [106, 107], are expected
to be valid for (u + peg) and not weakened if the singlet is fixed at its vev. Similarly, there are bounds
on A not related to D-flat directions as discussed in Ref. [108]. These can be reasonably-well deter-
mined only numerically. Generically speaking, for the uNMSSM the risk of generating a CCB vacuum
is reduced because (a) the dependence of the desired minimum on peg drives the electroweak vevs to
be more stable, and (b) not as large values of A; are needed to raise the SM-like Higgs mass because
of the additional NMSSM-specific tree-level contribution.
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Constraints from CCB minima as given in Inegs. (24), are less important in comparison to the MSSM
for both, the NMSSM and the pNMSSM, even if large stop corrections are needed to shift the SM-like
Higgs mass (as in the case for small \). If the singlet-field direction were neglected and the stop D-flat
direction tp = £, = t defined, one could directly apply Inegs. (24) for the uNMSSM, keeping v # 0 GeV
and replacing p — p + peg. However, with the singlet as dynamical degree of freedom, the stability
of the electroweak vacuum is improved as the only singlet—stop contribution is actually a quadrilinear
term Ahgst® and the occurrence of a true vacuum with (hy q) # vya, () # vs and (f) # 0GeV is
disfavored.

Meta-stability and tunneling rates: Lastly, we comment on vacuum-to-vacuum transitions in
case of a local electroweak vacuum. It is in general of interest to see how long such a meta-stable state
could survive compared with the life-time of the universe. We have outlined some arguments why—in
view of the inflationary history of the universe—we disregard meta-stable long-lived vacua. We will
see in Section 3.3 that totally stable points survive in a wide range of the parameter space.

For an estimate of the bounce action of the unstable configuration [109], we define an effectively
single-field scalar potential linearly interpolating between the electroweak local minimum and the true
vacuum found by the numerical minimization of the scalar potential at different field values and apply
an exact solution of the quartic potential given by Ref. [110]. See also Ref. [111] for the application of
this method to the uNMSSM.

2.4 Higher-order corrections to Higgs-boson masses and mixing

It is well-known that perturbative corrections beyond the tree level alter the Higgs masses and mixing
significantly in supersymmetric models. For instance, in the MSSM such large corrections are needed to
lift the lightest CP-even Higgs mass beyond the Z-boson mass. On the other hand, in the NMSSM and
similarly the uNMSSM there are scenarios where an additional tree-level term lowers the tension be-
tween the tree-level SM-like Higgs mass and the measured value of the SM-like Higgs boson at 125 GeV.
Still, since loop corrections to the Higgs spectrum have a large impact, in our phenomenological analysis
we take into account contributions of higher order as described in the following.

The masses of the Higgs bosons are obtained from the complex poles of the full propagator matrix.
The inverse propagator matrix is a (6 x 6) matrix that reads

ANk =i [/81 - (f‘fs Af’@)) + (fisékQ) 2P2k2)>] _ (26)

Here 3¢ and 3 p denote the matrices of the renormalized self-energy corrections to the neutral CP-even
and CP-odd Higgs fields. In the CP-conserving limit there are no transition elements between CP-even
and CP-odd degrees of freedom, which is why Eq. (26) is block diagonal.

In principle, contributions from mixing with the longitudinal Z boson have to be considered as well.
However, these contributions as well as those from mixing with the Goldstone mode enter the mass
predictions only at subleading two-loop level [112, 113]. Since these contributions are numerically
small [114] we neglect them in the following and use a (5 x 5) propagator matrix. The (5 x 5) matrices
are denoted by the symbols Ay, for the propagators and 35, for the renormalized self-energies in
the following. The complex poles of the propagator are given by the values of the squared external
momentum k2 for which the determinant of A Vanlshes

det [A; (k)] 20, (27)

2 .
Mhi + zl"hi Mhi

The real part, M ,i_, of each pole yields the loop-corrected mass of the corresponding Higgs boson h;.
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In this work, a model file for FeynArts [13, 14] of the GNMSSM at the tree level has been generated
with the help of SARAH [15-18]. In addition, the one-loop counterterms for all vertices and propagators
have been implemented, and a renormalization scheme which is consistent with Refs. [20, 21] for the
cases of the MSSM and NMSSM has been set up. All Zs-violating parameters are renormalized in
the DR scheme, see Appendix A for a list of the respective beta functions. The numerical input
values of all DR-renormalized parameters are understood to be given at a renormalization scale which
equals the top-quark pole mass. The renormalized self-energies of the Higgs bosons 3., are evaluated
with the help of FormCalc [19] and LoopTools [19] by taking into account the full contributions from
the GNMSSM at the one-loop order. For other variations of the NMSSM, similar calculations of Higgs-
mass contributions up to the two-loop order have been performed in Refs. [115-123]. A comparison of
results from public codes using different renormalization schemes can be found in Refs. [124, 125].

As an approximation, we have added the leading two-loop contributions in the MSSM of O(azas) [126]
and O(a?) [127, 128] at vanishing external momentum to their MSSM-like counterparts in the yNMSSM
(for a discussion of this approximation in the NMSSM see Ref. [121]). They are taken from their current
implementation in FeynHiggs [22-29].° We thus have

GNMSSM & (2L) MSSM, leading

S (W) ~ RO+ 550 () (28)

k2=0

We note that the two-loop contributions of O(apas) to the MSSM-like Higgs self-energies are not
included in our calculation. However, in the definition of the bottom-Yukawa coupling we employ a
running DR bottom mass at the scale m; [113] which enters flghL) (k?) ’GNMSSM, and we take into account
large tg-enhanced contributions to the bottom mass as discussed in Refs. [113, 132-137]. We expect
that the missing two-loop piece of O(apas) is numerically subleading (for a discussion in the MSSM

see [138, 139)).

Higher-order propagator-type corrections are not only needed for predicting the Higgs-boson masses,
but also for the correct normalization of S-matrix elements involving Higgs bosons as external particles.
The wave-function normalization factors incorporating the effects of the mixing between the different
Higgs bosons can be written as a non-unitary matrix Z{;i". It is constructed from the Higgs self-energies
and their derivatives with respect to k2, evaluated at the various physical poles; for details we refer
the reader to Refs. [21, 140-143]. A recent application in the framework of the NMSSM can be found
in Ref.[144]. Here, we follow the setup outlined in Section 2.6 of Ref.[21] and determine the matrix
elements of Z{;ix from the eigenvalue equation

: 2 2 2 2 2 .- mix _ 2 . mi
[dlag(mhl,mh2,mh3,mal,maz) — Ehh‘kQ — M2 4Dy, Mh}kl 0= (Mhi +11, Mhi) i (29)
i 7 7

The normalization of each eigenvector is fixed by

[dA,:,i A3

dk?

mix mix

ik il

1+ mxzmx=1. (30)

dk?

k2:M£i +iTh; My, | g kQZMgi +iTh; My, | gy

In our numerical analysis we denote the three CP-even mass eigenstates h; as h?, H° and s°, and
the two CP-odd mass eigenstates a; as A and a,. These assignments become ambiguous as soon
as loop corrections are included. In our analysis we use the largest admixture to a loop-corrected
mass state in order to define the assignment. For this purpose we employ the previously discussed
loop-corrected mixing matrix ij‘-ix. In this way s” denotes the dominantly singlet-like state. The light
doublet-like state is named h° and the heavy doublet-like state is H°. The CP-odd Higgs bosons are
the predominantly singlet-like state as and the doublet-like state A°.

6 Additional contributions from the MSSM at the two-loop order or beyond—e. g. further fixed-order results [129, 130] or
resummation of large logarithms for heavy sfermions [27, 28, 131]—are available. However, we will confine our discussion
in this paper to the leading two-loop contributions.
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2.5 Trilinear Higgs-boson self-couplings

In order to discuss possible distinctions between the NMSSM and the uNMSSM, the Higgs-boson self-
couplings are particularly relevant. Experimentally these self-couplings can be probed through Higgs
pair production or through decays of a heavier Higgs boson to two lighter ones. Through electroweak
symmetry breaking there is also a strong correlation with Higgs-boson decays into Higgs bosons and
gauge bosons, e. g. A® — ZhY or H* — Za,. For both, the Higgs mixing between singlets and doublets
is essential. We take both types of decays into account when checking against experimental limits
from Higgs boson searches, but only exemplify the parameter dependence for the decays involving
only Higgs bosons in our numerical analysis below.

The Higgs self-couplings are introduced in Eq. (12). In order to simplify their presentation in the
neutral sector we define ¢; to be the i-th component of ® = (04, 0y, 05, A, ¢s), where in the CP-odd
sector the Goldstone boson is in a basis where it does not mix with the other Higgs bosons at lowest
order (see discussion in Section 2.2).” We denote the couplings as Aijk for the interactions among three
Higgs bosons ¢;¢;¢y in the basis ®. For the couplings among the CP-even components—expressed in
gauge couplings (see Eq. (13) for the relation to the gauge-boson masses)—we obtain at the tree level

M1 =—3 (g7 +93) cgv, Mi2 =3 (g1 + 95 —42%) sgv, (31a)
i3 = =2 A (1 + pesr) Moz = 3 (97 + 95 —4X%) c0, (31b)
)\123:)\<V+AA+2§,%E), M3z =2 (ksgv —Acgv), (31c)
Mooz = —3 (g7 + 93) spv, A223 = =2 A (1t + Het) , (314d)
X33 =2 (kcgv — Asgv), )\333:*2K(AH+3V)*12§[1@&. (31e)
The couplings of CP-even components to CP-odd components are given by
AMaa = —3 (97 +93) cgv, Moas = 3 (g7 + 95 —42) spv, (31f)
A3qq = =2\ (1 + feft) Asas = —A (V + Ay +2 ; Meﬁf) : (31g)
A5 = % (g% + g% — 4/\2) caU, Aogs = —% (g% + gg) sg v, (31h)
Agss = —2A (1 + Hest) - (31i)

Similarly we can write down the couplings \; for the interaction ¢; HH™ of the neutral Higgs bosons
in the basis ® to the physical charged Higgs bosons (the Goldstone bosons are again in a basis where
they do not mix) as follows:

A=A sg 5050 + : (g%—l—g%) CpCapv — g3 Ca, (32a)
ho =N egsapv— 3 (97 +93) spcapv — g3 550, (32b)
N K

A3 =—A [2 (1 + o) + (1/ +2 3, et + AA) 525} . (32¢)

The remaining couplings which are not present above are equal to zero. Again s, and ¢, are defined
as sy = sin(x) and ¢; = cos(z). In most of the cases when p or peg appear, the coupling depends on
the sum (u + peg). For the interactions of the neutral Higgs bosons, only a few couplings carry an
(additional) proportionality to peg itself, see Aj23, A345 and Agss which all involve the singlet state.
This dependence manifests itself for the former two couplings in the Higgs-to-Higgs decays s° — h0 h?,
HY — s9h0 and A° — 5% a,. In the charged Higgs sector, the decay s — Ht H~ has a direct depen-
dence on j.g at the tree level in addition to (p + peg) for a dominantly singlet-like state %, as can
be seen in A3. For both cases a very pronounced mixing of the singlet states with the Higgs doublets,

" The state A differs from the mass eigenstate A° that we defined in the previous section.
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and an individual dependence on g and on the sum (u + peg) can also occur in other Higgs-to-
Higgs decays. We will emphasize later that Higgs mixing is crucial for the observed dependences
on peg and p. We consider the decays at the tree level, however, including the external corrections to
Higgs-boson masses and mixing as discussed in Section 2.4. Though, we emphasize that higher-order
contributions to Higgs-boson self-couplings and Higgs-boson decays can be large, see Refs. [144-147]
for corresponding calculations in the NMSSM.

2.6 Neutralino and chargino masses
We write the neutralino and chargino sector in the gauge-eigenstate bases
T ~0 17,0 70 70 =~ T T \T SR

(%) = (B°,W§,h3, 10,5), (7)) =W hl) and  (v7) = (W7 ,h;),  (33)
which includes the bino component B, the neutral and charged wino components W:,? and W, the
neutral and charged higgsino components hg’ 4 and hf 4 and the singlino component 30 in the form of
Weyl spinors. Their mass terms in the Lagrangian can be written in the form

T \T T _
~Lymasses = 3 (¥7) My ¥ + 5[(¢7) Mz F + (7)) Mz 7] +hoc.. (34)

The symmetric mass matrix of the neutralinos and the mass matrix of the charginos are given by

My 0 —mgsycg myzSyss 0
- My mgecyweg  —mgcewsg 0
My =1 - . 0 — (4 pet)  —Avsg , (35a)
. . 0 —Aveg
2 § Heff +V

Mo V2mw 53
M+ = . 35b
xt (\@ mwy cg [+ feff (35b)

The abbreviations sy = g2/1/97 + 93 and ¢y = g1/1/g7 + g3 denote the sine and cosine of the weak-
mixing angle, respectively. We see that the mass scale of the MSSM-like higgsinos is given by the
sum (0 + fefr), and the mass scale of the singlino is controlled by (2 K/ per + v). If only the elec-
troweakinos were taken into account at the tree level, it is apparent that the uNMSSM would be
indistinguishable from the NMSSM, since any shift in masses and mixing induced through g could be
compensated through shifts in peg. However, such shifts will induce differences in the Higgs sector.

Including the singlino elements (with ¥ = 0 GeV as discussed in Section 2.1), an NMSSM-like neutralino
spectrum can be generated, where (u + jief) serves as the NMSSM-like pio term and k is rescaled as

ks R= g B el (36)

Heft

This rescaling on the other hand affects the Higgs spectrum, thus giving a possible handle to distinguish
the uNMSSM from the NMSSM.

For the case where x and A are kept fixed, an interesting behavior can be observed for light higgsinos.
For small (i + pefr) huge cancellations may occur between the two contributions with large p > 0 GeV
and peg of the same size but opposite sign. As a consequence, the singlino state becomes much heavier
compared to the case of the NMSSM (of the order of peg). Such a scenario is displayed in Fig. 1 where
the neutralino—chargino spectrum is shown for the cases p € {0,200, 1000} GeV (v is set equal to zero).
The left column with p = 0 GeV corresponds to the case of the NMSSM. The masses are obtained by
diagonalizing the tree-level mass matrices in Eq. (35). With respect to the Zs-invariant NMSSM, the
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1+ e = —200GeV, tan f = 3.5, A = 0.3, k/A = 0.3
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Figure 1: The masses of the neutralinos and charginos are shown for different values of pu. The effective higgsino
mass parameter is fixed at u + peg = —200 GeV, and the mass parameters for the gauginos are set to M; = 100 GeV
and My = 300GeV. The other relevant parameters are given in the legend of the figure. The mostly bino- and
wino-like states B® (purple) and W° (red) as well as the charginos Y= (rose) have (nearly) constant masses. The
masses of the two mostly higgsino-like states H° (orange) and the mostly singlino-like state S° (blue) vary visibly.

most significant alteration is visible in the singlino component (blue): the mass shows an about-linear
increase with p since the sum (u + pegr) is kept fixed. Due to the varying mixing, some influence on
the masses of the other two neutral higgsino states (orange) can be seen despite a constant higgsino
mass parameter (1 + feg); the impact on the gaugino states (red and purple) remains negligible. The
chargino masses (rose) are not influenced by the different choices.

In a scenario as discussed above, with light higgsinos as well as large u and peg of opposite signs,
the lightest neutralino is typically not the singlino state as the singlino mass is pushed up, see Fig. 1.
The lightest supersymmetric particle (LSP), however, tends to be the gravitino, which is at risk to
overclose the universe as dark matter candidate. In this case, the inflationary scenario has to be such
that the reheating temperature stays below a certain value and gravitinos are not overproduced in the
early universe, see our discussion in Section 2.1.

2.7 Sfermion masses

The mass term for each charged sfermion—for which we distinguish the superpartners of the left- and
right-handed components by the notation fL and fR, respectively—takes the following form in the
Lagrangian

L ases = (1 ) M2 (jf;) , (37)

where the squared mass matrix reads

3
m2+m2 - m ey (T = Qrs2)  mylAg =05 (u+ ren)]

M2 = ; (38a)
d my [Ap = 0f (1 + pes)] mj +m3 +mj ey Qr sy,
o t/B ) f 6 {67 /’L7 7-7 d7 87 b} )
Hf_{t;, fe{uct}. (350)

Therein we denote the fermion mass by m , the bilinear soft-breaking parameters by m Fon the trilinear

soft-breaking parameter by Ay, and the electric and weak charges by @ and TJES).
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In this sector we encounter the sum (i + pefr) in the off-diagonal elements of the sfermion mass matrices
as the only difference compared to the NMSSM or MSSM. If this sum becomes large, A;/6f needs to be
adjusted in order to avoid tachyonic sfermions in particular for the third generation squarks. In that
case, bounds from vacuum stability (see e. g. Inegs. (24)) can also constrain the viable size of (i + fief).

3 Phenomenological analysis

In this section we investigate various scenarios of the uNMSSM with a particular focus on the p pa-
rameter. We will point out differences between the uNMSSM and the ordinary Zs-preserving NMSSM,
where the latter corresponds to the limit 4 = 0 GeV of the uNMSSM. At first we qualitatively define
the investigated scenarios, before we numerically analyze them.

3.1 Viable parameter space compatible with theoretical and experimental bounds

In the previous sections we have analytically discussed the relevant sectors of the uNMSSM with respect
to effects of the inflation-inspired p parameter. Before we provide a phenomenological analysis—
including the higher-order effects specified in Section 2.4—we discuss the viability of various parameter
regions. As discussed in Section 2.1 we focus on scenarios with non-zero p and B,,, but set all other Z3-
violating parameters in the superpotential (9) and soft-breaking Lagrangian (10), i. e. £, C¢, v and B,,
equal to zero.

The p parameter of the model is positive by construction in the inflation-inspired model, see Egs. (6)
and (8). Furthermore, we only investigate scenarios with u < 2TeV to stay in the phenomenologically
interesting region for the collider studies. Still, we point out that also much larger scales are viable
from the inflationary point of view. As discussed in Section 2.1, p ~ %mg /2 10° X\ implies that much
larger values of ;1 are possible depending on A and m3 /5. However, large values of u can cause tachyonic
states as discussed in Section 2.2.

We characterize the scenarios in the following parameter regions: small values of pu ~ 1GeV,? large
values of p 2 1 TeV with peg ~ —p, and values of 2 100 GeV with moderate or small |peg| < 100 GeV.

small g ~ 1 GeV: in the case of small y also the soft-breaking term B,, u becomes small. Since in
addition we set all other Zs-violating parameters to zero, we recover the standard NMSSM in this
limit (see the discussion in Fig. 1). Thus, differences between the NMSSM and the ¢NMSSM can
directly be deduced by comparing scenarios with zero and non-zero y parameter.

large p 2 1 TeV with peg ~ —p: as discussed in Section 2.6, the higgsino masses depend only on
the sum (u + pefr) at the tree level. The same combination contributes to the sfermion mixing in
combination with the trilinear soft SUSY-breaking terms. In order to keep these quantities small
at a large value of u, one can assign the same value with opposite sign to peg; note, however, that
the region | + peg| < 100 GeV is experimentally excluded by direct searches for charginos [148,
149]. An immediate consequence of large, opposite sign peg and p is that the singlino and the
singlet-like Higgs states receive large masses of the order of || [see the (5,5) entry in Eq. (35a)
and the (3,3) elements in Egs. (17a) and (17b)], which provides a potential distinction from the
standard NMSSM. Similar to the increase of the singlino mass, fixing (1 + pes) together with an
increase in py—and thus an increase in the absolute value of p.g—Ilifts the masses of the singlet
states also in the Higgs sector. In the neutralino sector these contributions can be absorbed by a
rescaling of k, see Section 2.6; however, in the Higgs sector peg also appears in other combinations,
thus leaving traces which can potentially distinguish the yNMSSM from the NMSSM.

8 We do not set u exactly to zero for purely technical reasons: the MSSM-like two-loop contributions to the Higgs masses
are taken from FeynHiggs where the p parameter of the uUNMSSM is identified with the p parameter of the MSSM. In
the limit 4 — 0 GeV numerical instabilities appear.
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12100 GeV with |pes| S 100 GeV: if we allow for a large pu parameter without constraining the
sum (f + o), the spectra of higgsinos, sfermions and Higgs bosons are changed at the same
time. A large sum (u + peg) causes very large mixing between the singlet and doublet sectors
(see discussion in Section 2.2), eventually driving one Higgs state tachyonic. In some part of the
parameter space this can be avoided by tuning B, accordingly. Another constraint arises from
the sfermion sector, most notably the sbottoms and staus: a large (u + peg) induces large terms
in the off-diagonal elements of the sfermion mass matrices (enhanced by tan 3 for the case of
down-type sfermions) which can potentially cause tachyons, also depending on the values of the
trilinear soft-breaking parameters Ay. As discussed in Section 2.3, constraints from charge- and
color-breaking minima induced by too large soft-breaking trilinear parameters (see Inegs. (24)
with g promoted to (i + pe)), have a much smaller impact in the uNMSSM as compared to
the MSSM [105].

A special case of this scenario is the possibility of having i at the electroweak scale in combination
with an almost vanishing |peg| << . This implies that (u + pefr) remains at the electroweak scale.
In contrast to the standard NMSSM this scenario allows the occurrence of both, x > X\ and a
light singlet sector. As discussed in Section 2.2, the mixing between singlets and doublets is in
this case dominated by terms proportional to ,ue_ﬁ}. We will explicitly discuss such a scenario in
Section 3.5.

There are more parameters that are relevant for the following phenomenological studies. We keep those
fixed which behave similarly as in the MSSM and NMSSM. The choice of our constant input values
is given in Tab. 1. Furthermore, we specify the values of tg, x, A, and A, directly at the respective
places. Besides the analyses where we explicitly study the dependence on B, we use B, = 0GeV as
default value.

As our analysis is focused on the impact of the inflation model, we are not going to discuss the influence
of the sfermion parameters. If not mentioned otherwise, we use m F=my =mj, and Ay, /m = 2,
which maximizes the prediction for the SM-like Higgs-boson mass at p + peg = 0GeV. The gluino
mass parameter Mj is set well above the squark masses of the third generation which is in accordance
with the existing LHC bounds. For completeness, we also give the parameters of the SM which are
most relevant for our numerical study in Tab. 1.

The gaugino-mass parameters M; and Ms do not play a big role in the following analysis, but are
necessary input parameters for the mass matrices of the charginos and neutralinos in Eqgs. (35). We
set My = 500 GeV and fix M; via the usual GUT relation, see Tab. 1. Our phenomenological analysis
is most sensitive to the neutralino and chargino spectrum if a Higgs boson can decay into them. This
is in particular the case if the particle spectrum contains light higgsinos, whose masses are controlled
through (u + pesr). For a scenario with light higgsinos and a light singlino we will later also discuss
the electroweakino phenomenology at a linear collider, see Section 3.4.

Table 1: The input parameters which are fixed throughout our numerical analysis (interpreted as on-shell param-
eters if not specified otherwise). The gaugino mass parameters are denoted as M; with ¢ = 1,2,3. The trilinear
soft-breaking terms for the sfermions Ay, carry the generation index g = 1,2,3. The charged Higgs mass my+ is
fixed to the shown value, if not mentioned otherwise.

my+ = 800 GeV, my = 173.2 GeV, as(myz) = 0.118,
Gr = 1.16637-107° GeV 2, my = 91.1876 GeV, mw = 80.385GeV,
5 2
Mz = 2.5TeV, My = 0.5TeV, M, = g%MQ,
95
mj = 2TeV, mj. = 2TeV, Ap, =4TeV, Ay, =0TeV.
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As we use p ~ %md /2 10° X and focus on p < 2TeV, we are considering scenarios where the grav-
itino typically is the LSP. We do not specify the mediator mechanism of SUSY breaking; however,
we assume that such a light gravitino is always possible. Although the gravitino is the Dark Matter
candidate, traditional collider searches for a neutralino LSP do apply in our case: for instance, if
the next-to LSP (NLSP) is gaugino-like, it can decay into a photon and the gravitino, where the NLSP
lifetime is typically so large that it can escape the detector [150]. We roughly estimate the NLSP phe-
nomenology via the approximate partial decay width of the neutralino NLSP into a photon or Z boson
and gravitino 135 according to Refs. [151-153]

5 5 4
o N |N11 ew + N2 $W|2 Mo o N |—=Ni1 sw + Ni2 Cw|2 e 1 m, (39)
X1 VY32 2 2 X1 232 — 2 2 2 )
X1THs/2 48 m M, m3 o et 48 T My, M3 e

where we expanded in a small gravitino mass ms/, and use sy, and ¢y for the sine and cosine of the weak
mixing angle, respectively. The neutralino mixing matrix elements N;; follow from the diagonalization
of Eq. (35a). As an example for the decay of the NLSP with mgo ~ 100 GeV and ms/, ~ 10 MeV, we
find a lifetime of 7 = 1/T" = O(1s). Thus, the NLSP decays outside of the detector and is counted
as missing energy. Nevertheless, such decays might be of certain interest with respect to future
experimental searches for long-lived particles like the MATHUSLA experiment [154]. Note that for a
higgsino-like NLSP the decay into a Z boson and the gravitino is obtained by replacing the mixing
factor in Eq. (39) by |—Niscg + Niasg|?. If kinematically open, also the decay into a (singlet-like) CP-
even or CP-odd Higgs boson and the gravitino can occur (see Ref. [152]), but this decay mode does not
change the qualitative features described above.

We have chosen mp+ as an input parameter and adjust Ay according to Eq. (19). If not denoted other-
wise, we set mpy+ = 800 GeV. We use HiggsBounds version 5.1.0beta [30-34] in order to implement
the constraints on the parameter space of each of our scenarios resulting from the search limits for
additional Higgs bosons. In this context, the exclusion limits from H, A — 77 decays are particularly
important. For relatively low values of tan 8 the choice of my+ = 800 GeV is well compatible with
these bounds. The code HiggsBounds determines for each parameter point the most sensitive channel
and evaluates whether the parameter point is excluded at the 95% confidence level (C.L.). We use
those exclusion bounds as a hard cut in the parameter spaces of our analyses.

We also indicate the regions of the parameter space which provide a Higgs boson that is compati-
ble with the observed state at 125 GeV. These regions are obtained with the help of HiggsSignals
version 2.1.0beta [35]. The code HiggsSignals evaluates a total x? value, obtained as a sum of
the x? values for each of the 85 implemented observables. Four more observables are added, which test
the compatibility of the predicted Higgs-boson mass with the observed value of 125 GeV. This latter
test includes a theoretical uncertainty on the predicted Higgs-boson mass of about 3 GeV, such that
a certain deviation from the four measured mass values (from the two channels with either a v or
a ZZ™ final state from both experiments ATLAS and CMS) is acceptable. Thus, in total HiggsSignals
tests 89 observables.

Since all our two-dimensional figures include a region with a SM-like Higgs boson,’ we classify the

compatibility with the observed state as follows: we determine the minimal value of x?, denoted by x?2,,
in the two-dimensional plane and then calculate the deviation Ax? = x? — x2, from the minimal value
in each parameter point. We allow for a maximal deviation of Ax? < 5.99, which corresponds to
the 95% C.L. region in the Gaussian limit. All parameter points that fall in this region Ax? < 5.99
are considered to successfully describe the observed SM-like Higgs boson.

Lastly, we note that HiggsBounds and HiggsSignals are operated through an effective-coupling input.
We will comment on the results of the two codes where appropriate.

9 The minimal x> value obtained in our numerical analysis is x2, = 74.6. All subsequently discussed benchmark planes
include a parameter region with y2, < 80. Further details are provided below.
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For our implementation of the constraints from the electroweak vacuum stability we refer to Section 2.3.
For informative reasons, we distinguish long-lived vacua from short-lived ones in the numerical analysis.
We do not explicitly enforce a perturbativity bound on x and A, but discuss this issue below.

3.2 Higgs-boson and neutralino mass spectra

In this section, we point out the differences of the Higgs-boson and neutralino mass spectra in
the uNMSSM with respect to the NMSSM. Similar to the case of the MSSM, the charged and the CP-even
heavy doublet as well as the MSSM-like CP-odd Higgs bosons are (for sufficiently large mpg+ > My)
quasi-degenerate.

In Fig. 2, we show the masses of the Higgs bosons for vanishing A, in the left, A, = 100 GeV in the
middle frame, and the masses of the neutralinos in the right frame. Each frame contains three different
scenarios which are characterized by the three values u € {0,200, 1000} GeV while keeping all other
parameters fixed: p + peg = —200GeV, tg = 3.5, A = 0.2, k = 0.2 ), and the other parameters as given
in Tab. 1. The additional i term has the biggest influence on the singlet-like states s and as, as well as
the singlino-like state S°. In analogy to the discussion in Fig. 1, the reason for this behavior is the fixed
sum (p + feg): an increase in p causes a larger negative pog which primarily drives the singlet-mass
terms in the (3,3) elements of Eqgs. (17a) and (17b), and the singlino-mass term in the (5,5) element
of Eq. (35a) to large values. In the investigated parameter region, the mass of the CP-odd singlet is
also very sensitive to A,: in order to avoid a tachyonic state as over a large fraction of the parameter
space, it is essential to keep A, sufficiently large. However, in the left frame a scenario is shown
where even a vanishing A, is possible. It generates a rather light CP-odd singlet-like state, whereas a
sizable A, = 100 GeV (middle) lifts this mass up. There is thus the potential for a distinction between
the NMSSM-limit for = 0GeV and the uNMSSM with a large 4 = 1TeV. Note that in the middle
frame for p = 200 GeV, the purple and blue lines are on top of each other.

The masses of the neutralino sector do not depend on A at the tree level. Concerning the Higgs sector,
only the two cases in Fig. 2 with 4 = 0GeV and A, € {0,100} GeV yield a SM-like Higgs boson that is
compatible with the experimental data with y? values of maximal 77. These two cases are also compat-
ible with searches for additional Higgs bosons probed by HiggsBounds. The two cases with y = 1TeV
and A, € {0,100} GeV yield minimal x? values of 82.6 and 84.0, respectively. The larger values of x>
mainly arise because the SM-like Higgs-boson mass is slightly below 122 GeV. The large variation
with p for the mass prediction of the mostly SM-like Higgs boson is mainly induced by a large mixing
with the CP-even singlet. The mixing for u = 200 GeV in this scenario becomes very large for both
values of A, such that these cases are outside the parameter region that is compatible with the con-
straints by HiggsSignals. Note that the apparent preference for = 0 GeV over p € {200, 1000} GeV
in this scenario is purely accidental and could be reversed by a slight shift in the input parameters,
see the discussion below.

As already mentioned in Section 2.6, the electroweakino sector alone, at least at the tree level, does
not allow one to distinguish the puNMSSM from the NMSSM: one can keep the neutralino—chargino
spectrum at the tree level invariant by identifying the sum (i + pieg) with the peg term of the NMSSM,
and rescaling x according to Eq. (36). However, as pointed out above, the rescaling does have an impact
on the Higgs spectrum. We show in Fig. 3 spectra for p € {0,200,1000} GeV and A, € {0,100} GeV
with fixed p + pegg = —200 GeV. The neutralino spectrum is shown in only one column in the very right
frame. In analogy to Fig. 2, the left and middle frames show the Higgs-boson masses for the two values
of A, where one still can see the effect of a varying p term. While contributions to the mass matrices
in Egs. (17) which are proportional to (u + fieff) O K e are kept constant, other terms oc N‘;ﬁ}v u;ﬁ?
induce variations. Accordingly, the singlet-like Higgs masses in Fig. 3 are only slightly sensitive to p,
much less than the changes observed in Fig. 2. A rising u slightly increases the mass splitting between
the singlet-like and the SM-like Higgs state.
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Figure 2: The loop-corrected Higgs-boson spectrum and the tree-level neutralino spectrum are shown in
the uNMSSM for scenarios with p € {0,200,1000} GeV and p + pesr = —200 GeV fixed. The parameters are chosen
such that the state h° (black) that is mostly SM-like has a mass around 125 GeV; the gray band shows a 3 GeV in-
terval around the experimentally measured Higgs mass. Furthermore, the masses of the CP-even singlet-like
state s° (blue), the CP-odd singlet-like state as (purple), and the heavy CP-even Higgs doublet and MSSM-like CP-
odd components H?, A° with values close to the input mg+ ~ 800 GeV (red) are shown, where the assignments are
made according to the loop-corrected mixing matrix Z{Jnvix for the Higgs sector, see Section 2.4. For the neutralino
sector on the right, yellow lines show the dominantly bino-like state B°, and green lines the wino-like state W°.
The singlino 50 is shown in rose and the two (doublet) higgsinos H° appear in orange. The assignments are
determined by the tree-level mixing matrix. The parameter values are given in the plot and in Tab. 1.
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Figure 3: In a similar manner as in Fig. 2, the spectra of Higgs bosons and neutralinos are shown in the uNMSSM.
The neutralino masses are invariant under changes in p by identifying the sum (u + peg) of the uNMSSM with
the pesr term of the NMSSM, and by rescaling ~ according to Eq. (36). We set k = 0.8 A, and for = 0GeV we
assign pesr = —200 GeV. The Higgs mass spectra are slightly affected by the rescaling.

Still, while the Higgs masses remain almost constant for not too small g, the doublet—singlet mixing
can be strongly affected by varying p and peg (but keeping their sum constant), in particular if the
doublet—singlet mixing almost vanishes at a certain choice of 1 and peg. In general, the mixing
between the singlet and doublet states is affected by a large |ueg|. However, by rescaling x according
to Eq. (36) all contributions linear in s are absorbed, while the contributions ocuz depend on
the values of tg, M+ and B, see Egs. (20a) and (20b).!% In Section 3.5 we will further investigate
scenarios with very small peg and enhanced Higgs-boson mixing.

In Fig.3 only the case A, = 100GeV in combination with u = 0GeV is allowed by HiggsBounds
and HiggsSignals (x? = 80.1), since the other scenarios are either ruled out by the decay of the SM-
like Higgs into a pair of light CP-odd singlets or by a too large deviation of the SM-like Higgs-boson
mass from 125 GeV. In addition to our discussion above, we emphasize that in particular the latter
exclusion can be easily avoided through a slight adjustment of the input parameters.

10Tn the GNMSSM, there are further possibilities of absorbing shifts in jies through a redefinition of other Zsz-violating
parameters.
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3.3 Parameter scan

We have discussed above the dependence of the Higgs masses and of the condition for the stability
of the electroweak vacuum on the model parameters. Apart from the fixed parameters in Tab. 1, we
choose seven “free” parameters that we vary in the following regimes for our analyses:

peft € [—2,2]TeV, pnel0,2]TeV, B, € [-3,3]TeV, 40

Ne[1041),  we[1041], A, e{0,100}GeV, tanf e [1.5,3.5], (40)
where the largest values of A and « in the specified range of (40) violate the approximate perturbativity
bound A2 + k% < 0.5.'' For the results presented in the following, this bound is always fulfilled and
lies outside the plot ranges. Values of tan 8 2 4 push the model into the MSSM-like regime and are of
less interest for studying the yNMSSM effects.

We have performed a scan over the parameter space defined in (40) and identified regions which are
compatible with current observations concerning the properties of the SM-like Higgs boson at 125 GeV
and the limits from searches for additional Higgs bosons with HiggsBounds and HiggsSignals as
described above. In the following, we present a selection of results from this scan; different regions of
vacuum stability are illustrated, and the experimental constraints from Higgs physics are indicated.
While we display some typical examples, it should be noted that similar observations hold for other
regions in the parameter space as well.

In Figs.4-7, we present a selection of parameter regions. Before we discuss them individually, their
common features are explained. The colored dots in the background display different states of the
electroweak vacuum: we distinguish stable (blue), long-lived meta-stable (purple), short-lived meta-
stable (red), and tachyonic (rose). As discussed above, we regard not only tachyonic but also meta-
stable regions as excluded in the context of this inflationary scenario, but nevertheless display long-
and short-lived meta-stable regions for illustration. Furthermore, we indicate those points that do
not fulfill Ineq. (23) and thus have no singlet vev (orange), although, as explained in Section 2.3, this
constraint is not relevant for the uNMSSM. We overlay mass contours for the SM-like Higgs h" (black),
the CP-even singlet-like Higgs s (blue), and the CP-odd singlet-like Higgs a,s (red). The spectrum
is calculated taking into account the full one-loop and the known MSSM-like two-loop contributions
as described in Section 2.4. The assignment of the labels h°, s and a, to the loop-corrected states
is determined by the largest respective contribution in the mixing matrix Z;;i". We emphasize again
that the parameters of the stop sector specified in Tab. 1 for the given scale of SUSY masses maximize
the SM-like Higgs mass for pu + peg = 0 GeV; therefore, lower values for the SM-like Higgs mass could
easily be obtained by reducing the mixing in the stop sector. Finally, we also indicate a naive exclusion
bound from direct searches for charginos by the gray-shaded band: Ref. [149] reports a lower bound
on the chargino mass of 94 GeV which translates into the requirement that |u + peg| must be above
that value in the uNMSSM. Lastly, all Figs. 4-7 show the region of parameter points that successfully
passed HiggsBounds and HiggsSignals and thus, in particular, yield a SM-like Higgs boson compatible
with the observed state at 125 GeV. This region is represented through the larger, light green dots in
the background. We refer to Section 3.1 for our statistical interpretation of the results obtained from
the two codes.

A large part of the parameter region that is consistent with the measured SM-like Higgs mass is also in
concordance with an absolutely stable electroweak vacuum. Small intersections between stable regions
and regimes with tachyonic Higgs states exist, where there are meta-stable non-standard vacua. The
strongest constraints arise from the existence of tachyonic masses for one of the physical Higgs states
at the tree level. In the remaining region only a small fraction of points has a global minimum which
does not coincide with the electroweak vacuum whereas the majority has a true electroweak vacuum.
For the short-lived meta-stable regions, the vacuum lifetime is longer than the age of the universe.

"' This perturbativity bound was explicitly derived for the NMSSM in Ref.[155]. According to the beta functions for A
and « (see appendix A) no additional scale-dependent contribution is introduced by the uNMSSM at the one-loop order.
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Figure 4: Contours for the SM-like Higgs mass (black) and the masses of the two singlet-like states (CP-even in
blue and CP-odd in red) in the plane /X versus (u + pterr), where A = 0.6 and p = 500 GeV are kept fixed and &
and peq vary. In the left plot A, = 0GeV is used; in the right one A, = 100 GeV. Furthermore, tan g = 2.5 is
set in both plots. The other relevant parameters are listed in Tab. 1. The few red and purple points have a
short- and long-lived meta-stable electroweak vacuum, respectively, whereas blue points have a stable electroweak
vacuum. Rose points are excluded because of tachyonic tree-level masses. The orange points cannot reproduce
a non-vanishing peg at the electroweak vacuum via the constraint of Ineq. (23). With the gray vertical band
we mark a naive direct experimental exclusion bound from the chargino mass m,+ > 94 GeV. Green areas are
allowed by HiggsBounds and HiggsSignals (indicated as “HBHS” in the legend).
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Figure 5: The same as Fig. 4, except that A, = 100GeV is used in both plots, and the parameter p is set
to u = 1000 GeV (left) and 1500 GeV (right).
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Figure 6: The same as Fig.4 but for 4 = 1000 GeV, tan 3 = 3.5 and A = 0.3.
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In Fig. 4 we indicate the Higgs-mass contours and the constraints from vacuum stability in the plane
of (¢t + pegr) and k/X with fixed p and A. Note that for this choice of variables the tree-level doublet
sector in Egs. (17a), (17b) and (20a) remains constant; any structure visible in the prediction of the SM-
like Higgs mass is thus induced by mixing with the singlet state, or by loop corrections. The chosen
parameter values are indicated in the legends of the figures and in Tab. 1; in the left plot A, = 0 GeV
is used, while in the right plot A, = 100 GeV. The value of A, has an impact in particular on the
mass scale of the CP-odd singlet-like Higgs which is much lighter on the left-hand side. In fact, for a
light CP-odd singlet-like Higgs a parameter region opens up where decays of the SM-like Higgs into a
pair of them become kinematically allowed. The CP-even singlet-like Higgs is also somewhat lighter
for A, = 0GeV, while the SM-like Higgs is scarcely affected. The contour lines of the Higgs masses
stop when one Higgs becomes tachyonic. The reason why this does not exactly coincide with the
border between the blue and pink dotted regions are the loop corrections to the Higgs spectrum while
the constraints from vacuum stability were investigated at the tree level. It can be seen that the
boundaries at the left of the stable region are parallel to one of the displayed Higgs-mass contours—
the corresponding particle becomes tachyonic at this boundary. The boundary to the right of the
stable region can be understood when comparing the right plots of Fig. 4 and Fig. 5, which differ from
each other by the value of p: in the right plot of Fig.5 a contour for the SM-like Higgs mass which
is parallel to the tachyonic border appears around p + peg = 250 GeV and /A = 0.5. In Fig. 4 such a
contour is not visible as this particular parameter region is excluded by a tachyonic SM-like state at the
tree level. Note that the NMSSM- and uNMSSM-specific one-loop contributions to the Higgs spectrum
are particularly large in that region (about 60 GeV additional shift compared to the same scenario in
the MSSM-limit with A — 0 and /A constant), see also Ref.[121]; a dedicated analysis taking into
account two-loop effects beyond the MSSM-limit might be necessary for a robust prediction of the
Higgs mass close to the right border of the stable region, see e. g. Ref.[120]. It should be noted that
in Fig. 4 the region where the Higgs mass is close to the right border of the stable region is disfavored
by the limits from chargino searches at LEP.

As expected, the region allowed by HiggsBounds and HiggsSignals is a subset of the region where
the SM-like Higgs has a mass in the vicinity of 125GeV. In the green-marked region, Ax? is at
maximum 5.99. The minimal value x2, from HiggsSignals is 74.6 in both figures. One can see on
the left-hand side of Fig. 4 that this region is split into two: in between the two regions the SM-like
Higgs can decay into a pair of CP-odd singlet-like Higgs bosons h® — asa, with a branching ratio of
up to 90 %; this behavior is not compatible with the observed signal strengths implying a limit on
decays of the state at 125 GeV into non-SM particles. For a very light CP-odd singlet, the admixture
between the SM-like Higgs and the CP-even singlet component is reduced, since the latter becomes
heavier in this region. In the scenario under consideration, the decay h? — asas is dominated by the
coupling among the two singlet states, A3s5 in Eq. (31i), such that a reduced admixture between h°
and s° also closes the decay h’ — asa,. This is why—despite the very light CP-odd Higgs as—the
region at p + peg >~ —300GeV and /X ~ 0.4 is allowed by the constraints from both HiggsSignals
and HiggsBounds.

In Fig.5 we present scenarios similar to the right-hand side of Fig.4 with A, = 100 GeV, but with
different values of u (note the larger scale at the xz-axis). Thus, the influence of this parameter that
distinguishes the uNMSSM from the NMSSM can be seen directly. Obviously, the parameter region
with a stable vacuum is enlarged: for a given value (p + peg) the tachyonic border moves to smaller
ratios of k/A as p increases. Concerning the Higgs spectrum, the most notable difference is seen
for the SM-like Higgs mass: for p = 1TeV a turning point at about p + peg = —800 GeV is visible,
which moves to smaller values of k/A for u = 1.5 TeV. For the larger value of 1 one can see that the
possibility emerges for scenarios with the correct SM-like Higgs mass but positive (p + fefr). Again
all tested points which yield a SM-like Higgs boson close to 125 GeV successfully pass the constraints
implemented in HiggsBounds and HiggsSignals. The minimal values of x2, from HiggsSignals
are 74.9 and 74.6 on the left-hand and on the right-hand side of Fig. 5, respectively.
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Fig. 6 shows scenarios with larger tan 8 and smaller A compared to the previous figures. Like in Fig. 4
we set A, = 0GeV on the left, and A, = 100 GeV on the right-hand side, but p = 1TeV is used. We
observe again that a larger value of A, widens the allowed parameter region, because the mass of
the CP-odd singlet is lifted up, giving rise to a drastic effect in this case. In fact, for A, = 0GeV
only a rather small area in the plane of (i + peg) and k/X is allowed, while the allowed region is very
significantly enhanced for A, = 100 GeV. In the plot on the right-hand side one can see a (nearly)
closed 125 GeV contour for the mass of the SM-like Higgs with even larger values in the enclosed area.
Adjusting the parameters of the stop sector in order to obtain a smaller contribution to the SM-like
Higgs mass can render a SM-like Higgs with a mass of about 125 GeV in the whole enclosed region.
Close to the tachyonic borders we find larger regions with a long-lived meta-stable vacuum (purple)
than in Figs.4 and 5. However, in this part of the plot the prediction for the mass of the SM-like
Higgs is below the experimental value. On the right-hand side of Fig. 6 a large region is allowed by the
constraints from HiggsBounds and HiggsSignals. Only low values of |u + peg| < mp/2 are excluded
by HiggsSignals due to the decay of the SM-like Higgs boson into a pair of higgsinos. However, this
region is anyhow not compatible with the LEP bound on light charginos. The minimal values of y2,
from HiggsSignals are 74.7 in both plots.

In Fig. 7 we change the parameter on the y-axis: B,, is varied and « is kept fixed. We set A, = 0GeV
on the left-hand side, and A, = 100 GeV on the right-hand side. One can see that non-zero values
for B, can have a significant impact on the predicted Higgs masses and might determine whether
or not a scenario is excluded. For larger negative values of B, one can see an area where the elec-
troweak vacuum is meta-stable and long-lived, while the area in the lower left corner of the plots
indicates that the electroweak vacuum is unstable and short-lived. The effect of a larger A, mainly
lifts the tachyonic boundary at the top so that values of B, = 1TeV are allowed for A, = 100 GeV
and leaves the other regions invariant. However, towards the upper limit of B, there is a small
short-lived area. As a new feature, we find large regions with a meta-stable vacuum but a SM-like
Higgs with a mass of 125 GeV for both values of A,. Accordingly, scenarios with too large nega-
tive values of B, are excluded due to a rapidly decaying vacuum despite providing a SM-like Higgs
boson close to the observed mass. The constraints from HiggsBounds and HiggsSignals indicate
that a large part of the region with the correct Higgs mass is compatible with the experimental data.
For both plots HiggsSignals yields a minimal value of x2, = 74.9. Only in those scenarios where
the decay channel h — azay is kinematically allowed—which happens in the plot for A, = 0GeV
for 4+ peg = —300GeV and p + peg S —700 GeV—the parameter region is incompatible with the
data on the detected Higgs boson.

We briefly summarize the observed features and give an outlook for the phenomenological studies in
the following. The allowed parameter region is mainly constrained by configurations where one Higgs
field is tachyonic at the tree level. It can be seen that the tachyonic boundaries follow the Higgs

p=1000GeV, tan 8 = 3/2, k = 1/10, A, = 0GeV 1= 1000GeV, tan 3 = 3/2, s = 1/10, Ax = 100 GeV
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Figure 7: Dependence of mass contours and vacuum stability, see Fig. 4 for an explanation of the color code, on the
Zs-breaking soft SUSY-breaking By, term and (i + pesr) for A = 0.5. On the left-hand side, the value A,, = 0 GeV
was chosen, while on the right A, = 100 GeV.
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mass contours in the Figs. 4-7; in addition, there are effects from ,u,e_ff1 terms as discussed in Section 2.2
which enhance the doublet—singlet mixing and eventually cause tachyons. This feature can be observed
towards the right end of the Figs.4-6. The experimental limits and constraints confine the allowed
regions further around the region where the SM-like Higgs has a mass of about 125 GeV and exclude
parameter regions where for instance the decay of the SM-like Higgs into a pair of light CP-odd singlets
has a large branching ratio. In this context, the singlet sector has a significant impact on the features
discussed in Figs.4-7.

In the NMSSM, one usually expects to find the phenomenologically most interesting regions (accommo-
dating a 125 GeV Higgs) for rather large values of A 2 0.1, since the NMSSM contribution to the SM-like
Higgs mass at the tree level is enhanced. In addition, large A enhances the doublet—singlet mixing.
However, in the uNMSSM, there is another way to obtain a large doublet—singlet mixing also for small
values of A: this is the region of low ueg where terms proportional to ,ue_ﬁl become large, as discussed
in Section 3.1. We will investigate this class of scenarios, which are not possible in the NMSSM but
generic to the uNMSSM, in Section 3.5 in more detail.

Similar to the NMSSM, the chosen value of A, has a strong influence on the singlet-like Higgs masses,
which is relevant for the tachyonic regions. In a large part of the viable parameter space the rela-
tion sign(A,) = — sign(pes) applies, where for A, = 0GeV both signs of peg are allowed in general.
This dependence on the relative signs of A, and peg can be derived from the discussion in Section 2.2
about the Higgs singlets and especially the functional dependence of as in Eq.(14e) versus aj in
Eq. (20c): large negative values of the sum (a), + a5) drive the CP-even singlet tachyonic. In the inves-
tigated scenarios above, which have either A, = 0GeV or A, = 100 GeV, the sign of ueg is negative
in most of the viable parameter space. Accordingly, there is a preference for negative (u + o). The
allowed region with small positive values occurs where the negative value of peg is overcompensated
by the positive value of . In Section 3.5 we will investigate a scenario where we keep (u + pes) fixed
at a positive value, while for A, small negative and small positive values are used for peg > 0GeV
and peg < 0GeV, respectively. There we will also discuss the dependence of the singlet masses on
and peg in more detail.

3.4 Higgs-boson and electroweakino production

In this and the next section we discuss phenomenological features of Higgs-boson mixing and thus conse-
quences on Higgs-boson production and decays due to the p parameter of the uNMSSM. For vanishing
the phenomenology of the Higgs bosons equals the one of the NMSSM, for which typical benchmark
scenarios can be found in Ref. [156] (see also Ref. [157]). Naturally they differ from MSSM-type bench-
mark scenarios through singlet states modifying the phenomenology: since the singlet states s° and a
neither directly couple to fermions nor to gauge bosons, but only through their admixture with the
doublet states, their direct production—both at a hadron collider and a lepton collider—is negligible
in many scenarios. However, besides their direct production light singlet states can also be potentially
observable via their production in cascade decays of heavier Higgs bosons, as we will discuss in the
following.

In most parts of our numerical study, we make use of the approximation of SM-normalized effective
couplings of a Higgs boson to gluons—calculated at leading order—which we insert into HiggsBounds
for the evaluation of the Higgs-production cross-sections for the neutral Higgs bosons at the LHC. This
treatment should be sufficiently accurate for determining the allowed regions in our scans over the
parameter space. In the following, however, we will investigate to what extent the yNMSSM can ac-
commodate the slight excesses in the data over the background expectation at a mass around 95-98 GeV
that have been reported recently by CMS [39] in the 77y channel'? and earlier at LEP [38] in the bb chan-

2 The results of ATLAS [40] are presented in a fiducial region and are compatible with both the SM expectation and the
excess reported by CMS.
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nel. For this purpose we use more sophisticated predictions for the Higgs-production cross-sections in
order to compare with the experimental results. We obtain those predictions from SusHi [36, 37], for
which a dedicated version for the NMSSM exists [158]. The predictions include N3LO QCD corrections
for the top-quark contribution of the light CP-even Higgs bosons, while we have neglected contributions
from heavy squarks and gluinos beyond the resummed contributions in the bottom-Yukawa coupling.

In the NMSSM, the observed excesses in the data around 95-98 GeV can be interpreted in terms of a
singlet-like state s%, see Ref. [71] for a discussion of the LEP result, and Ref. [159] for a discussion of
the CMS data. At first sight it seems to be non-trivial to describe both excesses simultaneously, since
accommodating the LEP excess would require a rather large rate s — bb, which in turn would suppress
the channel s° — v that is employed in the interpretation of the CMS excess. As it was pointed out
in Ref. [144] based on a detailed analysis of the Higgs mixing properties, this is nevertheless possible—
albeit in a relatively narrow region of the parameter space, which is somewhat enlarged if the possibility
of non-vanishing phases giving rise to CP-violating effects is taken into account. We investigate in the
following to which extent the additional freedom that is present in the uNMSSM with respect to the
possible values of the masses in combination with the mixing properties has an impact regarding a
possible interpretation of the observed excesses. In Tab. 2 we present four scenarios with s° masses
in the range 95-98 GeV that have a phenomenology addressing the excesses observed both at LEP
and CMS. Scenarios 1 and 3 have a small value of 1 and are NMSSM-like (inspired by the scenarios
investigated in Ref. [144]), while Scenarios 2 and 4 both have p values that significantly differ from zero,
and Scenario 4 furthermore has a non-zero value of B,. These two pNMSSM scenarios are intrinsically
different from the NMSSM. Similar scenarios could also be obtained by changing the signs of (u + fiefr)
and A, simultaneously.

Interpreting the LEP excess as the contribution of a singlet-like state s in the considered mass range
yields a “signal strength” of
o(ete” — Zs") - BR(s" — bb)
oM(ete~ — ZH) - BR®™(H — bb)

~ 0.2-0.3, (41)

while a “signal rate” of o(pp — s° — v7) ~ 0.1 pb would be compatible with the CMS observation.
As mentioned above, the cross-section gg — s” in our analysis is obtained from SusHi [36, 37] for
the 13 TeV LHC at N?LO QCD. The renormalization- and factorization-scale uncertainties amount to
about +5%. Sizable values for the cross-sections gg — s” and ete™ — Zs as well as the branching
ratio BR(s” — bb) arise if the admixture of s° with the SM-like Higgs boson is sufficiently large. A
sizable BR(s® — ~v) can occur as a consequence of a significant H,, component of the singlet state s°,
whereas a small H; component suppresses the decay into bb. In all the listed scenarios the CP-odd
singlet-like Higgs boson as has a mass below 300 GeV. It should be noted that the occurrence of the
state s at low masses in combination with a very heavy ag state through a large value of A, would
usually yield a meta-stable (long-lived) vacuum. The listed scenarios involve a certain amount of tuning
in the choice of A, since an increase in A, by a few GeV yields a tachyonic s° state. It is well-known
from the NMSSM that a too large A, yields a tachyonic CP-even singlet-like Higgs boson s°, see Eq. (37)
in Ref. [155] or Eq. (26) in Ref. [160] for lower and upper bounds on A,. Similarly, we have noted a
very pronounced dependence of the masses of both states, s° and a,, on A, for the xNMSSM scenarios
investigated here.

Of course, a large admixture of s° with the SM-like Higgs boson in turn has an impact on the SM-like
Higgs properties, visible through the increase in x? returned by HiggsSignals. In fact, from the listed
scenarios only Scenario 3 with y? = 82 is compatible with the SM-like Higgs boson at the 95% C.L.
The other scenarios have x? values outside of the 95% C.L. region, as they have a slightly larger mixing
of the singlet state with the SM-like Higgs boson. The enhanced mixing increases the s” cross-sections,
but on the other hand yields reduced relative couplings to fermions and gauge bosons for the SM-
like Higgs boson h?. It is thus apparent that explaining the excesses through a singlet state that
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Table 2: Scenarios that yield a light CP-even singlet-like Higgs boson. The Higgs boson at about 125 GeV
is SM-like. All other parameters are chosen in accordance to Tab. 1.

Scenario 1 2 3 4
A 0.08  0.08 028  0.08
K 0.04 0.023 0.08 0.0085
tan 3 12 12 2.5 2
(1 + piegr) [GeV] —~140  —140  —300  —400
1 [GeV] 5 195 5 150
B, [GeV] 0 0 0 —300
mp+ [GeV] 800 800 800 1000
A, [GeV] 130 265 250 32
Af [GeV] 400 450 3200 4000
myo [GeV] 97.6 957 972 971
mpo [GeV] 124.7 1268 1246  125.0
Mgs [GeV] 168.2  277.0 2572  75.6
olete™ sY)- s0 b
USM((m—:i H?;‘S( (;@bb) 028 031 014 035
(99 — s°) [pb] 253 281 144 315
BR(s" — v7) 0.0020 0.0016 0.0024 0.0005
x%(HiggsSignals) 97 96 82 101

Table 3: Cross-sections for electroweakinos at an electron—positron collider for Scenario 1 defined in Tab. 2.

Scenario 1 O X e X
Masses [GeV] 127.3 138.3 155.9 138.4
o(ete™ — Xix;) [b] for /s =350GeV | X7%9  XIX3 X0%8 %0 Xy
Unpolarized 141 195 0.08 0.19 795
Pol(et,e™) = (+30%, —80%) 208 287 0.12 0.28 1620
Pol(et,e™) = (—30%, +80%) 142 196 0.08 0.19 352
olete™ = xixy) [fb] for /s =500GeV | X7x9  XIX3 X9X3 X5%0 XI Xy
Unpolarized 74 109 0.12 0.22 459
Pol(e*,e*) = (+30%, —80%) 110 161 0.19 0.32 926
Pol(et,e™) = (—=30%, +80%) 75 110  0.13 022 212

only couples to SM particles through its admixture with the SM-like Higgs boson is under a certain
tension from the measured SM-like Higgs-boson properties for both the uNMSSM and the NMSSM, if
one requires signal rates that fully saturate the amount of deviation from the SM indicated by the
excesses observed by LEP and CMS.

Scenarios with light singlet-like Higgs bosons tend to have a light singlino. For Scenario 1 we provide the
light electroweakino spectrum, i. e. the masses of 2?72’3 and )Zli, in Tab. 3. Due to p + pegg = —140 GeV
the scenario has light higgsino-like states, whereas the gauginos are close in mass to M; = 239 GeV
and My = 500 GeV. The higgsino-like states are strongly admixed with the singlino, e. g. the singlino-
fraction of Y9 is 59%, the singlino-fraction of )Zg is 40%. It is apparent that the three lightest neutralinos
and the light chargino are very close to each other in mass. At the LHC, ATLAS and CMS have only re-
cently started to probe such compressed mass spectra by dedicated analyses, see e. g. Refs. [161, 162].
In fact, an electron—positron collider may be required to ultimately probe scenarios of this kind,
see for instance Ref.[163] tackling such compressed higgsino-like scenarios at the International Lin-
ear Collider (ILC). For Scenario 1 we provide the cross-sections for the two center-of-mass ener-
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gies /s = 350 GeV and /s = 500 GeV, which are considered for Higgs-boson and top-quark precision
studies at the ILC [164], in Tab. 3. Although in this scenario the LSP is the gravitino, the lightest
neutralino ! has a lifetime of a few milliseconds such that it only gives rise to a missing-energy signa-
ture. Besides the possibility to tag eTe™ — {Jx? through initial-state radiation (ISR), the production
of one or more heavier neutralinos or charginos results in detectable SM particles. The possibility to
polarize the initial state is an important tool to enhance the signal-to-background ratio, and allows
one to minimize systematic uncertainties. This capability is mandatory for performing precision mea-
surements. In Tab. 3 we provide results for three different polarizations: an unpolarized initial state
(as reference only), and polarizations of +80% and F30% for the initial-state electron and positron,
respectively. Such polarizations are foreseen in the current baseline design of the ILC. As one can
see from Tab. 3, polarized beams with Pol(e™,e™) = (+30%, —80%), corresponding to the so-called
effective polarization [165] Pol.g = 89 %, enhance the production cross-sections of ¥Jx5 and )Z(f)zg by
about a factor 1.5 as well as the one of Y X; by about a factor 2. The fact that the production
cross-sections of X9%9 and )Z%)Zg are significantly smaller than the other quoted cross-sections is due to
a cancellation between the higgsino components Bg and ng

As discussed above, the electroweakino spectrum of the uNMSSM is a priori indistinguishable from
the NMSSM if one restricts the analysis to information from the electroweakino sector and employs
tree-level predictions, see Section 3.2. Previous studies of the electroweakino sector, see e. g. Ref. [163]
and Refs. [166, 167], discussed the ILC capabilities for distinguishing the MSSM from the NMSSM elec-
troweakino sector. From such studies one can infer that a determination of the parameters of the
electroweakino sector with an accuracy at the percent level is possible using the measurements of the
light electroweakino masses and the corresponding production cross-sections for different polarizations,
see e. g. Refs. [168, 169] and references therein. This holds even if only the lightest electroweakinos are
accessible. Based on earlier comprehensive studies where similar rates as in the scenarios of Tab. 3
were considered, the input parameters of the corresponding sector can be extracted: as an example,
the values of M; and My can be determined from the measurement of light gauginos, or the value
of (1t + pegr) from the measurement of light higgsinos. In this regard beam polarization plays a cru-
cial role: it allows one to even resolve scenarios where only a few light particles are kinematically
accessible. Furthermore, the clean environment at an electron—positron collider allows the application
of an ISR method [163] to detect and precisely measure scenarios where the light spectrum is close
together in mass, as it is the case for instance for the compressed electroweakino spectrum in Sce-
nario 1 leading to very soft decay characteristics. Complementing the particle spectrum via measuring
additional heavier electroweakino masses and parts of the scalar and colored sector at the LHC would
allow global fits of the model parameters, so that a model distinction between the uNMSSM, NMSSM
and the MSSM might be feasible.

3.5 Higgs-boson mixing and decays

We now extend our previous discussion on Higgs-boson mixing and consider Higgs-boson decays. In
this context we investigate in particular the influence of p and peg on the masses of the two light
singlets. For our discussion of the possibilities for distinguishing the uNMSSM from the NMSSM we
assume that the sum (u + per) is identified with the peg term of the NMSSM, and k is rescaled according
to Eq. (36). As discussed in Section 3.2, the rescaling of x significantly reduces the dependence of
all Higgs masses on p and peg over a large region of the parameter space. Light CP-even singlets
and decays of the SM-like Higgs boson into them were already part of the discussion in Figs. 4-7, but
therein we focused on constraints from vacuum stability and general features in the parameter space.
Now we investigate Higgs-boson decays in more detail.

For the discussion of the dependence of the masses of the light singlet states on p and peg we
choose a scenario based on Tab. 1 and fix in addition A =1/4, k =1/5, tanf =4, A, = 7GeV. We
vary (p + fefr) between —600 and 450 GeV and p between 1 and 1000 GeV. The lower end of the range
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tanB =4, A=1/4, k= 1/5, A, = 7GeV
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Figure 8: The behavior of the masses of the three lightest neutral Higgs states in a scenario with A = 1/4,
k=1/5, tanB =4 and A, = 7GeV is shown. In contrast to Figs.4-7, the black and blue lines show the mass
contours of the lightest and second lightest CP-even Higgs mass eigenstate, respectively. The remaining parameters
are chosen according to Tab. 1.

of p values corresponds to the NMSSM-limit, g — 0GeV. The results are depicted in Fig. 8, where
we show the masses of the three lightest neutral Higgs bosons as a function of p and (u + peg). The
background colors indicate the constraints from vacuum stability and from the experimental results
on the Higgs sector using the same color coding as in Figs. 4-7. It is apparent that with increasing p
the range in (u 4+ pe) that is allowed by the constraints from vacuum stability is also increasing,
which is in accordance to our observations in the previous section. Since the mixing between the
light CP-even doublet state and the CP-even singlet-like state is large in the parts of the displayed
parameter plane where the masses of the two lightest CP-even states are close to each other, we label
the CP-even states in Fig. 8 as the mass eigenstates h{ and hJ rather than as hY and s°. However,
for large values of u the two lightest CP-even Higgs bosons are sufficiently separated in mass so that
the light CP-even doublet state h{ can be identified with h° and exhibits only a mild dependence
on L, since such a dependence is only induced through the mixing with the singlet at tree-level. For
smaller values 200 GeV < p < 300 GeV the contour lines of M0 become very dense, and the mass of the

singlet-like state h9 approaches values below 150 GeV, implying a large mixing between the CP-even
light doublet state and the singlet state. With further decreasing p the mass eigenstates h{ and h9
flip their role, i. e. hY is singlet-like, and h9 corresponds to the SM-like doublet state in this region.

We now focus on the region of large p where both states can be clearly separated: the region with
a SM-like Higgs mass of My ~ 125 GeV is strongly affected by the values of A and/or tan 8 through
their impact on the NMSSM-like tree-level contribution to the doublet states, see the quantity a} in
Eq. (20). In addition, it is well-known that this state receives large radiative corrections that depend on
the mass splitting in the stop sector, which is proportional to Xy = A; — (4 tesr)/ tan §. As discussed
above, we have chosen Ay in such a way that the contribution is maximized at p + peg = 0 GeV and thus
decreases to both directions. This behavior is visible in Fig. 8 for the contours displaying the mass of h{
at values of p 2 300 GeV. The behavior of the singlet-like states is important for the phenomenology:
as explained in Section 2.2, for a scenario with x ~ A the mass of the CP-even singlet s° is mainly
controlled by as, see Eq. (14e), and therefore proportional to peg. As in our scenario A is small,
the mass of the CP-odd singlet as is dominated by af, see Eq. (20c), and therefore proportional

0 \/|1/pet]. Those mass dependences of the singlet-like myg 2 150 GeV (blue) and mgq, (red) can be
Clearly identified in Fig. 8: for mpg the lines are roughly dlagonal and thus the mass contours follow
lines with constant peg. For the mass of as, the dependence on the square root +/|u/pesr| leads to the
shape of the contours. We emphasize that the behavior displayed in Fig. 8 is specific to a small value
of A, < por peg for kK ~ A.
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As above, the parameter range allowed by constraints from HiggsBounds and HiggsSignals is indi-
cated by light-green dots in the background. For values of p 2> 300 GeV, the light CP-even Higgs h{ cor-
responds to the SM-like state. In this region, the decay h{ into higgsinos forbids low values of |i + peg|,
while the decay h{ — asas is kinematically closed. For u < 500 GeV the mixing between the CP-even
doublet state and the singlet state becomes larger which is not compatible with the observation of the
properties of the SM-like Higgs. The minimal value of x? in this figure is x2, = 76.4 and thus slightly
worse than the scenarios studied in Section 3.3. There is also a small allowed region with Ax? < 5.99
at low values of u, where a SM-like Higgs boson is present. In this region the mass of the singlet
state s has crossed the mass of the doublet state h°, and the states h{ and hJ have changed their
character as discussed previously. The doublet—singlet mixing in this case yields a positive contribu-
tion to the mass of the SM-like state hJ, lifting the tree-level value towards the experimentally allowed
mass window (in the allowed region at low values of y the mass of h9 is about 126 GeV). In this
region the decay hg — agas is kinematically open, but sufficiently suppressed to be in accordance with
experimental observations.

We conclude that the additional y term of the uNMSSM lifts up the CP-odd Higgs mass and enlarges
the allowed parameter space compared to the NMSSM. Still, in particular due to the large admixture of
the singlet and doublet states, such a scenario is difficult to distinguish from the standard NMSSM, if
not all Higgs states are fully determined. As a consequence of the strong admixture of the Higgs bosons
and the influence of their masses on the kinematics, all decay modes show a non-trivial dependence on
the coupling structure. The decay rates of the heavy Higgs bosons H? and A° into any combination of
the three light Higgs bosons remain small throughout the parameter plane, i. e. the branching ratios are
below 3%. The maximal branching ratios for A° — h%a, and A° — s%a, are reached at large 1 and |pef|,
1. e. in the lower right corner of Fig. 8. The two decays show a different dependence on p and pie, which
is in accordance with our discussion in Section 2.5. Whereas h) — asas is kinematically only allowed
for very low 4 in this scenario, the decay hY — h{h{ is—when kinematically open—strongly dependent
on feg- We will demonstrate below the dependence of the different decay modes on p and peg in a
scenario with essentially fixed Higgs-boson masses.

We now discuss a scenario that is intrinsically different from the NMSSM and shows a peculiar de-
pendence of Higgs mixing and thus Higgs-boson decays on p and peg. As indicated in the third item
of Section 3.1 the yNMSSM allows large values of x in combination with low values of peg and A
without being constrained by higgsino-like states. In the following we vary u from 0 to 240 GeV and
fix g+ peg = 160 GeV and thus simultaneously reduce peg from 160 to —80 GeV. We choose a very
small value of A =0.02 and a value of k = 0.02, which we rescale as K — K according to Eq. (36).
The Higgs bosons therefore stay almost constant in mass, such that differences in Higgs-boson de-
cays are solely induced by differences in the mixing among the Higgs bosons and not by kinematics.
Note that in the limit py.g — 0 GeV the rescaled parameter k& gets pushed beyond the perturbativity
limit. This and the fact that at the tree-level one scalar mass becomes tachyonic are the reasons
why the region around pe.g = 0 GeV is omitted for the lines in Figs.9-11. Besides the parameters in
Tab. 1 we set tan 8 = 4, A,; = —sign(peg)1.3 GeV, which is like in Fig. 8 small compared to p and peg,
and B,, = 0 GeV. The green-shaded area, which we show in the figures depicting SM-like Higgs proper-
ties, indicates the region that is compatible with the constraints from HiggsSignals, where as before
we demand Ax? < 5.99 with a minimum of x2, = 77.5. For g € [—22,22] GeV the decay h' — asas
is enhanced such that this region is not compatible with the allowed fraction of non-SM decays of
the SM-like Higgs boson. It should be noted that all of the shown area is allowed by the constraints
from HiggsBounds. We emphasize that the effects that will be discussed in the following are related
to a small value of peg: 4. e. in the scenario discussed in Fig. 3, despite the same rescaling procedure
for k with respect to peg, the mixing among the Higgs states is much less influenced by the choice of p,
since a large value of u results in an even larger negative value of pg.

In the standard NMSSM a measurement of the masses of the whole neutralino and neutral Higgs spec-
trum would fix all free parameters, in particular peg, A, K and A,. With these parameters also the
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Higgs mixing is completely determined (at the tree level). A small value of A in any case implies
a small mixing between the singlet and doublet states of the Higgs sector. This is not the case in
the uNMSSM: we show our results in Figs.9-11. As explained above, in the considered parameter
region the Higgs-boson masses are almost constant, see Fig.9 on the left-hand side. The two heavy
Higgs bosons H? and A° both have a mass very close to 800 GeV within a range of 3 GeV. The neu-
tralino masses are constant, in detail mgo = {134.7,163.9,252.1,320.0, 516.1} GeV, where the particle
with mass mgo = mz = 320 GeV corresponds to the singlino-like state with a purity of 99.9%. The two
lightest neutralinos are higgsino-like states. Though the mixing in the neutralino sector remains con-
stant, the mixing between the light CP-even Higgs boson h° and the singlet component s° is strongly
enhanced for peg — 0GeV. We depict the total widths for the three lightest Higgs bosons on the
right-hand side of Fig.9. The enhancement of the total width of h° for g — 0GeV is due to the
decay h® — asa,. This is also apparent in the left plot of Fig. 10, where the branching ratio for the
decay of the SM-like state A" into a pair of light CP-odd singlets is displayed. For s both the decays
into h°RY and asas are of relevance, whereas other non-standard decay modes—e. ¢. into a pair of
higgsinos—have a small rate, see the right-hand sides of Figs. 9 and 10. Apart from decays into Higgs
bosons, s decays into massive SM gauge bosons. As mentioned above, all of the shown area in Fig. 10
is allowed by the constraints from HiggsBounds, i. e. both a, and s” are compatible with searches for
additional Higgs bosons. However, for the state s” the region around p.g = £10GeV is close to the
boundary of the region that is excluded by the limits from Higgs searches, see below. As a result,
we conclude that in this scenario with small pg the singlet s can again be directly produced at a
hadron collider through its admixture with the two CP-even doublets, see the discussion in Section 3.4.
For u = {150,170} GeV the mass of the singlet is my = {323.9,324.8} GeV, and the gluon-fusion pro-
duction cross-section is o(gg — s°) = {270,274} fb. The production rates through bottom-quark anni-
hilation is negligible. Given the large branching ratios BR(s? — asas) ~ 57%, BR(s? — hh%) ~ 19%,
BR(s? = WHW~) ~ 15% and BR(s” — ZZ) ~ 7%, the most sensitive searches are those with a de-
cay into a pair of SM-like Higgs or gauge bosons. As an example, for mx ~ 320 GeV the upper
limits o(pp — X — hOR%) <500fb [170] and o(pp — X — ZZ) < 200fb [171] are already within a
factor 10 of the signal rates that can be obtained at p = {150,170} GeV.

Lastly, also the decays of the heavy Higgs bosons—whose total decay widths only vary within 10%
for the considered scenario—show potentially observable branching ratios into pairs of lighter Higgs
bosons in the limit peg — 0 GeV, see Fig. 11. At such low values of tan 3 both heavy Higgs bosons H®
and A° are not predominantly decaying into bottom quarks or tau leptons, but decay into a pair of
top quarks with a branching ratio of about 30%. Thus, decay modes into Higgs bosons could actually
serve as discovery modes. However, note that our scenario includes light electroweakinos, into which
heavy Higgs bosons tend to decay with large branching fractions. The branching ratios BR(A? — XiX;j)
and BR(H® — X;X;), shown in Fig. 11, both exceed 60% except for small values of fic. Both branching
ratios include all kinematically allowed decays into pairs of neutralinos and charginos. This adds to
the motivation for dedicated searches for heavy Higgs bosons decaying either into a pair of lighter
Higgs bosons or into supersymmetric particles, see also the discussion in Refs. [172, 173].

We conclude that a small value of g in the discussed scenario strongly enhances the mixing among the
Higgs bosons despite a low value of A\, which makes both singlet states potentially accessible at colliders.
We have demonstrated that the Higgs-boson decays are not only controlled through the self-coupling
dependences given in Section 2.5 for gauge eigenstates, but are also strongly dependent on the mixing
of the Higgs bosons. In the standard NMSSM, light singlet states are usually associated with k < A,
since the limits from chargino searches at LEP imply |ueg| 2 120 GeV, and therefore vg > 120 GeV.
Accordingly, only small k < A < 1 results in two light singlet states. However, in the uNMSSM scenario
that we have considered x/\ and p can be large in combination with a small peg. Whereas the CP-
odd singlet ay can be as light as a few GeV, the CP-even singlet s” is usually in the ballpark of
a few hundred GeV in such scenarios. This scenario is intrinsically different from the behavior of Higgs
masses and mixing known in the NMSSM.
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4 Conclusions

We have analyzed the phenomenology at the electroweak scale of an inflation-inspired extension of the
Next-to-Minimal Supersymmetric Standard Model (NMSSM). We have put special emphasis on the
spectra of additional, non-SM-like Higgs bosons and the branching ratios of their decays. This model
has the same field content as the NMSSM, but at early times in the universe the D-flat direction of the
Higgs doublet plays the role of the inflaton. Such a model can successfully describe inflation without the
need of introducing a dedicated inflaton field. The singlet superfield S of the NMSSM is needed to stabi-
lize the inflationary direction at the origin of S = 0. Inflation occurs due to a non-minimal coupling of
the doublet Higgs fields to gravity ~ x H, - Hg, where the proportionality factor involves the gravitino
mass mg/y at low energies. Thus, this model is characterized by an MSSM-like p term, which is gener-
ated from the coupling x and involves mg3 /9, in addition to the usual effective pie term of the NMSSM.
The latter arises since the scalar component of the singlet superfield acquires a vacuum expectation
value as in the NMSSM. At low energies, i. e. the electroweak scale, this model differs from the NMSSM
by the additional p term which breaks the accidental Zs symmetry of the NMSSM; we denote this
model as the uNMSSM. The higgsino-mass term in the uNMSSM is composed of the sum (u + peg). We
have classified and discussed various scenarios regarding the prospects to distinguish the uNMSSM from
the NMSSM, where the latter corresponds to the limit = 0 GeV of the uNMSSM. We have derived
constraints on the model parameters from theoretical and phenomenological considerations. For that
purpose, we have computed the SM-like Higgs mass at the one-loop order in the uNMSSM and added as
approximation at the two-loop level the known two-loop results from the MSSM which are implemented
in FeynHiggs. We have probed our scenarios against the rate measurements of the SM-like Higgs bo-
son and the limits from searches for additional Higgs bosons at colliders with the codes HiggsBounds
and HiggsSignals. Furthermore, we have checked whether the electroweak ground state of the Higgs
potential corresponds to the absolute minimum of the theory, 7. e. the true vacuum, or whether the
Higgs potential has a deeper non-standard minimum such that the electroweak vacuum eventually
decays. In the inflationary scenario considered here, configurations with a meta-stable electroweak
vacuum in general do not yield a viable phenomenology. In fact, the most stringent constraints arise
from the possible appearance of tachyonic Higgs states at the tree level.

The additional freedom of varying v and B, in the xNMSSM allows one to choose values for the param-
eters of the NMSSM which would otherwise be excluded. In this extended parameter space, we have
focused on relatively small values of tan 3, since in this case—like in the NMSSM—the light doublet-like
Higgs mass squared is increased by a shift oc A2 v?; in this way the loop corrections which are required
in order to acquire a SM-like Higgs at 125 GeV can be smaller. As expected, in particular the require-
ment of a SM-like Higgs boson at about 125 GeV yields important constraints on the parameter space.
Concerning the constraints from vacuum stability, we find that the region with a phenomenologically
viable Higgs spectrum is strongly correlated with the region of a stable electroweak vacuum, where the
electroweak ground state corresponds to the true vacuum at the electroweak scale. An exception is
the case where the soft SUSY-breaking B, u term is large. We have demonstrated that large negative
values of B, ;1 destabilize the vacuum.

For most of the numerical analyses in this paper we have fixed the sum (u + fef), since p enters at the
tree level only in this combination in the mass matrices for the charginos and sfermions as well as in
the MSSM-like part of the neutralino mass matrix. Accordingly, the particle spectrum of the uNMSSM
in those sectors resembles the one of the NMSSM if the sum (p + peg) in the uNMSSM is identified
with the peg term of the NMSSM. Moreover, we have pointed out the possibility to further reduce
the influence of the non-minimal coupling to supergravity ~ u on the neutralino sector by a rescaling
of the parameter x. This rescaling compensates the dependence of the singlino component of the
neutralino mass matrix on peg, so that the neutralino, chargino and sfermion sectors of the yNMSSM
and the NMSSM become indistinguishable from each other at tree level. We have demonstrated that
the dependence of the Higgs masses on p is significantly weakened after this transformation, but the
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individual dependences on p and ueg still have a large impact on the Higgs mixing and thus the
branching ratios of Higgs decays. The modified value of x resulting from the rescaling can also have
an important influence on Higgs phenomenology.

Since with the above parameter settings the neutralino sector of the uNMSSM is NMSSM-like, we
have not performed a detailed numerical analysis of the neutralino sector—besides our discussion of
Higgs decays into electroweakinos. In general, the gravitino is found to be the LSP since it is tightly
connected to the size of p. For phenomenological reasons in our scenarios it typically has a mass
of O(10MeV). The NLSP, which is either singlino- or bino-like, tends to be sufficiently long-lived
such that it only gives rise to missing-energy signatures in collider searches. Accordingly, typical
constraints from SUSY searches including missing energy apply without large modifications. The
character of the NLSP is influenced by a variation of the corresponding parameters, i. e. (ft + fieff)
for the higgsino mass and M; or My for the bino or wino mass, respectively. Our choices for M o
are rather arbitrary in this context. Their impact could be scrutinized with a dedicated study of the
neutralino phenomenology in the pNMSSM.

In some of our analyses we have kept A large in order to lift up the mass of the SM-like Higgs boson at
the tree level through genuine NMSSM effects, and in order to allow for sizable doublet—singlet mixing.
However, we emphasize that large mixing between the doublet and singlet fields can also be achieved
through small A in combination with nearly vanishing peg. Such a scenario is viable in the uNMSSM
and gives rise to a phenomenology that significantly differs from the NMSSM.

A phenomenologically very interesting set of scenarios includes light singlet states. The direct produc-
tion of these states at colliders suffers from their nature as gauge singlets: couplings to SM particles
only emerge through the admixture with doublet-like Higgs states. Similarly, Higgs-to-Higgs decays in-
volving doublet and singlet fields are strongly correlated with Higgs mixing. We have shown this effect
exemplarily for decays of the SM-like Higgs boson into a pair of light CP-odd singlets, which depends
on the fraction of the CP-even singlet component in the SM-like Higgs boson h°. In the xNMSSM, this
mixing is not only controlled through A, but also depends sensitively on the values of u and peg. We
conclude that in order to distinguish the Higgs sectors of the uNMSSM and the NMSSM, the detection
of singlet states in the Higgs spectrum and their couplings to other Higgs bosons and the SM par-
ticles will be crucial. We have discussed four scenarios that yield a light CP-even singlet-like Higgs
around 97 GeV, motivated by slight excesses in experimental searches performed with CMS and at LEP.
These scenarios are associated with a compressed spectrum of light electroweakinos. We have pointed
out that searches at a future electron-positron collider would provide complementary information to
the results achievable at the LHC in scenarios of this kind.
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A Beta functions

The beta functions for the parameters of the Higgs sector in the superpotential of the GNMSSM in
Eq. (9) and their corresponding soft SUSY-breaking parameters in Eq. (10) can be found in Refs. [41,
68, 69]; however, since we employ different conventions we list them in the following. At the one-loop
order, we define 3(x) = 16 72 dﬁli > as the beta function of parameter x in the DR scheme with the
renormalization scale p, of mass dimension one.
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The symbols y; = my /vy, yp = my/vg and y, = m./vg denote the top, bottom and tau Yukawa cou-
plings, respectively. The trilinear soft-breaking parameters are denoted as A; for the stops, A4; for the
sbottoms and A, for the staus. Analog contributions from the first and second generation of quarks
and squarks are not depicted. The parameters M; and Ms denote the soft-breaking bino and wino
masses.

B(&) = & (N +K?), (42a)
A
B(Ce) =2 (N Ay +r*A )+2?ﬂ[m§{d+m%}u+3#(y+AA)]+%[2m§+By(u+AH)], (42b)
Bp)=2p(—gf =395 +22° + 397 + 3y; +v2), (42¢)
A
B(By) =gt My +3g5 My +2)\ A\ +3y7 A +3y; Ay +y2 A + = (QABM/L-FHBVV), (42d)
B(v)=2v ()\2 + 52) , (42e)
B(By) =4 (N A\ +K*A )+2 (2AB,u+rByv), (42f)
ﬁ()\)zl)\( gl—3gQ+4)\2+2n +3yt—|—3yb+yT), (42g)
B(AN) =g My +3g5 Mo +4X2 Ay +2r% A+ 392 Ay + 302 Ay + 2 Ar (42h)
B(k) =3k (N + &%), (42i)
B(Ar) =6 (N Ay + K> Ay) . (42j)

In addition we list the one-loop beta functions for the electroweak vevs'® and the soft-breaking Higgs
masses:

Blva) = —va (—5 97 — 595 + N +34; +42), (43a)
B(miy,) = 2 (=gt M — 395 M3 + \* M + 3y My +y2 M7 — 5 g M), (43D)
B(vy) = —vy (—%g% — %g% + 2%+ 3yt2) , (43c)
B(mi,) =2 (—gi Mi —3g5 M3 + N> M3 + 3y M7 + § g7 M{), (43d)
Bvs) = —2 v ()\2 + n2) , (43e)
B(m%) =4 (N2 MF + k* M) | (43f)

where we use the following abbreviations containing the bilinear soft-breaking parameters M, My
and mj for the squarks, and m; and m; for the sleptons of the third generation (while suppressing
the first and second generation; the notation is introduced in Section 2.7)

Mfzm%[d—i—m%{u—i—m%—i—/li, (44a)
M?=3m%+ A2, (44b)
Mg:quu—qud—l—m%—thg—i-m%—m%—km%, (44c)
M2:m%{ —{—A2—|—m2~ —l—mg, (44d)
Mb —de—i‘Ab‘f—mQ‘i‘mg, (446)
M? =my, + A2 +m3 +m32 (44f)

13 The results are given in 't Hooft-Feynman gauge. For details we refer to Ref. [174].

37



References

(1]
2]

3]

[7]
(8]
[9]
(10]
(11]

(12]
(13]

(14]
(15]
(16]
(17]
(18]
(19]

20]

(21]
(22]
(23]
[24]
25]
[26]
27]
(28]
(29]

(30]

(31]

(32]

F. L. Bezrukov and M. Shaposhnikov, “The Standard Model Higgs boson as the inflaton”, Phys. Lett. B659 (2008)
703-706, arXiv:0710.3755 [hep-thl. [p2]

F. L. Bezrukov, A. Magnin, and M. Shaposhnikov, “Standard Model Higgs boson mass from inflation”, Phys. Lett. B675
(2009) 88-92, arXiv:0812.4950 [hep-phl. [p2]

F. Bezrukov and M. Shaposhnikov, “Standard Model Higgs boson mass from inflation: Two loop analysis”, JHEP 07
(2009) 089, arXiv:0904.1537 [hep-phl. [p2]

J. L. F. Barbon and J. R. Espinosa, “On the Naturalness of Higgs Inflation”, Phys. Rev. D79 (2009) 081302,
arXiv:0903.0355 [hep-phl. [p2]

G. Ballesteros, J. Redondo, A. Ringwald, and C. Tamarit, “Unifying inflation with the axion, dark matter, baryogenesis
and the seesaw mechanism”, Phys. Rev. Lett. 118 no. 7, (2017) 071802, arXiv:1608.05414 [hep-phl. [p2]

G. Ballesteros, J. Redondo, A. Ringwald, and C. Tamarit, “Standard Model-axion—seesaw—Higgs portal inflation. Five
problems of particle physics and cosmology solved in one stroke”, JCAP 1708 no. 08, (2017) 001, arXiv:1610.01639
[hep-phl. [p2]

S. Ferrara, R. Kallosh, A. Linde, A. Marrani, and A. Van Proeyen, “Jordan Frame Supergravity and Inflation in NMSSM”,
Phys. Rev. D82 (2010) 045003, arXiv:1004.0712 [hep-thl. [pp2,3,4]

S. Ferrara, R. Kallosh, A. Linde, A. Marrani, and A. Van Proeyen, “Superconformal Symmetry, NMSSM, and Inflation”,
Phys. Rev. D83 (2011) 025008, arXiv:1008.2942 [hep-th]. [pp2,3,4,5,9,10]

M. B. Einhorn and D. R. T. Jones, “Inflation with Non-minimal Gravitational Couplings in Supergravity”, JHEP 03
(2010) 026, arXiv:0912.2718 [hep-phl. [pp2,3]

H. M. Lee, “Chaotic inflation in Jordan frame supergravity”, JCAP 1008 (2010) 003, arXiv:1005.2735 [hep-ph].
[pp3,5,9,10]

I. Ben-Dayan and M. B. Einhorn, “Supergravity Higgs Inflation and Shift Symmetry in Electroweak Theory”, JCAP 1012
(2010) 002, arXiv:1009.2276 [hep-phl. [p 3]

I. Ben-Dayan, “private communication”,. [p 3]

J. Kiiblbeck, M. Béhm, and A. Denner, “Feyn Arts: Computer Algebraic Generation of Feynman Graphs and
Amplitudes”, Comput. Phys. Commun. 60 (1990) 165-180. [pp 3, 14]

T. Hahn, “Generating Feynman diagrams and amplitudes with FeynArts 3”, Comput. Phys. Commun. 140 (2001) 418-431,
arXiv:hep-ph/0012260 [hep-phl. [pp 3,14]

F. Staub, “From Superpotential to Model Files for FeynArts and CalcHep/CompHep”, Comput.Phys.Commun. 181 (2010)
1077-1086, arXiv:0909.2863 [hep-phl. [pp 3, 14]

F. Staub, “Automatic Calculation of supersymmetric Renormalization Group Equations and Self Energies”,
Comput.Phys.Commun. 182 (2011) 808-833, arXiv:1002.0840 [hep-ph]. [pp 3,14]

F. Staub, “SARAH 3.2: Dirac Gauginos, UFO output, and more”, Computer Physics Communications 184 (2013) pp.
1792-1809, arXiv:1207.0906 [hep-phl. [pp3,14]

F. Staub, “SARAH 4: A tool for (not only SUSY) model builders”, Comput.Phys.Commun. 185 (2014) 1773-1790,
arXiv:1309.7223 [hep-phl. [pp 3, 14]

T. Hahn and M. Perez-Victoria, “Automatized one loop calculations in four-dimensions and D-dimensions”, Comput.
Phys. Commun. 118 (1999) 153-165, arXiv:hep-ph/9807565 [hep-phl. [pp 3,14]

T. Fritzsche, T. Hahn, S. Heinemeyer, F. von der Pahlen, H. Rzehak, and C. Schappacher, “The Implementation of the
Renormalized Complex MSSM in FeynArts and FormCalc”, Comput. Phys. Commun. 185 (2014) 1529-1545,
arXiv:1309.1692 [hep-phl. [pp 3, 14]

F. Domingo, P. Drechsel, and S. Paiehr, “On-Shell neutral Higgs bosons in the NMSSM with complex parameters”, Eur.
Phys. J. C77 no. 8, (2017) 562, arXiv:1706.00437 [hep-phl. [pp 3, 14]

S. Heinemeyer, W. Hollik, and G. Weiglein, “The Masses of the neutral CP - even Higgs bosons in the MSSM: Accurate
analysis at the two loop level”, Eur.Phys.J. C9 (1999) 343-366, arXiv:hep-ph/9812472 [hep-phl. [pp 3, 14]

S. Heinemeyer, W. Hollik, and G. Weiglein, “FeynHiggs: A Program for the calculation of the masses of the neutral CP
even Higgs bosons in the MSSM”, Comput.Phys.Commun. 124 (2000) 76-89, arXiv:hep-ph/9812320 [hep-phl. [pp 3, 14]
G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, and G. Weiglein, “Towards high precision predictions for the MSSM
Higgs sector”, Eur.Phys.J. C28 (2003) 133—143, arXiv:hep-ph/0212020 [hep-phl. [pp 3, 14]

M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, et al., “The Higgs Boson Masses and Mixings of the Complex
MSSM in the Feynman-Diagrammatic Approach”, JHEP 0702 (2007) 047, arXiv:hep-ph/0611326 [hep-ph]. [pp 3, 14]
T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, and G. Weiglein, “FeynHiggs 2.7”, Nucl. Phys. Proc. Suppl. 205-206
(2010) 152-157, arXiv:1007.0956 [hep-phl. [pp 3, 14]

H. Bahl and W. Hollik, “Precise prediction for the light MSSM Higgs boson mass combining effective field theory and
fixed-order calculations”, Eur. Phys. J. C76 no. 9, (2016) 499, arXiv:1608.01880 [hep-ph]. [pp3,14]

H. Bahl, S. Heinemeyer, W. Hollik, and G. Weiglein, “Reconciling EFT and hybrid calculations of the light MSSM
Higgs-boson mass”, Eur. Phys. J. C78 no. 1, (2018) 57, arXiv:1706.00346 [hep-phl. [pp 3, 14]

H. Bahl, T. Hahn, S. Heinemeyer, W. Hollik, S. Palehr, H. Rzehak, and G. Weiglein, “Precision calculations in the MSSM
Higgs-boson sector with FeynHiggs 2.14”,. IFT-UAM/CSIC-18-095, MPP-2018-229, to be published. [pp 3, 14]

P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, and K. E. Williams, “HiggsBounds: Confronting Arbitrary Higgs Sectors
with Exclusion Bounds from LEP and the Tevatron”, Comput. Phys. Commun. 181 (2010) 138-167, arXiv:0811.4169
[hep-ph]. [pp 3, 20]

P. Bechtle, O. Brein, S. Heinemeyer, G. Weiglein, and K. E. Williams, “HiggsBounds 2.0.0: Confronting Neutral and
Charged Higgs Sector Predictions with Exclusion Bounds from LEP and the Tevatron”, Comput. Phys. Commun. 182
(2011) 26052631, arXiv:1102.1898 [hep-phl. [pp 3,20]

P. Bechtle, O. Brein, S. Heinemeyer, O. Stal, T. Stefaniak, G. Weiglein, and K. Williams, “Recent Developments in
HiggsBounds and a Preview of HiggsSignals”, PoS CHARGED2012 (2012) 024, arXiv:1301.2345 [hep-ph]. [pp 3,20]

38



33]

(34]
(35]

(36]

(37]

(38]

(39]

[40]

[41]
[42]
[43]
[44]
[45]
[46]
[47]
48]

(49]
[50]

[51]
[52]
[53]
[54]
[55]
[56]

[57]
(58]

[59]
[60]

(61]
[62]

(63]
[64]

(65]
(6]

[67]

P. Bechtle, O. Brein, S. Heinemeyer, O. Stal, T. Stefaniak, et al., “HiggsBounds — 4: Improved Tests of Extended Higgs
Sectors against Exclusion Bounds from LEP, the Tevatron and the LHC”, Eur.Phys.J. C74 (2014) 2693, arXiv:1311.0055
[hep-ph]. [pp 3, 20]

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, and G. Weiglein, “Applying Exclusion Likelihoods from LHC Searches to
Extended Higgs Sectors”, Eur. Phys. J. C75 no. 9, (2015) 421, arXiv:1507.06706 [hep-ph]. [pp 3, 20]

P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak, and G. Weiglein, “Probing the Standard Model with Higgs signal rates
from the Tevatron, the LHC and a future ILC”, JHEP 11 (2014) 039, arXiv:1403.1582 [hep-phl. [pp 3,20]

R. V. Harlander, S. Liebler, and H. Mantler, “SusHi: A program for the calculation of Higgs production in gluon fusion
and bottom-quark annihilation in the Standard Model and the MSSM”, Comput. Phys. Commun. 184 (2013) 1605-1617,
arXiv:1212.3249 [hep-phl. [pp 3, 28]

R. V. Harlander, S. Liebler, and H. Mantler, “SusHi Bento: Beyond NNLO and the heavy-top limit”, Comput. Phys.
Commun. 212 (2017) 239-257, arXiv:1605.03190 [hep-phl. [pp 3, 28]

DELPHI collaboration, OPAL collaboration, ALEPH collaboration, LEP Working Group for Higgs Boson Searches, L3,
“Search for neutral MSSM Higgs bosons at LEP”, Eur. Phys. J. C47 (2006) 547-587, arXiv:hep-ex/0602042 [hep-ex].
[pp 3, 27]

CMS collaboration, “Search for new resonances in the diphoton final state in the mass range between 70 and 110 GeV in
pp collisions at /s = 8 and 13 TeV”,. CDS 2285326. [pp 3, 27]

ATLAS Collaboration, “Search for resonances in the 65 to 110 GeV diphoton invariant mass range using 80 fb—! of pp
collisions collected at /s = 13 TeV with the ATLAS detector”, Tech. Rep. ATLAS-CONF-2018-025, CERN, Geneva, Jul,
2018. http://cds.cern.ch/record/2628760. [pp 3,27]

U. Ellwanger, C. Hugonie, and A. M. Teixeira, “The Next-to-Minimal Supersymmetric Standard Model”, Phys.Rept. 496
(2010) 1-77, arXiv:0910.1785 [hep-phl. [pp4, 6, 36]

G. G. Ross and K. Schmidt-Hoberg, “The Fine-Tuning of the Generalised NMSSM”, Nucl. Phys. B862 (2012) 710-719,
arXiv:1108.1284 [hep-phl. [pp4,6]

G. G. Ross, K. Schmidt-Hoberg, and F. Staub, “The Generalised NMSSM at One Loop: Fine Tuning and
Phenomenology”, JHEP 08 (2012) 074, arXiv:1205.1509 [hep-ph]. [pp4, 6]

F. D. Steffen, “Dark Matter Candidates - Axions, Neutralinos, Gravitinos, and Axinos”, Eur. Phys. J. C59 (2009) 557-588,
arXiv:0811.3347 [hep-phl. [p5]

T. Moroi, H. Murayama, and M. Yamaguchi, “Cosmological constraints on the light stable gravitino”, Phys. Lett. B303
(1993) 289-294. [p5]

H. Pagels and J. R. Primack, “Supersymmetry, Cosmology and New TeV Physics”, Phys. Rev. Lett. 48 (1982) 223. [p 5]
S. Weinberg, “Cosmological Constraints on the Scale of Supersymmetry Breaking”, Phys. Rev. Lett. 48 (1982) 1303. [p 5]
J. R. Ellis, J. E. Kim, and D. V. Nanopoulos, “Cosmological Gravitino Regeneration and Decay”, Phys. Lett. 145B (1984)
181-186. [p5]

M. Yu. Khlopov and A. D. Linde, “Is It Easy to Save the Gravitino?”, Phys. Lett. 138B (1984) 265-268. [p 5]

M. Bolz, A. Brandenburg, and W. Buchmiiller, “Thermal production of gravitinos”, Nucl. Phys. B606 (2001) 518-544,
arXiv:hep-ph/0012052 [hep-ph]. [Erratum: Nucl. Phys.B790,336(2008)]. [p 5]

J. Pradler and F. D. Steffen, “Thermal gravitino production and collider tests of leptogenesis”, Phys. Rev. D75 (2007)
023509, arXiv:hep-ph/0608344 [hep-phl. [p5]

J. Pradler and F. D. Steffen, “Constraints on the Reheating Temperature in Gravitino Dark Matter Scenarios”, Phys. Lett.
B648 (2007) 224-235, arXiv:hep-ph/0612291 [hep-ph]. [p5]

A. Hook, R. McGehee, and H. Murayama, “Cosmologically Viable Low-energy Supersymmetry Breaking”,
arXiv:1801.10160 [hep-phl. [p5]

T. Falk, K. A. Olive, L. Roszkowski, A. Singh, and M. Srednicki, “Constraints from inflation and reheating on
superpartner masses”, Phys. Lett. B396 (1997) 50-57, arXiv:hep-ph/9611325 [hep-phl. [pp 5, 10]

C. A. Savoy and A. Sil, “Can Inflation Induce Supersymmetry Breaking in a Metastable Vacuum?”, Phys. Lett. B660
(2008) 236-239, arXiv:0709.1923 [hep-phl. [p5]

L. Kofman, A. D. Linde, and A. A. Starobinsky, “Reheating after inflation”, Phys. Rev. Lett. 73 (1994) 3195-3198,
arXiv:hep-th/9405187 [hep-th]. [p5]

A. Vilenkin, “Cosmic Strings and Domain Walls”, Phys. Rept. 121 (1985) 263-315. [p 6]

S. Ferrara, D. V. Nanopoulos, and C. A. Savoy, “Hierarchical Supergravity Induced SU(2) X (U(1) Breaking in SU(5)
GUTSs”, Phys. Lett. 123B (1983) 214-220. [p 6]

J. Polchinski and L. Susskind, “Breaking of Supersymmetry at Intermediate-Energy”, Phys. Rev. D26 (1982) 3661. [p 6]

H. P. Nilles, M. Srednicki, and D. Wyler, “Constraints on the Stability of Mass Hierarchies in Supergravity”, Phys. Lett.
B124 (1983) 337. [p6]

A. B. Lahanas, “Light Singlet, Gauge Hierarchy and Supergravity”, Phys. Lett. B124 (1983) 341-344. [p 6]

L. J. Hall, J. D. Lykken, and S. Weinberg, “Supergravity as the Messenger of Supersymmetry Breaking”, Phys. Rev. D27
(1983) 2359-2378. [p 6]

L. Alvarez-Gaume, J. Polchinski, and M. B. Wise, “Minimal Low-Energy Supergravity”, Nucl. Phys. B221 (1983) 495. [p 6]
S. A. Abel, “Destabilizing divergences in the NMSSM”, Nucl. Phys. B480 (1996) 55—72, arXiv:hep-ph/9609323 [hep-ph].
[p6]

H. M. Lee, S. Raby, M. Ratz, G. G. Ross, R. Schieren, K. Schmidt-Hoberg, and P. K. S. Vaudrevange, “A unique Zf
symmetry for the MSSM”, Phys. Lett. B694 (2011) 491-495, arXiv:1009.0905 [hep-phl. [p6]

H. M. Lee, S. Raby, M. Ratz, G. G. Ross, R. Schieren, K. Schmidt-Hoberg, and P. K. S. Vaudrevange, “Discrete R
symmetries for the MSSM and its singlet extensions”, Nucl. Phys. B850 (2011) 1-30, arXiv:1102.3595 [hep-ph]. [p6]

K. Kumekawa, T. Moroi, and T. Yanagida, “Flat potential for inflaton with a discrete R invariance in supergravity”, Prog.
Theor. Phys. 92 (1994) 437-448, arXiv:hep-ph/9405337 [hep-ph]. [p 6]

39



(68]
[69]
[70]
(71]
(72]
[73]
[74]
[75]
[76]
[77]

[78]
[79]

(80]
(81]
(82]
(83]
(84]
(85]
(86]
(87]
(88]
(89]
[90]

[91]

(92]
(93]
(94]
(95]
(96]
[97]
(98]
(9]
[100]

[101]

S. F. King and P. L. White, “Resolving the constrained minimal and next-to-minimal supersymmetric standard models”,
Phys. Rev. D52 (1995) 4183-4216, arXiv:hep-ph/9505326 [hep-ph]. [pp 6, 36]

M. Masip, R. Munoz-Tapia, and A. Pomarol, “Limits on the mass of the lightest Higgs in supersymmetric models”, Phys.
Rev. D57 (1998) R5340, arXiv:hep-ph/9801437 [hep-phl. [pp 6, 36]

A. Kaminska, G. G. Ross, and K. Schmidt-Hoberg, “Non-universal gaugino masses and fine tuning implications for SUSY
searches in the MSSM and the GNMSSM”, JHEP 11 (2013) 209, arXiv:1308.4168 [hep-ph]. [p6]

M. Badziak and C. E. M. Wagner, “Enhanced Higgs associated production with a top quark pair in the NMSSM with light
singlets”, JHEP 02 (2017) 050, arXiv:1611.02353 [hep-phl. [pp 6, 28]

U. Ellwanger, M. Rausch de Traubenberg, and C. A. Savoy, “Phenomenology of supersymmetric models with a singlet”,
Nucl. Phys. B492 (1997) 21-50, arXiv:hep-ph/9611251 [hep-phl]. [pp9,12]

J. Frere, D. Jones, and S. Raby, “Fermion Masses and Induction of the Weak Scale by Supergravity”, Nucl. Phys. B222
(1983) 11. [pp9, 12]

M. Claudson, L. J. Hall, and I. Hinchliffe, “Low-Energy Supergravity: False Vacua and Vacuous Predictions”, Nucl.Phys.
B228 (1983) 501. [p9]

C. Kounnas, A. Lahanas, D. V. Nanopoulos, and M. Quiros, “Low-Energy Behavior of Realistic Locally Supersymmetric
Grand Unified Theories”, Nucl.Phys. B236 (1984) 438. [p9]

M. Drees, M. Gliick, and K. Grassie, “A New Class of False Vacua in Low-energy N = 1 Supergravity Theories”,
Phys.Lett. B157 (1985) 164. [p9]

J. Gunion, H. Haber, and M. Sher, “Charge / Color Breaking Minima and a-Parameter Bounds in Supersymmetric
Models”, Nucl.Phys. B306 (1988) 1. [pp9,12]

H. Komatsu, “New Constraints on Parameters in the Minimal Supersymmetric Model”, Phys.Lett. B215 (1988) 323. [p9]
J. Casas, A. Lleyda, and C. Mufioz, “Strong constraints on the parameter space of the MSSM from charge and color
breaking minima”, Nucl.Phys. B471 (1996) 3-58, arXiv:hep-ph/9507294 [hep-ph]. [pp9,10,12]

H. Baer, M. Brhlik, and D. Castano, “Constraints on the minimal supergravity model from nonstandard vacua”, Phys.Rev.
D54 (1996) 6944-6956, arXiv:hep-ph/9607465 [hep-phl. [p9]

C. Le Mouel and G. Moultaka, “Novel electroweak symmetry breaking conditions from quantum effects in the MSSM”,
Nucl.Phys. B518 (1998) 3-36, arXiv:hep-ph/9711356 [hep-phl. [pp9,12]

W. Altmannshofer, M. Carena, N. R. Shah, and F. Yu, “Indirect Probes of the MSSM after the Higgs Discovery”, JHEP
01 (2013) 160, arXiv:1211.1976 [hep-phl. [p9]

M. Carena, S. Gori, I. Low, N. R. Shah, and C. E. M. Wagner, “Vacuum Stability and Higgs Diphoton Decays in the
MSSM”, JHEP 02 (2013) 114, arXiv:1211.6136 [hep-phl. [p9]

N. Blinov and D. E. Morrissey, “Vacuum Stability and the MSSM Higgs Mass”, JHEP 1403 (2014) 106, arXiv:1310.4174
[hep-phl. [p9]

D. Chowdhury, R. M. Godbole, K. A. Mohan, and S. K. Vempati, “Charge and Color Breaking Constraints in MSSM after
the Higgs Discovery at LHC”, JHEP 1402 (2014) 110, arXiv:1310.1932 [hep-ph]. [p9]

J. Camargo-Molina, B. O’Leary, W. Porod, and F. Staub, “Stability of the CMSSM against sfermion VEVs”, JHEP 1312
(2013) 103, arXiv:1309.7212 [hep-phl. [p9]

A. Kusenko, P. Langacker, and G. Segre, “Phase transitions and vacuum tunneling into charge and color breaking minima
in the MSSM”, Phys. Rev. D54 (1996) 5824-5834, arXiv:hep-ph/9602414 [hep-ph]. [pp 10,12]

A. Riotto and E. Roulet, “Vacuum decay along supersymmetric flat directions”, Phys. Lett. B377 (1996) 60-66,
arXiv:hep-ph/9512401 [hep-ph]. [p 10]

A. Kusenko and P. Langacker, “Is the vacuum stable?”, Phys. Lett. B391 (1997) 29-33, arXiv:hep-ph/9608340 [hep-ph].
[p10]

A. Strumia, “Charge and color breaking minima and constraints on the MSSM parameters”, Nucl. Phys. B482 (1996)
24-38, arXiv:hep-ph/9604417 [hep-phl. [p 10]

Y. Kanehata, T. Kobayashi, Y. Konishi, O. Seto, and T. Shimomura, “Constraints from Unrealistic Vacua in the
Next-to-Minimal Supersymmetric Standard Model”, Prog. Theor. Phys. 126 (2011) 1051-1076, arXiv:1103.5109
(hep-phl. [p10]

J. Beuria, U. Chattopadhyay, A. Datta, and A. Dey, “Exploring viable vacua of the Z3-symmetric NMSSM”, JHEP 04
(2017) 024, arXiv:1612.06803 [hep-phl. [p 10]

G. C. Branco, F. Kruger, J. C. Romao, and A. M. Teixeira, “Spontaneous CP violation in the next-to-minimal
supersymmetric standard model revisited”, JHEP 07 (2001) 027, arXiv:hep-ph/0012318 [hep-ph]. [p 10]

C. Hugonie, J. C. Romao, and A. M. Teixeira, “Spontaneous CP violation in nonminimal supersymmetric models”, JHEP
06 (2003) 020, arXiv:hep-ph/0304116 [hep-ph]. [p 10]

J. Wittbrodt, “Phenomenological comparison of models with extended Higgs sectors”, KIT, Karlsruhe, 2016-09-29.
http://inspirehep.net/record/1497569/files/thesis_jonas_wittbrodt.pdf. [p 10]

J. C. Romao, “Spontaneous CP Violation in SUSY Models: A No Go Theorem”, Phys. Lett. B173 (1986) 309-312. [p 10]
P. M. Ferreira, R. Santos, and A. Barroso, “Stability of the tree-level vacuum in two Higgs doublet models against charge
or CP spontaneous violation”, Phys. Lett. B603 (2004) 219-229, arXiv:hep-ph/0406231 [hep-ph]. [Erratum: Phys.
Lett.B629,114(2005)]. [p 10]

A. Barroso, P. M. Ferreira, and R. Santos, “Charge and CP symmetry breaking in two Higgs doublet models”, Phys. Lett.
B632 (2006) 684—687, arXiv:hep-ph/0507224 [hep-ph]. [p 10]

M. E. Krauss, T. Opferkuch, and F. Staub, “Spontaneous Charge Breaking in the NMSSM - Dangerous or not?”, Eur.
Phys. J. C77 no. 5, (2017) 331, arXiv:1703.05329 [hep-ph]. [p11]

W. G. Hollik, G. Weiglein, and J. Wittbrodt, “The Impact of Vacuum Stability Constraints on Benchmark Scenarios in
the MSSM”,. DESY-18-148, to be published. [p11]

J. Camargo-Molina, B. O’Leary, W. Porod, and F. Staub, “Vevacious: A Tool For Finding The Global Minima Of
One-Loop Effective Potentials With Many Scalars”, Eur.Phys.J. C73 no. 10, (2013) 2588, arXiv:1307.1477 [hep-ph].
[p11]

40



[102]
[103]
[104]
[105]

[106]

[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]

[118]

[119]
[120]
[121]
[122]
[123]
[124]

[125]

[126]
[127]
[128]
[129]
[130]
[131]

[132]
[133]

[134]

[135)

C. L. Wainwright, “CosmoTransitions: Computing Cosmological Phase Transition Temperatures and Bubble Profiles with
Multiple Fields”, Comput. Phys. Commun. 183 (2012) 2006-2013, arXiv:1109.4189 [hep-ph]. [p11]

A. Andreassen, D. Farhi, W. Frost, and M. D. Schwartz, “Precision decay rate calculations in quantum field theory”, Phys.
Rev. D95 no. 8, (2017) 085011, arXiv:1604.06090 [hep-th]. [p11]

J. Casas and S. Dimopoulos, “Stability bounds on flavor violating trilinear soft terms in the MSSM”, Phys.Lett. B387
(1996) 107-112, arXiv:hep-ph/9606237 [hep-phl. [p12]

U. Ellwanger and C. Hugonie, “Constraints from charge and color breaking minima in the (M+1)SSM”, Phys. Lett. B457
(1999) 299-306, arXiv:hep-ph/9902401 [hep-ph]. [pp 12,19]

M. Bobrowski, G. Chalons, W. G. Hollik, and U. Nierste, “Vacuum stability of the effective Higgs potential in the Minimal
Supersymmetric Standard Model”, Phys. Rev. D90 no. 3, (2014) 035025, arXiv:1407.2814 [hep-ph]. [Erratum: Phys.
Rev.D92,1n0.5,059901(2015)]. [p 12]

W. G. Hollik, “Charge and color breaking constraints in the Minimal Supersymmetric Standard Model associated with the
bottom Yukawa coupling”, Phys. Lett. B752 (2016) 7-12, arXiv:1508.07201 [hep-ph]. [p12]

W. G. Hollik, “A new view on vacuum stability in the MSSM”, JHEP 08 (2016) 126, arXiv:1606.08356 [hep-ph]. [p12]
S. R. Coleman, “The Fate of the False Vacuum. 1. Semiclassical Theory”, Phys.Rev. D15 (1977) 2929-2936. [p 13]

F. C. Adams, “General solutions for tunneling of scalar fields with quartic potentials”, Phys. Rev. D48 (1993) 28002805,
arXiv:hep-ph/9302321 [hep-ph]. [p13]

W. G. Hollik, “Higgs Inflation at the LC”, in International Workshop on Future Linear Collider (LCWS2017) Strasbourg,
France, October 23-27, 2017. 2018. arXiv:1801.04256 [hep-ph]. [p13]

N. Baro, F. Boudjema, and A. Semenov, “Automatised full one-loop renormalisation of the MSSM. I. The Higgs sector,
the issue of tan(beta) and gauge invariance”, Phys. Rev. D78 (2008) 115003, arXiv:0807.4668 [hep-phl. [p13]

K. E. Williams, H. Rzehak, and G. Weiglein, “Higher order corrections to Higgs boson decays in the MSSM with complex
parameters”, Eur. Phys. J. C71 (2011) 1669, arXiv:1103.1335 [hep-ph]. [pp 13, 14]

W. Hollik, E. Kraus, M. Roth, C. Rupp, K. Sibold, and D. Stockinger, “Renormalization of the minimal supersymmetric
standard model”, Nucl. Phys. B639 (2002) 3-65, arXiv:hep-ph/0204350 [hep-ph]. [p 13]

F. Staub, W. Porod, and B. Herrmann, “The Electroweak sector of the NMSSM at the one-loop level”, JHEP 10 (2010)
040, arXiv:1007.4049 [hep-phl. [p 14]

K. Ender, T. Graf, M. Miihlleitner, and H. Rzehak, “Analysis of the NMSSM Higgs Boson Masses at One-Loop Level”,
Phys.Rev. D85 (2012) 075024, arXiv:1111.4952 [hep-ph]. [p 14]

T. Graf, R. Grober, M. Miihlleitner, H. Rzehak, and K. Walz, “Higgs Boson Masses in the Complex NMSSM at One-Loop
Level”, JHEP 10 (2012) 122, arXiv:1206.6806 [hep-ph]. [p 14]

J. Baglio, R. Grober, M. Miihlleitner, D. Nhung, H. Rzehak, et al., “NMSSMCALC: A Program Package for the
Calculation of Loop-Corrected Higgs Boson Masses and Decay Widths in the (Complex) NMSSM”,
Comput.Phys.Commun. 185 no. 12, (2014) 3372-3391, arXiv:1312.4788 [hep-ph]. [p 14]

M. Miihlleitner, D. T. Nhung, H. Rzehak, and K. Walz, “Two-loop contributions of the order O (atais) to the masses of
the Higgs bosons in the CP-violating NMSSM”, JHEP 05 (2015) 128, arXiv:1412.0918 [hep-ph]. [p 14]

M. D. Goodsell, K. Nickel, and F. Staub, “T'wo-loop corrections to the Higgs masses in the NMSSM”, Phys. Rev. D91
(2015) 035021, arXiv:1411.4665 [hep-phl. [pp 14,25]

P. Drechsel, L. Galeta, S. Heinemeyer, and G. Weiglein, “Precise Predictions for the Higgs-Boson Masses in the NMSSM” |
Eur. Phys. J. C77 no. 1, (2017) 42, arXiv:1601.08100 [hep-phl. [pp 14, 25]

M. D. Goodsell and F. Staub, “The Higgs mass in the CP violating MSSM, NMSSM, and beyond”, Eur. Phys. J. C77

no. 1, (2017) 46, arXiv:1604.05335 [hep-phl. [p 14]

T. Biekotter, S. Heinemeyer, and C. Munoz, “Precise prediction for the Higgs-boson masses in the pv SSM”, Eur. Phys. J.
C78 no. 6, (2018) 504, arXiv:1712.07475 [hep-ph]. [p 14]

F. Staub, P. Athron, U. Ellwanger, R. Gréber, M. Miihlleitner, P. Slavich, and A. Voigt, “Higgs mass predictions of public
NMSSM spectrum generators”, Comput. Phys. Commun. 202 (2016) 113130, arXiv:1507.05093 [hep-ph]. [p 14]

P. Drechsel, R. Grober, S. Heinemeyer, M. M. Miihlleitner, H. Rzehak, and G. Weiglein, “Higgs-Boson Masses and Mixing
Matrices in the NMSSM: Analysis of On-Shell Calculations”, Eur. Phys. J. C77 no. 6, (2017) 366, arXiv:1612.07681
[hep-phl. [p14]

S. Heinemeyer, W. Hollik, H. Rzehak, and G. Weiglein, “The Higgs sector of the complex MSSM at two-loop order: QCD
contributions”, Phys. Lett. B652 (2007) 300-309, arXiv:0705.0746 [hep-phl. [p14]

W. Hollik and S. Paflehr, “T'wo-loop top-Yukawa-coupling corrections to the Higgs boson masses in the complex MSSM”,
Phys. Lett. B733 (2014) 144-150, arXiv:1401.8275 [hep-phl. [p 14]

W. Hollik and S. Palehr, “Higgs boson masses and mixings in the complex MSSM with two-loop top-Yukawa-coupling
corrections”, JHEP 10 (2014) 171, arXiv:1409.1687 [hep-ph]. [p 14]

S. Paflehr and G. Weiglein, “T'wo-loop top and bottom Yukawa corrections to the Higgs-boson masses in the complex
MSSM”, Eur. Phys. J. C78 no. 3, (2018) 222, arXiv:1705.07909 [hep-phl. [p 14]

S. Borowka, S. Palehr, and G. Weiglein, “Complete two-loop QCD contributions to the lightest Higgs-boson mass in the
MSSM with complex parameters”, Eur. Phys. J. C78 no. 7, (2018) 576, arXiv:1802.09886 [hep-phl. [p 14]

T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, and G. Weiglein, “High-precision predictions for the light CP-even Higgs
Boson Mass of the MSSM”, Phys.Rev.Lett. 112 (2014) 141801, arXiv:1312.4937 [hep-ph]. [p 14]

T. Banks, “Supersymmetry and the Quark Mass Matrix”, Nucl. Phys. B303 (1988) 172-188. [p 14]

L. J. Hall, R. Rattazzi, and U. Sarid, “The Top quark mass in supersymmetric SO(10) unification”, Phys. Rev. D50 (1994)
7048-7065, arXiv:hep-ph/9306309 [hep-ph]. [p 14]

R. Hempfling, “Yukawa coupling unification with supersymmetric threshold corrections”, Phys. Rev. D49 (1994)
6168-6172. [p 14]

M. Carena, M. Olechowski, S. Pokorski, and C. E. M. Wagner, “Electroweak symmetry breaking and bottom - top Yukawa
unification”, Nucl. Phys. B426 (1994) 269-300, arXiv:hep-ph/9402253 [hep-ph]. [p 14]

41



[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]

[149]
[150]

[151]
[152]
[153]
[154]
[155]
[156]
[157]
[158]

[159]

[160]

[161]

[162]

[163]
[164]
[165]
[166]
[167]

(168

M. Carena, D. Garcia, U. Nierste, and C. E. M. Wagner, “Effective Lagrangian for the tbH T interaction in the MSSM and
charged Higgs phenomenology”, Nucl. Phys. B577 (2000) 88-120, arXiv:hep-ph/9912516 [hep-phl. [p 14]

H. Eberl, K. Hidaka, S. Kraml, W. Majerotto, and Y. Yamada, “Improved SUSY QCD corrections to Higgs boson decays
into quarks and squarks”, Phys. Rev. D62 (2000) 055006, arXiv:hep-ph/9912463 [hep-phl. [p 14]

A. Dedes, G. Degrassi, and P. Slavich, “On the two loop Yukawa corrections to the MSSM Higgs boson masses at large tan
beta”, Nucl. Phys. B672 (2003) 144-162, arXiv:hep-ph/0305127 [hep-ph]. [p 14]

S. Heinemeyer, W. Hollik, H. Rzehak, and G. Weiglein, “High-precision predictions for the MSSM Higgs sector at
O(alpha(b) alpha(s))”, Eur. Phys. J. C39 (2005) 465481, arXiv:hep-ph/0411114 [hep-ph]. [p 14]

P. H. Chankowski, S. Pokorski, and J. Rosiek, “Complete on-shell renormalization scheme for the minimal supersymmetric
Higgs sector”, Nucl. Phys. B423 (1994) 437-496, arXiv:hep-ph/9303309 [hep-ph]. [p 14]

S. Heinemeyer, W. Hollik, J. Rosiek, and G. Weiglein, “Neutral MSSM Higgs boson production at e+ e- colliders in the
Feynman diagrammatic approach”, Eur. Phys. J. C19 (2001) 535-546, arXiv:hep-ph/0102081 [hep-phl. [p 14]

E. Fuchs and G. Weiglein, “Breit-Wigner approximation for propagators of mixed unstable states”, JHEP 09 (2017) 079,
arXiv:1610.06193 [hep-ph]. [p 14]

E. Fuchs and G. Weiglein, “Impact of CP-violating interference effects on MSSM Higgs searches”, Eur. Phys. J. C78 no. 2,
(2018) 87, arXiv:1705.05757 [hep-phl. [p 14]

F. Domingo, S. Heinemeyer, S. Palehr, and G. Weiglein, “Decays of the neutral Higgs bosons into SM fermions and gauge
bosons in the CP-violating NMSSM”, arXiv:1807.06322 [hep-ph]l. [pp 14,16, 28]

D. T. Nhung, M. Miihlleitner, J. Streicher, and K. Walz, “Higher Order Corrections to the Trilinear Higgs Self-Couplings
in the Real NMSSM”, JHEP 11 (2013) 181, arXiv:1306.3926 [hep-ph]. [p 16]

J. Baglio, C. O. Krauss, M. Miihlleitner, and K. Walz, “Next-to-Leading Order NMSSM Decays with CP-odd Higgs
Bosons and Stops”, JHEP 10 (2015) 024, arXiv:1505.07125 [hep-ph]. [p 16]

M. Miihlleitner, D. T. Nhung, and H. Ziesche, “The order O (atais) corrections to the trilinear Higgs self-couplings in the
complex NMSSM”, JHEP 12 (2015) 034, arXiv:1506.03321 [hep-ph]. [p 16]

LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL experiments, “Combined LEP Chargino Results, up to 208 GeV for large
m0 7, LEPSUSYWG/01-03.1, http://lepsusy.web.cern.ch/lepsusy/www/inos_moriond01/charginos_pub.html. [p 18]
Particle Data Group, “Review of Particle Physics”, Chin. Phys. C40 no. 10, (2016) 100001. [pp 18, 23]

M. W. Cahill-Rowley, J. L. Hewett, S. Hoeche, A. Ismail, and T. G. Rizzo, “The New Look pMSSM with Neutralino and
Gravitino LSPs”, Eur. Phys. J. C72 (2012) 2156, arXiv:1206.4321 [hep-ph]. [p 20]

J. L. Feng, S.-f. Su, and F. Takayama, “SuperWIMP gravitino dark matter from slepton and sneutrino decays”, Phys. Rev.
D70 (2004) 063514, arXiv:hep-ph/0404198 [hep-ph]. [p20]

L. Covi, J. Hasenkamp, S. Pokorski, and J. Roberts, “Gravitino Dark Matter and general neutralino NLSP”, JHEP 11
(2009) 003, arXiv:0908.3399 [hep-phl. [p20]

J. Hasenkamp, “General neutralino NLSP with gravitino dark matter vs. big bang nucleosynthesis”, Hamburg U., 2009.
[p20]

D. Curtin et al., “Long-Lived Particles at the Energy Frontier: The MATHUSLA Physics Case”, arXiv:1806.07396
(hep-ph]. [p20]

D. J. Miller, R. Nevzorov, and P. M. Zerwas, “The Higgs sector of the next-to-minimal supersymmetric standard model”,
Nucl. Phys. B681 (2004) 3-30, arXiv:hep-ph/0304049 [hep-ph]. [pp 23, 28]

LHC Higgs Cross Section Working Group, “Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the
Higgs Sector”, arXiv:1610.07922 [hep-phl. [p27]

F. Domingo and G. Weiglein, “NMSSM interpretations of the observed Higgs signal”, JHEP 04 (2016) 095,
arXiv:1509.07283 [hep-ph]. [p27]

S. Liebler, “Neutral Higgs production at proton colliders in the CP-conserving NMSSM”, Eur. Phys. J. C75 no. 5, (2015)
210, arXiv:1502.07972 [hep-ph]. [p 28]

J. Tao, M. A. Shahzad, S. Zhang, Y. Shen, G. Chen, H. Chen, S. Gascon-Shotkin, M. Lethuillier, L. Finco, and C. Camen,
“Search for a lighter Higgs Boson in the Next-to-Minimal Supersymmetric Standard Model”, arXiv:1805.11438 [hep-ph].

[p 28]

A. Bartl, M. Hirsch, A. Vicente, S. Liebler, and W. Porod, “LHC phenomenology of the mu nu SSM”, JHEP 05 (2009)
120, arXiv:0903.3596 [hep-phl. [p 28]

ATLAS, M. Aaboud et al., “Search for electroweak production of supersymmetric states in scenarios with compressed mass
spectra at /s = 13 TeV with the ATLAS detector”, Phys. Rev. D97 no. 5, (2018) 052010, arXiv:1712.08119 [hep-ex].
[p29]

CMS, A. M. Sirunyan et al., “Search for new physics in events with two soft oppositely charged leptons and missing
transverse momentum in proton-proton collisions at /s = 13 TeV”, Phys. Lett. B782 (2018) 440-467, arXiv:1801.01846
[hep-ex]. [p29]

M. Berggren, F. Briimmer, J. List, G. Moortgat-Pick, T. Robens, K. Rolbiecki, and H. Sert, “Tackling light higgsinos at
the ILC”, Eur. Phys. J. C73 no. 12, (2013) 2660, arXiv:1307.3566 [hep-phl. [pp 29, 30]

A. Arbey et al., “Physics at the e+ e- Linear Collider”, Eur. Phys. J. C75 no. 8, (2015) 371, arXiv:1504.01726 [hep-phl].
[p30]

G. Moortgat-Pick et al., “The Role of polarized positrons and electrons in revealing fundamental interactions at the linear
collider”, Phys. Rept. 460 (2008) 131-243, arXiv:hep-ph/0507011 [hep-phl. [p 30]

G. A. Moortgat-Pick, S. Hesselbach, F. Franke, and H. Fraas, “Distinguishing between mssm and nmssm by combined
LHC and ilc analyses”, JHEP 06 (2005) 048, arXiv:hep-ph/0502036 [hep-phl. [p 30]

G. Moortgat-Pick, S. Porto, and K. Rolbiecki, “Neutralinos betray their singlino nature at the ILC”, JHEP 09 (2014) 002,
arXiv:1406.7701 [hep-phl. [p30]

S. Y. Choi, J. Kalinowski, G. A. Moortgat-Pick, and P. M. Zerwas, “Analysis of the neutralino system in supersymmetric
theories”, Eur. Phys. J. C22 (2001) 563-579, arXiv:hep-ph/0108117 [hep-phl. [Addendum: Eur. Phys. J.C23,769(2002)].
[p30]

42



[169] K. Desch, J. Kalinowski, G. A. Moortgat-Pick, M. M. Nojiri, and G. Polesello, “SUSY parameter determination in
combined analyses at LHC / LC”, JHEP 02 (2004) 035, arXiv:hep-ph/0312069 [hep-ph]. [p 30]

[170] CMS collaboration, “Combination of searches for Higgs boson pair production in proton-proton collisions at
Vs =13TeV”,. CDS 2628486. [p 34]

[171] CMS, A. M. Sirunyan et al., “Search for a new scalar resonance decaying to a pair of Z bosons in proton-proton collisions
at /s =13 TeV”, JHEP 06 (2018) 127, arXiv:1804.01939 [hep-ex]. [p34]

[172] M. Carena, S. Heinemeyer, O. Stal, C. E. M. Wagner, and G. Weiglein, “MSSM Higgs Boson Searches at the LHC:
Benchmark Scenarios after the Discovery of a Higgs-like Particle”, Eur. Phys. J. C73 no. 9, (2013) 2552, arXiv:1302.7033
[hep-phl. [p34]

[173] H. Bahl, E. Fuchs, T. Hahn, S. Heinemeyer, S. Liebler, S. Patel, P. Slavich, T. Stefaniak, C. E. M. Wagner, and
G. Weiglein, “MSSM Higgs Boson Searches at the LHC: Benchmark Scenarios for Run 2 and Beyond”, arXiv:1808.07542
[hep-ph]. [p34]

[174] M. Sperling, D. Stockinger, and A. Voigt, “Renormalization of vacuum expectation values in spontaneously broken gauge
theories”, JHEP 07 (2013) 132, arXiv:1305.1548 [hep-ph]. [p37]

43



