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Abstract In the Next-to-Minimal Supersymmetric Stan-
dard Model there is a strong correlation between the mass
terms corresponding to the singlet Higgs and the singlino
interaction states, both of which are proportional to the
parameter k. If this parameter is complex, explicit CP-
violation occurs in the Higgs as well as the neutralino sectors
of the model at the tree level, unlike in the minimal scenario.
A small magnitude of « typically yields a O(10) GeV light-
est neutralino with a dominant singlino component. In such
a scenario, the phase of ', beside modifying the properties of
the five Higgs bosons, can also have a crucial impact on the
phenomenology of the neutralino dark matter. In this study
we perform a first investigation of this impact on the relic
abundance of the dark matter solutions with sub-100GeV
masses, obtained for parameter space configurations of the
model that are consistent with a variety of current experi-
mental data.

1 Introduction

Supersymmetric (SUSY) models with unbroken R-parity
provide a viable candidate for the dark matter (DM) of the
Universe, in the form of their lightest neutralino. The neu-
tralinos are the mass eigenstates resulting from the mixing
of the neutral fermionic superpartners of the electroweak
(EW) gauge and Higgs bosons, and have Majorana masses. In
the minimal superymmetric Standard Model (MSSM) [1,2],
which contains two complex Higgs super-multiplets, there
are four neutralinos, )7?.2’1 4+ The interaction strengths of
these neutralinos with Standard Model (SM) and SUSY par-
ticles are governed by their masses and compositions, i.e.,
the sizes of their bino, wino and higgsino components.
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The two scalar Higgs doublet fields of the MSSM yield
a total of five Higgs states. In the limiting case when all the
parameters in the Higgs and sfermion sectors are real, these
states include two neutral scalars 4 and H (withmy < mp),a
pseudoscalar A, and a charged pair H*. In any model of new
physics, (at least) one neutral scalar, which we generically
refer to as the Hsy here, ought to have properties consistent
with those of the Hyps discovered at the Large Hadron Col-
lider (LHC) [3-5], i.e., a mass near 125GeV and SM-like
coupling strengths. In the MSSM, maximising the tree-level
mass of the lighter scalar /2, which has an upper limit equal
to the Z boson mass, pushes the model into the so-called
decoupling limit, where additionally its couplings to the vec-
tor bosons mimic those of the Hgps. Still, in order for my, to
reach ~ 125GeV, large loop corrections are needed from
mainly the top quark, and its superpartners, the stops [6,7].
As for the )’Z?, its consistency with the Planck measurement
of the DM relic abundance of the Universe, Qi, for a mass
below about 1 TeV is only possible if it has a substantial bino
component [8—13].

The Next-to-MSSM (NMSSM) [14—17] (see, e.g., [18,19]
for reviews) is obtained by adding a Higgs singlet superfield
in the MSSM, which results in raising the upper limit on
the tree-level mass of the Hgy in the model. This reduces
the dependence of the Hsy mass on the stop sector, and
hence alleviates the fine-tuning problem to some extent. Due
to the presence of the extra singlet superfield, the neutral
Higgs sector of the NMSSM contains three scalars, Hj 2 3,
and two pseudoscalars, Aj ». Crucially, in the NMSSM there
exists the possibility of the next-to-lightest CP-even Higgs
boson, Hj, acting as the Hgy, with the lighter, sometimes
even considerably so, Hj still remaining undetected at the
Large Electron Positron (LEP) collider as well as the LHC.

The neutralino sector of the NMSSM also contains a fifth
state which, when the lightest of all, can differ significantly
from the )7? of the MSSM in its properties. In particular,
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in the above-mentioned scenario with the SM-like H,, the
)?? typically has a large singlino component, and a mass
O(10)GeV or even lower. Since the Hj, and generally also
the A1, lie below ~100GeV [20,21], this opens up multiple
self-annihilation channels for the 3('? which are precluded
in the MSSM, in order to generate the correct Q% [22-27].
Potential LHC signatures of such a DM have been studied
in [28-42], and its detection prospects in [43—45] (see also
[46] for a phenomenological study of the DM in a two-Higgs
doublet model with an additional singlet scalar).

Besides providing one of the leading candidates for low-
mass DM, the NMSSM also entertains the possibility of
explicit CP-violation in its Higgs sector at the tree level.
This could serve as the additional source of CP-violation
required for explaining the observed matter-antimatter asym-
metry in the Universe through EW baryogenesis [47-51]. In
the SM, the Cabibbo—Kobayashi-Maskawa (CKM) matrix
is the lone and insufficient source of CP-violation, while the
MSSM Higgs sector can only violate CP at higher orders [52—
63]. The CP-violating phases of the SUSY-breaking Higgs-
sfermion-sfermion couplings, A 7 where f denotes a SM
fermion, in the MSSM can be radiatively transmitted to the
Higgs sector, but are tightly constrained by the measurements
of fermion electric dipole moments (EDMs) [64,65]. In the
NMSSM, if the Higgs self-couplings, A and/or «, appear-
ing in the superpotential are complex, the scalar and pseu-
doscalar interaction eigenstates mix together to give five neu-
tral CP-indefinite Higgs states; see [66—71] for recent studies
of the NMSSM Higgs sector with CP violation and [72] for
areview. We henceforth refer to this model as the cNMSSM.

Several phenomenological scenarios emerging in the
cNMSSM Higgs sector that are distinct from the NMSSM
with real parameters (rNMSSM) have been studied in [73—
78]. Importantly, the complex « parameter associated with
the singlet superfield also appears in the entry of the neu-
tralino mass matrix that corresponds to the singlino weak
eigenstate. The impact of a non-zero phase of x on the phe-
nomenology of the )710 DM has not been analysed in lit-
erature thus far. In this article, we take a first step in this
direction, and investigate how the relic abundance of the )'Z?
in the cNMSSM is affected by variations in this phase. We
focus mainly on the (EW-scale) cNMSSM parameter space
configurations that yield a sub-100GeV DM, which can be
predominantly singlino-like. We also test the consistency of
these solutions with the most important latest experimental
constraints, including the Higgs boson data from the LHC
and the electron and neutron EDMs, and study some of their
phenomenological implications.

The article is organised as follows. In the next section
we briefly revisit the Higgs and neutralino sectors of the
cNMSSM. Section 3 contains details of our numerical analy-
sis of the model’s parameter space with the focus on the DM
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observables. In Sect. 4 we present the results of our analysis,
and we summarise our findings in Sect. 5.

2 The NMSSM with explicit CP-violation
2.1 The Higgs sector

The superpotential of the NMSSM is written as
Uh,0H, + D°hyH;0 + ECh, H,L
~ o~ —~~ o~ K ~
+uH,Hy +\SH,Hy + 553 (1)

WNMssM =

in terms of the singlet Higgs superfield, S, besides the two
SU (2), doublet superfields,

- HF HY
(B ac(f)

of the MSSM. The above superpotential observes a dis-
crete Z3 symmetry, which is imposed in order to explic-
itly break the dangerous U (1) pp symmetry, and renders it
conformal-invariant by forbidding the ;Lﬁu ﬁd term present
in the MSSM superpotential. Here, the mixing between the
H, Y field and the H; U fields, necessary for each of them hav-
ing a non-trivial vacuum expectation value (VeV) at the mm-
imum of the potential, is instead generated by the ASH, Hy
term. This results in a dynamic per = As/ /2 term when
the singlet field acquires a VEV, s, naturally near the SUSY-
breaking scale.

The tree-level Higgs potential of the NMSSM is obtained
as

2
Vo= | (HfHy — HOHY) +xS?|

+ (m3, + 125P) <(H° H+|>
2 0 -2
+ (m, + 125] )(‘Hd‘ +|H | )
2
WL (g g - 11T

+‘%2 ‘H;Hg* +HOH

+m3| S+ (TA (H;Hd’ - H,?H;) s
1 3
+§TK S° +h.c. ), 3)
where g1 and g» are the U (1)y and SU (2) 1, gauge couplings.

It is customary to define the trilinears proportional to the
superpotential couplings as

T, = AA;, T =kAg. 4)
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A, and A, above are the soft SUS Y-breaking counterparts of
the superpotential couplings, and all of these can very well be
complex parameters, with the corresponding phases, AL
elPac e"‘m, and e'%x

After spontaneous EW symmetry breaking, Vj is evalu-
ated at the vacuum, in terms of fields defined around their
respective VEVs, v, vy and s, as

1 .
HO = (\_fz(vd‘FHd_R‘f‘lHdl)),

Hd
HO = (i 1 H;_ .
u Ti(vu+HuR+lHL¢I) ’
S ei(p( +SR+iS)) (5)
= — (5 l .
\/E R 1

The potential then contains the phase combinations

#5 — ¢r. (with @} = ¢ +0 + ¢ and ¢, = P + 39),
@5 + da,, and ¢, + Pa, .

However, assuming vanishing spontaneous phases 6 and ¢,
the last two phase combinations above can be determined up
to a twofold ambiguity using the minimisation conditions of
Vo, leaving ¢; — ¢, as the only physical CP phase (see [75]
for more details).

The potential Vy with complex phases leads to a 5 x 5
Higgs mass matrix, M2, inthe H” = (Hgg, H,g, Sg, H;, S1)
basis, with the massless Nambu—Goldstone mode rotated
away. After including the higher order corrections from
various sectors of the model [73,75,79], the resulting
Higgs mass matrix, M3, = M3 + AM?, is diago-
nalised using an orthogona] matrix, O, as T/\/l2 =
dlag(mH1 m%,z m%_h m%ﬂ mH ). The masses of the ﬁve CP-
mixed physwal Higgs bosons thus obtained are ordered such
thath < m%{z < m%ﬁ < m%h < m%is

2.2 The Neutralino sector

As noted in the Introduction, the fermion component of §,
called the singlino, mixes with the neutral gauginos, B° and
W3, and higgsinos, HO and H?, to yield five neutralinos in
the NMSSM. The symmetric neutralino mass matrix in the
gauge eigenstate basis, ¥° = (—iB°, —iWé’, ﬁg, HY,5), is
written as

with mwy and 6w being the W-boson mass and the weak
mixing angle, respectively. The neutralino masses and com-
positions at the tree level thus depend on the Higgs-sector
parameters A, k, [eff, Uy, Vg and the gaugino masses M
and M;. When any of these parameters is complex, the mass
matrix in Eq. (6) can be diagonalised by a unitary matrix N,
to give D = diag(mz) = N*Ms N7, fori = 1—5.The
neutralino mass eigenstates are then given by )’(io = Njj 1;?,

and are again ordered as m~o <m0 < M0 < Mzo < Mo,
g P =M S g0 = My =m0

The )’Z{), which is the lightest neutral SUSY particle and
hence a DM candidate, is given by the linear combination

%) = NiiB® + NioWs + Ni3H + NigH? + NisS°. (7)

Thus, the relative sizes of the soft gaugino masses M 2, the
HUefr-parameter and the ks term determine whether the i? is
gaugino-, higgsino- or singlino-like. For example, in the limit
Heff < min[M;, M»], the term [./\/l~0]55 = 2ks = 2'(”eff
in Eq. (6) results in a singlino-dominated X Xl for 2k /1 < 1.

Importantly, in SUSY models the charged higgsinos (H -
and H ) and winos (W+ and W~ ) also mix to form the
charglno eigenstates, Xa (a = 1, 2). The mass matrix for
the charginos is given by

My = (ﬁmw cos B

This implies that M, and uefr have a lower bound of about
100 GeV, owing to the non-observation of a chargino at the
LEP collider. Since no such constraint exists on the M; and
2k s terms, the 5('? in the NMSSM can have a mass much lower
than 100GeV as long as it is predominantly bino- and/or
singlino-like. The presence of a certain amount of higgsino
is, however, necessary to obtain a realistic relic abundance.

The existence of the singlino in the NMSSM, even in
the absence of the CP-violating phases noted above, leads
to some unique possibilities in the context of DM phe-
nomenology, compared to the MSSM. In the limit of large
tan 8 = v, /vy and large my = siﬁ—iﬁ(ﬁf‘k + ks) (which
effectively decouples the doublet-like H3 and A, from the
rest of the particle spectrum, so that m 4, = m ), the masses
of the two lightest CP-even scalars can be approximated by
(80]

2my sin ,8) . ®)

Meff

M 0 —mywy tan Oy cos B myy tan Oy sin B 0
0 My myy cos B —myy sin 0
Mzo = | —mw tanby cos B mwy cos B 0 — leff —Avy |, 6)
mwytan Oy sin  —myy sin B — Weff 0 —Avg
0 0 -\, —lvg 2Ks

@ Springer
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1
2

M%{l,Hz A — { 2+ 4ks)? + KSAK\/[mZZ—4(KS)2 — KSAK]2 + 4)202 [21s — (A, + ks) sin 2,3]2} , 9)

where v = | /v2 + v3. Thus the mass of the lighter of these
two (when the heavier one is required to be the Hgyp) scales
with ks, as does that of the singlino. At the same time, the
mass-squared of the lighter pseudoscalar, which is almost

purely a singlet, reduces to

mil ~ —3ksAg. (10)

This correlation between the masses of the A and the )'Z?
implies that they can be naturally close to each other, thus
opening the possibility of the former’s self-annihilation via
the latter. Evidently, while Hj can also have a mass in the
vicinity of m4,, it is more strongly constrained by Eq. (9)
from taking values close to 2)7?. Even if it does acquire the
correct mass, the )?? annihilation via s-channel H; is p-wave
suppressed, which would make its consistency with the ther-
mal relic abundance difficult.

When the CP-violating phases of « and A are turned on,
they enter the tree-level neutralino mass matrix indepen-
dently of each other, unlike the combination ¢; — ¢, of
the Higgs sector. In addition, M| and M> can also be com-
plex parameters, which would be radiatively induced into the
Higgs sector at higher orders. Given the composition of the
)?? , the size(s) of the most relevant phase(s) would then affect
not only its physical mass, but also its interaction strengths
with other particles. Here, our focus on a sub-100 GeV DM,
which is also preferably singlino-like (since low-mass bino-
like solutions exist in the MSSM too and have been exten-
sively studied), makes ¢, the most obvious choice to inves-
tigate the impact of.

2.3 The electric dipole moments of fermions

Beyond the Born approximation, various CP-violating phases
are (co-)induced in the Higgs and neutralino sectors of the
cNMSSM. Such phases are subject to constraints from the
non-observation of the EDMs of the electron and the neutron.
The most recent limits on these EDMs read

Ide| < 1.1x107° ecm [81]; |d,| < 1.8x1072 ¢ cm [82].
(1D

The limit on the electron EDM above is based on the tho-
rium monoxide experiment, and is more stringent than the
one from the HfF™ experiment [83]. In SUSY models, the
one-loop EDMs of the charged leptons and the light quarks
are induced by chargino and neutralino exchange diagrams.

@ Springer

These should in principle constrain the CP-violating phases
of My, M>, A and k, appearing in the chargino/neutralino sec-
tors at the tree level. In the SUSY spectrum generator code
used for our analysis, details of which will be provided in the
next section, calculation of the one-loop contributions to d,
and d,, as well as to dr, in the cNMSSM is currently imple-
mented. Note that additional constraints also come from mer-
cury [84] and thallium [85] EDMs, but these can generally be
evaded if the masses of the first two generations of squarks
are taken to be sufficiently heavy, as discussed in [66].

At the two-loop level, the Higgs-mediated Barr-Zee type
diagrams can also contribute significantly to the electron and
neutron EDMs. However, several studies have shown that
even when these two-loop effects are taken into account,
the phase ¢, is very weakly constrained by the fermionic
EDMs [73,76,86,87], especially for smaller values of |«|.
This is in contrast with the other phases, especially ¢ A (the
phases of the Higgs-sfermion-sfermion trilinear couplings),
which enter the Higgs sector at the one-loop level. Therefore,
besides the reason noted above, we choose the qb,/( as the sole
representative CP-violating phase additionally to minimise
the potential impact of these two-loop diagrams, which are
not accounted for in our numerical code. Implementation of
the complete set of contributions to the EDMs in our numer-
ical code would go beyond the scope of this article, which
aims to explore the DM properties when a non-zero phase
appears in the neutralino sector.

3 Numerical analysis

The radiative corrections to the tree-level Higgs and neu-
tralino mass matrices make the parameters of the other model
sectors highly relevant also. However, on the one hand, the
NMSSM with grand-unification-inspired boundary condi-
tions is very tightly constrained by the current experimental
results, and on the other hand, the most general NMSSM con-
tains more than a hundred free parameters defined at the EW
scale. Thus, in order to draw inferences for a particular sector
of the model, it is imperative to make multiple assumptions
about the free parameters that only impinge at higher orders.
For our numerical analysis, we therefore adopted the fol-
lowing (universality) conditions to impose on the parameter
space of the Z3-symmetric cNMSSM at the EW scale:

Mf =M, 5 =My, 5 = Mp, o5 =MLy ,5 = ME, 55,
Tf~ =T =T =13,
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where Méln M%}l“ Mlz)123 M7, . and M2123arethe
squared soft masses of the sfermlons The (less-often used)
parameter Tf corresponds to sfermion trilinear couplings;
usually these are taken to be proportional to the Yukawas,
such that T;J =y Aj, where i, j are generation indices.
In our numerical code, we specified Ty directly at the low
scale. We fixed all the elements of 7: to small values
(1GeV for the diagonal terms and zero otherwise), except
for T}3’3) = ;(3’3) = T£3’3) = ;3’3), which we left as a
free parameter to be scanned over an extended range. The
reason for this was to increase the probability of the consis-
tency of m pg,,, the dominant corrections to which increase
proportionally to (A; — piefr cot B)2, with mpy,,. We likewise
scanned over wide ranges of M| and M, to allow maximal
possible variations in the )7? composition. On the other hand,
M 7 and M3 were fixed to sufficiently large values of 2 TeV
and 3 TeV, respectively, so that the sfermions and the gluino
could evade the direct search limits from the LHC.

As for the CP-violating phases, in light of the discussion
in the previous section, we fixed ¢}, = ¢, = dm, = ¢Tf_ =
@ = 0 = 0 (so that ¢, = ¢,). However, the quantities that
we choose for the solution of the (five independent) tadpole
equations are

myy,. my . ms, In(T), Im(T3).

The first three of these are standard choices familiar from
the INMSSM. However, once we break CP we have two
additional non-trivial tadpole equations that must be satisfied,
and it is logical to choose the complex part of the trilinear
parameters, since these lead to the smallest impact on the
spectrum and their magnitude will only be proportional to the
violation of CP. With the only non-zero CP-violating phase
being ¢, this leads to

Im(7)) = pegrIm(x) —

V2 YN
Re ,
0Hy,
ﬁ IAV, IAV,
K — Vg .
Y 0Hy;
(12)

SUy

3Av vy,

Vs

Im(7,) =

Im(k) + —

As briefly noted in Sect. 2.1, the real parts of these trilinears
are fixed as inputs:

Re(Ty) =Re(AA)),
Re(T,) = Re(k Ay), (13)

where now A, , A, are taken to be real. This means that at
the tree level both the trilinear couplings pick up phases from
the phase of ¥ (which are, however, small for A; >> peg and
Ai > vqvy /s, and are modified at the higher orders).

To generate the particle spectrum for a given configuration
of the final set of the free parameters,

|M1l, IMal, [T7|, tan B, (Al |«|, pett, Ans A, P

we incorporated the cNMSSM into the public fortran code
SPheno-v4.0.4 [88,89] using the Mathematica pack-
age SARAH-v4 .14 .4 [66,90-95].! Besides the mass spec-
trum, SPheno also computes the decay widths and branch-
ing ratios (BRs) of the Higgs and SUSY particles (at one
loop for CP-conserving models [97], but at leading order
only for CP-violating ones), as well as a multitude of flavour
and other low-energy observables. We linked SPheno with
the public program MultiNest-v3.7 [98] for generating
output files for sampled configurations of the free param-
eters from their defined ranges. Multiple scans were per-
formed, with each one corresponding to ¢, fixed to one of
the five selected values: 0° (the CP-conserving case, i.e., the
rNMSSM but with the five Higgs bosons ordered by their
masses, irrespective of their CP-identities), 30°, 60°, 135°,
and 180°.2 In order to calculate Q~o h? and other DM observ-
ables for each sampled parameter space point, we also
produced a CalcHEP [99] model file for the cNMSSM
with SARAH, which was then embedded in the public code
MicrOmegas-v5.2.4 [100-102].

The purpose of these scans was to find parameter space
points for which

1. Either H, or H3 had a mass in the 122-128 GeV
range (thus allowing a theoretical uncertainty of +3 GeV
around the - assumed - experimental central value of
mpgy = 125GeV). This implied that there would at least
be one light Higgs boson available for potential s-channel
annihilation of the DM.

2. The Hsym (whether Hp or H3z) had the yy, ZZ, tt and
bb effective couplings lying within £0.2 units of the SM
expectation of 1.3

! We note that NMSSMTools provides a spectrum generator capable
of handling CP violation [79] that contains a less accurate computation
of the Higgs masses; whereas NMSSMCALC [96] provides an equivalent
computation of the Higgs masses [71].

2 We ignored ¢, > 7, since we expected the real part of « to be domi-
nant by far, and hence the overall behaviors of the calculated observables
to be approximately symmetric around ¢, = . This was nevertheless
verified numerically for the sample value of ¢, = 300°.

3 While it is in principle possible to constrain these couplings using
the latest combined measurements from the LHC (e.g., [103]) using
a program like HiggsSignals-2 [104] instead we chose (for sim-
plicity) to allow up to 20% deviation from the SM values. The figure
of 20% corresponds roughly to the experimentally quoted uncertainties
(we also checked that using a smaller value negligibly impacted our
results); we were concerned that a combination was overly pessimistic
regarding finding valid points, and not primarily concerned with tweak-
ing the (heavier) Hsy which otherwise plays little role in the dark matter
properties.

@ Springer
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Table 1 Scanned ranges of the

cNMSSM parameters. Separate ga;rameter AIII 1((?06(;/) Af(z)(nge(I))o Tf 7((()30%\/) 2000 tzin 5 0

scans were run for ¢, chosen ange = | (100, | [ > | [1.20]

from {0°, 30°, 60°, 1357, 1807} Parameter A P Lefr (GeV) A, (GeV) A, (GeV)
Range [0.1, 0.7] [0.001, 0.3] [100, 500] [500, 3000] [F500, 0]

3. The theoretical predictions of the following B-physics
observables lied within 20 deviation from their quoted
experimental values.

e BR(B — X,y) x 10* =3.32 £ 0.15[105],
e BR(B, — t¥v;) x 10* = 1.06 £ 0.19 [105],
e BR(B;, —» utu™) x 10° = 3.0 +0.85 [106].

4. None of the five Higgs states were excluded by the limits
from the LEP, TeVatron and LHC searches implemented
within the program HiggsBounds-v5.7.0 [107].

5. The |d,| and |d,, | satisfied the experimental upper bounds
given in Eq. (11).

6. The relic abundance of the )7? never exceeds +10% of
the Planck measurement of QA% = 0.119 [108]. This
allowance in S2~oh2 is to crudely account for the rather
large uncertamty in its theoretical estimation, due to the
higher order corrections in SUSY models [109-115].
Note that Mul t iNest performs a multimodal sampling
of a model’s parameter space based on Bayesian evi-
dence estimation. Our purpose for using this package was
simply to scan the parameter space in a more efficient
way than random sampling, rather than to draw Bayesian
inferences about it. To this end, we defined a Gaussian
likelihood function with a peak at Qz?hz =0.119and a
width of £10% of this value in Mul tiNest. Evidently,
the scan collected a number of points far away from the
peak also. From these, we removed all the points with
Qz?hz > 0.131, but retained also the ones for which

Qi?hz < 0.107 so as to accommodate alternative pos-

sibilities, such as non-thermal )7? production [116] or
multi-component DM [117].

4 Low-mass DM in the cNMSSM

The scanned ranges of the nine free parameters (after fixing
@) of the cNMSSM are given in Table 1. Evidently, these
ranges cannot entail all possible configurations. They are,
however, guided by some previous studies [20,33,35], and
are extensive enough to fulfill the necessary conditions for
this analysis, i.e., of yielding a H, or H3 with a mass around
125GeV, and a sub-100GeV singlino/bino-dominated )'Z?.
The upper cutoffs on the values of A and « are imposed to

@ Springer

Table 2 The input parameters and the spectra for the four selected test
points

Parameter TP1 TP2 TP3 TP4
M, (GeV) 42 386 689 602
M, (GeV) 1967 1565 1273 773

Tf~ (GeV) — 2688 — 3414 — 3938 — 4132
tan 8 13.69 10.80 14.82 6.84

A 0.227 0.323 0.659 0.252
k| 0.178 0.012 0.003 0.016
Heff 458 252 192 322

A; (GeV) 2694 2613 2904 2165
Ay —11.70 — 244 — 5745 —31.06
Parameter TP1 TP2 TP3 TP4
¢, (degrees) 30 30 30 30
Qn? 0.130 0.127 0.119 0.079
mso (GeV) 41 20 6 43
mso (GeV) 463 251 216 317
mzo (GeV) 469 265 228 333
Mz (GeV) 723 393 688 603
mzo (GeV) 1973 1578 1292 804
My (GeV) 466 256 193 323
My (GeV) 1988 1597 1310 813
my, (GeV) 87 16 14 45
mp, (GeV) 125 45 69 52
mp, (GeV) 720 124 127 123
mp, (GeV) 4302 2671 2970 2196
mps (GeV) 4302 2672 2974 2196
mpy+ (GeV) 4303 2651 2830 2188

avoid the Landau pole. Ag can in principle be both positive
and negative, with a marginally different impact on the phys-
ical mass of the SM-like Higgs boson for an identical set of
other input parameters in each case. Our purpose for using
only its negative range was to enhance the efficiency of the
numerical scanning code. Note that, at the EW scale k and A,
are conventionally taken to be > 0 and < 0, respectively, in
order to prevent negative mass-squared of the lightest pseu-
doscalar — see Eq. (10). But here, for 90° < ¢, < 180°, the
real part of ¥ becomes negative, and hence A, ought to be
positive. Thus in the scans corresponding to ¢, = 135° and
180°, A, was scanned over positive values only.
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Fig. 1 The spin-independent DM-proton cross section (left) and the electron EDM (right) as functions of the DM mass. Different colours of the
points illustrate different values of ¢, and the solid and dashed lines in the left and right panels, respectively, correspond to the experimental limits

The left panel of Fig. 1 shows that a large number of
parameter space points meeting all the conditions outlined
in the previous section are ruled out by the latest limits on
the cross section of the spin-independent DM-proton scat-
tering, aS I from the PandaX-4T Commissioning Run [118]
(for comparison, the most recent exclusion contour from the
XENON-1T experiment [119] is also shown). The right panel
confirms the fact that ¢, is indeed very weakly constrained
by the one-loop contributions to |d,|, since for almost all
the successful scanned points its model prediction lies well
below the experimental bound.

In Fig. 2 the 5(? relic abundance is plotted as a function of
its mass, separately for points from each scan with fixed ¢,.
In this figure, the grey points in the background are the ones
excluded by the PandaX-4T limits, and the coloured points
further satisfy the following two conditions.

e The total invisible BR of the Hgy is required to lie below
the latest upper limit of 14.5% from ATLAS [120] (the
corresponding limit from CMS [121] is slightly weaker).
This BR accounted for, besides Hsy — )~(1 )?1, decays
like Hgy — Xz X1 (i = 2-5), which are followed by
Xz — H1X1 /Hz)(1 and subsequently H/H, — Xl Xl
In addition, BRs for Hsyy — HiHy/Hi Hy/Hy Ha, fol-
lowedby H,/Hy — )7?)?? , which would also yield a 4)7?
final state, were also included. For all the good points
from our scans, however, the total invisible BR of Hsy
is by far dominated by the X Xl Xl decay.

e Various searches targeting Xl and X,-O production, such as
[122-124], are relevant here, since these states can decay
to our (very) light 5{? along with W/Z / Hops. These anal-
yses quote limits of up to 750 GeV for winos with specific
channels of decay. Searches for higgsinos are notoriously
difficult due to their small production cross-section, and
the limits from them are thus much weaker. The very

latest ATLAS search [125] quotes limits of up to 210
GeV on a higgsino. A full recasting of these results using
MadAnalysis [131-134]forall our good points will go
beyond the scope of this study. We nevertheless imposed
the simplistic requirement that the higgsino (wino) com-
ponent of a given )7,.0 is less than 90% if it is lighter than
210GeV (750GeV).

In the top-left panel of the Fig. 2, corresponding to the
CP-conserving case, Q~?h2 is generally quite small, except
near m)?o ~ mz/2 and mgo ~ M Hq\ /2 for the Hsy = H3
scenario (blue points), where a few points show consistency
with the Planck measurement within £=10%. A narrow peak
of points also appears around m POl 10GeV, where, as we

will see later, a very singlino-like )"({) can undergo just the
right amount of self-annihilation via the singlet A;. Recall
that all the five Higgs bosons are ordered by mass and not
distinguished by their CP-assignment, and thus the Hj in the
cNMSSM can be either one of the H; or A of the INMSSM.
In the Hsym = Hj scenario (red points) the correct Qz?hz
can be obtained for a wide range of mso, when it is near
either mp, /2 or, more frequently, my, /2. For ¢, = 30°,
in the top-right panel, a few points with m el between 10—
20GeV also appear within (or just outside) the Planck band
(.e., Qh?2 =0.119 + 10%). This is not the case for the CP-
conserving case above, although the overall picture looks
very similar, and is a result of the slight modification in the
)’Z? composition owing to the CP-violating phase.

When ¢, is increased to 60° (centre-left panel) some
Planck-consistent points show up also around m =
30GeV. Most notably, however, it is possible to obtain the
correct Q-0h? for the entire ~ 5—40 GeV mass range when
the sign of « (and hence also of A,) is flipped, as demon-
strated by the centre-right and bottom-left panels correspond-
ingto ¢, = 135° and ¢, = 180°, respectively. In fact, for the
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Fig. 2 Relic abundance of the DM as a function of its mass, for points
obtained from the scans with ¢, fixed to 0° (top-left), 30° (top-right),
60° (centre-left), 135° (centre-right), and 180° (bottom-left). The red
points correspond to the Hsy = H» scenario and the blue points to the

latter phase, a sole point appears within the Planck band for
Mo in the ~40—45 GeV range (which is, however, excluded
by the LHC electroweakino searches). This is not observed
for any of the other selected phases in this figure, but we
will discuss below a point for which it is achieved around
¢ = 60° also. The bottom-right panel presents a holistic
picture, where one sees that nearly the entire sub-100GeV
range of mzo with Qh? = 0.119 + 10% is covered by the
good points from all of the scans.
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Hgsm = Hj one. The grey points in the background are the ones ruled
out by the PandaX-4T limits on O’SPI. The bottom-right panel shows the
allowed points from all the other panels overlapped

For a closer analysis of the impact of the variation in ¢, on
mso and its relic abundance, we selected four test points (TPs)
from among those corresponding to ¢, = 30°. The values of
the corresponding scanned parameters, along with the spectra
for ¢, = 30°, are given in Table 2. For each of these TPs,
mso is plotted as a function of ¢, in all the panels of Fig. 3.
The heat map in the left column of the figure corresponds to
mpy, and in the right column to mg,. In this as well as the

two figures that follow, the non-existence of a point for some
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values of ¢, in a given panel implies that SPheno did not
produce an output on account of there being unphysical loop-
corrected masses for some particles. The grey points imply
inconsistency with one (or more) of the constraints 1-5 listed
in Sect. 3 and the two additional limits from the LHC noted
above, while the coloured circles give 2 %?hz > 0.131. The

coloured boxes instead mean Qﬁ)hz < 0.131 for that point,

and a cross around a box reflects that 2 Y?hz lies within the
Planck band.

The TP1 in the top row of Fig. 3 is the single (red) point
for the Hsyy = H» scenario with m e 40GeV appear-
ing within the Planck band for ¢, = 30° It does so, how-
ever, only for this specific value of ¢, . For almost the entire
remaining range of the phase, this parameter space configu-
ration is inconsistent with at least one of the enforced exper-
imental constraints. The remaining three TPs belong to the
Hsym = Hj scenario. For TP2 also, the Planck-consistent
amount of self-annihilation of the )'Z'?, via the H», occurs
only for ¢, a few degrees around 30°. m 7 and mpy, both
reduce with increasing ¢, - the latter much slower than the
former - until tachyonic masses appear in the particle spec-
trum for ¢, > 80°. In the case of TP3, as with the TP1,
Qioh = 0.119 + 10% is satisfied only for ¢, = 30°, when
the sharply falling m g, gets very close to 2m 7= ~ 12GeV,
as seen in the third row of the left panel. Beyond this value
of ¢y, the yoh2 drops for a few degrees, owing to exces-
sive anmhllatlon before rising above the Planck bound again
when m y, grows too small. Finally, TP4 is a representative
point of the case when the Q~o h? falls within the Planck band
for m el in the ~40-45 GeV range, as hinted earlier. While
this TP has also been taken from among the good points for
¢ = 30° in Fig. 2, its Qﬂ)hz lies below the Planck band for
the original ¢,.

In the left column of Fig. 4 mso is again plotted as a
function of ¢, for the TPs 1-4 (top row to bottom row), with
the heat map now depicting the singlino fraction, Ny, of the
. For TP1, the ¥ has a negligible singlino component, but
is instead entirely bino-like, with a small higgsino fraction
just enough for the correct amount of its self-annihilation
via the Z boson for ¢, = 30°. On the other hand, the very
large Ny in the CP-conserving case for TP2 falls sharply
with increasing ¢, with the Planck-consistency occurring
when it is just above 90% around ¢, ~ 30°. For TP3 the
N; stays almost constant over the entire range of ¢, , while
for TP4, as the singlino fraction as well as the mass of )'Z?
drop slowly with increasing ¢, its Z-mediated annihilation
gradually reduces. It reaches a level sufficient to give the
correct Qi?hz for ¢, ~ 55°—65°. The right column of this

figure shows the BR(Hsm — )??)’Zlo). For TP1 it fluctuates
between 1.5% and 2% for the allowed values of ¢,, and
for TP2 it rises with ¢, but does not exceed 4%. For TP3
the BR(Hsm — )7? 5{?) rises noticeably with ¢, (while m 705

@ Springer

given by the heat map, drops), until it reaches the maximum of
about 10% for 180°, while for TP4 it is always insignificant.

In Fig. 5 we take a brief look at the BRs of the Hgy into
Hi H; (left column) and H> H; (right column), in a bid to fur-
ther understand the implications of different ¢, for the Hsy
phenomenology at the LHC. For TP1, the BR(H, — H{H))
is vanishing for the Planck-consistent ¢, = 30°, while the
H3z — HH; decay is kinematically forbidden. In the case
of TP2, the BR(H3 — H|H)) drops from about 12% in
the CP-conserving case to about 8% for ¢, = 80°, but the
BR(Hsm — Hz H») increases by about 2%. The BR(H3z —
Hi Hy) for TP3 also falls by about 4% overall, as in the case
of TP2. For TP4, the BR(H3 — HjHj) drops from about
7% near ¢, = 0° to less than 1% for ¢ = 180°, imply-
ing that the already slim prospects of observing the 4-body
final state resulting from Hsy — Hp H; decay for this point
further reduce significantly as the amount of CP-violation
increases. At the same time, though, the BR(Hsy — Ha H»)
rises from ~6% to about 17%, but this causes exclusion of
¢« > 144° by the LHC data. Overall then, the phenomenol-
ogy of the 4-body final states with invariant mass near that of
Hsy = Hj for points analogous to the TP4 could be crucial
for distinguishing the signatures of CP-conserving versus the
CP-violating NMSSM. It will be the subject of a follow-up
analysis.

Finally, since the x; /% X2 in all our TPs are higgsino-like
and always heavier than 210GeV, they are consistent with
the current exclusion limits from the LHC. Besides, instead
of decaying to W/Z /Hgpg, Our )?g can decay dominantly to
the lighter singlet-like Higgs boson(s) and thus keep evading
detection in the near future. Likewise, the )A(Zi/)"(g are wino-
like and heavier than 750GeV for these four points. Nev-
ertheless, in our follow-up analysis it would be interesting
to test our scan points against latest results using a fast tool
such as SModelS [126-130], and to process a handful using
full recasting in MadAnalysis with the latest searches in
[135,136] (see also [137] for a review of available recasting
tools), as performed in, e.g., [138].

5 Summary and conclusions

The Higgs sector of the NMSSM can accommodate explicit
CP-violating phases at the tree level, whereas in the MSSM
such phases enter the Higgs potential only at the higher
orders. While the measurements of the leptonic EDMs tightly
bound the MSSM-like phase in A 7 radiatively induced from
the sfermion sector, they have been previously found to be
much less constraining of the phase of «. Importantly, this
phase also appears in the tree-level mass term, 2«s, corre-
sponding to the singlino interaction eigenstate. Therefore, if
the )”(? is singlino-dominated, its relic abundance can have a
strong dependence on ;.
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The cNMSSM contains 5 neutral CP-indefinite Higgs
bosons in total, and any one (or more) of the three lightest of
these can fulfil the role of the Hgy, in specific regions of the
model’s parameter space. In this study, we have analysed in
detail the quantitative impact of the variation in ¢, on 70 h?,
for scenarios wherein either Hsy = H, or Hsy = Hz. The
Hj was required to always be lighter than 125 GeV to increase
the prospects of self-annihilation of the singlino-like )N(? solu-
tions with mass < 100 GeV, which was our main focus. For
certain select values of ¢, , we performed numerical scans of
the free parameters of the EW-scale cNMSSM, to find points
consistent with a variety of recent experimental constraints,
in particular the electron EDM.

In the overall picture that emerges from this analysis,
for specific values of ¢, nearly exact consistency with the
Planck measurement of the DM relic abundance of the Uni-
verse is seen for certain m 70 that are precluded in the real
NMSSM. Thus, while a large gap appears near Qi?hz 0.119
for mso ~ 10—30GeV for ¢, = 0°, this mass range starts
filling up as the CP-violation increases, and gets almost
entirely covered for ¢, ~ 135°. Evidently, this results from
the subtle tweaks in the composition of )??, so that its cou-
plings allow just the right amount of its self-annihilation via
one of the multiple potentially resonant sources available in
this model, when the CP is violated.

This inference was confirmed by a closer investigation of
the four tests points selected out of the successful points from
the scans. For each of these points we varied ¢, over the entire
0° — 180°, while fixing the other nine free parameters to their
original values. This demonstrated how the different values
of ¢, modify m g, and m y,, besides the mass as well as the Ny
of the )7? , to impact the consistency of these points not only
with 242 but also with other experimental data. Furthermore,
magnitudes of observables like the BR(Hsy — )??)'Z?), the
BR(Hsy — HiHp) and the BR(Hsy — H» H») also show
a dependence on ¢, significant enough that their dedicated
inspection might help identify signatures of CP-violation in
the NMSSM at the LHC.
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