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ABSTRACT: This work studies the self-interacting dark matter (SIDM) scenario in the
general NMSSM and beyond, where the dark matter is a Majorana fermion and the force
mediator is a scalar boson. An improved analytical expression for the dark matter (DM)
self-interacting cross section which takes into account the Born level effects is proposed.
Due to the large couplings and light mediator in SIDM scenario, the DM /mediator will go
through multiple branchings if they are produced with high energy. Based on the Monte
Carlo simulation of the showers in the DM sector, we obtain the multiplicities and the
spectra of the DM /mediator from the Higgsino production and decay at the LHC for our
benchmark points.
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1 Introduction

The weakly interacting massive particle being the dark matter (DM) candidate can suc-
cessfully explain the large-scale structure of the universe from the galactic scale to the
cosmological scale. However, there have been tensions between the N-body simulations of
collisionless cold DM and astrophysical observations on small scale structure of the uni-
verse, dubbed small scale structure problem [1]. The issues can be resolved if the DM has
strong self-interactions [2, 3]. On the other hand, the self-interacting DM (SIDM) scenario
is stringently constrained in high-velocity system such as galaxy clusters [4—6]. A viable
SIDM scenario requires the DM self-scattering cross section that is suppressed at higher
velocity and increases toward smaller velocity. Such feature can be implemented if the DM
self-interaction is mediated by a light (O(1) MeV) scalar or vector particle [6-17].

The strongly interacting DM with scalar mediator can be naturally realized in the next-
to-minimal supersymmetric standard model (NMSSM) [18, 19]. In the small A limit, the
singlet sector (includes a CP-even scalar, a CP-odd pseudoscalar and a singlino) is nearly
decoupled from the SM sector, such that they can be light while evade all experimental
searches. The Peccei-Quinn limit of the NMSSM with light singlet sector has been studied
in ref. [20]. However, the SIDM scenario requires large x coupling. In the Z3 invariant
NMSSM, the singlino mass is proportional to x/\, which is sizable in the limit of A < k.
The general NMSSM is required to address the SIDM scenario [21-25]. Meanwhile, the



correct DM relic density can be set via thermal freeze-out with DM annihilating into
scalar mediators.

Given light mediator and DM, together with relatively large couplings in the SIDM sce-
nario, the production of the mediator/DM at the electroweak scale or higher will be followed
by copious emissions of the mediator in the collinear direction due to the logarithmic en-
hancement. This is analogous to the QED/QCD parton showering. The phenomenology of
the DM showering in models with extra dark gauge group has been studied in refs. [26-30],
where the force mediators are massless dark photon/gluons (similar to the hidden valleys
scenario [31]). In the NMSSM, the mediator is the CP-even massive scalar and the DM
is the massive Majorana fermion. The properties (divergence behaviors) of the splitting
function are quite different from the massless vector mediator ones. More detailed studies
of the DM showering with massive states have been performed in refs. [32, 33], inspired by
the studies for the electroweak showing [34, 35]

In this paper, we focus on the SIDM scenario in the general NMSSM. An improved
analytical estimation for the DM self-interacting cross section which takes into account the
Born level effects is proposed. We will demonstrate that the analytical expression matches
well with the numerical solution, in terms of calculations on the scanned points in the
NMSSM. Two benchmark points (in the NMSSM) that address the small scale structure
problem with correct relic density of SIDM and satisfy other phenomenological constraints
will be provided for the first time. They are featured by light Higgsinos and large proba-
bility of ¢ — ¢¢ splitting. The multiplicity and the spectrum of the scalar mediator in the
Higgsino production (and decay) process will be studied in detail, based on Monte Carlo
simulation of the showers in the DM sector. However, x can not be large in the NMSSM
in order to implement correct DM relic density, which suppresses the DM splitting. Two
benchmark points beyond the NMSSM with « = 2.5 and address the small scale structure
issue are proposed. The DM splitting (x — ¢x) becomes also significant in this case. A
generic issue of SIDM scenario with simple DM sector is the tension between Big Bang Nu-
cleosynthesis (BBN) limits and dark matter direct detection constraints [22, 36-39]. Pos-
sible solutions require extended particle content and couplings. And the collider signature
of SIDM scenario will be highly depend on the forms of extensions.

The rest of the paper is organized as follows. In section 2, we will discuss how to calcu-
late the non-relativistic DM self-interaction cross section with analytic method and numer-
ical method. In particular, an improved analytical estimation for the DM self-interacting
cross section is proposed. In section 3, focusing on the general NMSSM model, we study
the parameter space that addresses the small scale structure problem and is consistent
with other phenomenological constraints. The showering of the DM and the mediator is
discussed in section 4. Finally, in section 5, we discuss the possible LHC signatures of the
SIDM in the NMSSM and beyond, based on four selected benchmark points.

2 Self-interacting dark matter — scalar mediator

The scattering between DMs (x) with a scalar mediator (¢) in the non-relativistic limit is
controlled by an attractive Yukawa potential

V(r) = —oy , (2.1)



where o, = x2/(2m) and v/2k is the coupling of ¢xx. The scattering amplitude is
o0
Z (21 4 1)e® Py(cos 0) sin & , (2.2)
=0

where ¢; is the phase shift for a partial wave [. It can be obtained by solving the Schrédinger
equation for given potential V (r), and k = m,v/2 with v being the relative velocity between
the DMs in the scattering.

To describe the scattering between distinguishable particles, the transfer cross section
or and the viscosity cross section oy are usually used [40], which are defined as
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The relation between the differential scattering cross section do/dS) and the phase shift ¢

is given by
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When describing the scattering between identical particles, only the viscosity cross
section oy is useful [41]. For Majorana fermion DM scattering, the spatial wave function
should be symmetric (antisymmetric) when the total spin of the DM pair is 0 (1). Thus,
ov is replaced by oysg and oya in the symmetric case and antisymmetric case, respectively,

which are
(2041)(21+2) .
oys = = /dQsm 01 f(0)+ f(m—0)] Z @+3) )Sln2(521+2—521), (2.7)
1 . (204-2)(21+3) .
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Note that a symmetry factor 1/2 is inserted in integrals to avoid the double-counting
in scattering of two identical particles. In the following analysis, we assume the DMs
participating the scattering are unpolarized and refer to oy as the one averaging over the

all spins:
v—lv +3v (2.9)
o —40 S OVA - .

To solve the Schrodinger equation, it is useful to define the new variables:
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In general, there is no analytic solution to the Schrédinger equation with the Yukawa poten-
tial on the a — b plane. However, in the Born regime where b < 1, computed perturbatively
in a, the scattering amplitude can be expressed as

206, My
mi + 4k2 sin? g

£(0) ~ (2.11)

at the leading order, from which we can calculate the leading order DM scattering cross
sections as
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where t = ab. Besides, in the Born regime, we can also use [42]
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to estimate the §; at the leading order, where j; is the spherical Bessel function.

In the quantum regime where ¢ < 1, the s-wave scattering is dominant, i.e. [dg| > ||
for [ > 0. By taking the Hulthén approximation, dg for the attractive Yukawa potential is
given by [13]

slulthén _ oo (irl(“)glj;lf\(_)\__)z)) (2.16)

with
Ay =1+iac+ Ve —a?c?, (2.17)

where ¢ ~ b/1.6. So we can use [13, 41]
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as approximate expressions in the quantum regime.

Recent study in ref. [41] provides the analytic approximations of o, ovg, and oy for
both attractive and repulsive Yukawa potentials in the semi-classical regime where ¢t 2 1.
The cross sections in this regime are strongly depend on 8 = 1/(2a?b). For the attractive



Yukawa potential, the expressions for cross sections are summarized as
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where n = (n = %) for o&ias (0\(}}35) and K; (i = 0,1,2) stands for the modified Bessel
functions of the second kind.

The o1 and the spin averaged oy on the whole a—b plane can be obtained by combining
the expressions above. They are

F»orn b<0.1
gComb _ [ 1=bgBomn 4 b-0150C 01 << i=T,VS,VA,V, (2.25)
o&C b>1
where
o t<0.4
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O_lClas t>1
oV = 10Vs + 10VA J = Born, Quan, Clas. (2.27)

It should be noted that our final combined expressions ¢C°™P (i = T, V) are different from

the analytic expressions proposed in ref. [41]. The effects of the o2 have been taken into

account in our case. The shapes of the transfer cross section a%omb

- : Comb Comb
sections oyd™ and oya™ (

and the viscosity cross
all are scaled by a factor of %) are illustrated in upper panels
of figure 1.

Meanwhile, following the method proposed in ref. [13], the Schrédinger equation with
Yukawa potential can be solved numerically. In the lower panels of figure 1, we show the
ork?/(47), oysk?/(4n), and oyak?/(47) obtained with the numerical calculation. Com-
paring the analytical and numerical results, we can observe that the analytical estimations
match reasonably well with those from numerical calculations. A more specific comparison
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Figure 1. The transfer cross section or (xk?/(4r)), the symmetric viscosity cross section oyg
(xk?/(47)) and the asymmetric viscosity cross section ova (xk?/(4m)) on the a-b plane, calcu-
lated by eq. (2.25) (upper panels) and calculated by numerically solving the Schrodinger equation
(low panels).

based on the scanned parameter points in the NMSSM will be given later in this work.
As for the asymmetric viscosity cross section, the analytical calculation in the quantum
regime raises zero, which is in consistent with the numerical calculation as most points
in the quantum regime give oyak?/(47) < 1078 and it is much smaller than ork?/(47)
and oysk?/(4r).

3 The NMSSM and SIDM

In this section, we will realize the SIDM scenario in the NMSSM, considering the phe-
nomenological constraints. In particular, the relic density and DM direct detection con-
straints will be discussed in detail.

3.1 The NMSSM — masses and couplings of the singlet sector

The NMSSM is a well-motivated extension of the MSSM by a gauge singlet chiral superfield
S. Its most general superpotential is:

~r A A ~ 1 A ~
W = Wyukawa + (i + AS)Hy Hy + €pS + 5//52 + gSS : (3.1)

where Wxykawa describes the Yukawa couplings of quark and lepton superfields. We choose
p = 0 in this work, following the convention in ref. [19] and NMSSMtools [43, 44]. The
corresponding soft SUSY breaking terms are

1 1
Loy = LMZSM 2|52 — (AA,\HquS—i—3/<ANS3+m§{Hqu+2m’5252+§gs+h.c.> .
(3.2)



After the electroweak symmetry breaking, the scalar fields H,, Hy and S obtain vac-
uum expectation values v,, vg and s, respectively. The elements of the CP-even scalar mass
matrix square M?% in the basis (Hg, Hy, S) can be written as follows (only those relevant
to the singlet are shown):

M%,w = M2peivd — vu(Begr + ks + 1)),
M%as = A2ptefrvy — va(Beg + ks + 1)),
M%,ss =A

DU Ay + 1) + rs(Ap + drs + 3)) — (€5 + Epit) /5, (3.3)

S

with peg = As and Beg = Ay + xs. We denote the mass eigenstates of the mixing of the
CP-even scalars from H,, Hy, and S as H; (i = 1,2, 3) satisfying mpg, < mpg, < mpg,, so
H, is the scalar mediator ¢. And the mass matrix of neutralino in the basis (Hy, H,, S ) is
read as
0 —peft —Avy
My = | —pet 0 —Avg . (3.4)
— vy, —Avg 2ks +

The mass eigenstates of the neutralinos are denoted as x; (i = 1,2,3) satisfying m,, <
My, < My, S0 X1 is the DM .

In the limit where the mixing between the singlet scalar (S = %) and doublet
Higgs fields (H,, Hy), as well as the mixing between singlino (S) and Higgsinos (H,,, Hy)
are small, we have ¢ = S, and ¥ = S with masses given by

ms, =/ M% 33, (3.5)

mg = 2ks + ' . (3.6)
And the couplings in the singlet sector can be evaluated as [19]:

Vsss = —i4dk (6%8 + A, + 3//) , (3.7)

3.2 SIDM in the NMSSM

There are three parameters that control the DM self-scattering, m,, mg and the coupling
Vixx- In the NMSSM with nearly decoupled singlet sector, we have m, = mg, mg = ms,
and Vi, = Vggg/ V2 = —iy/2k. Since the singlino-like DM is a Majorana fermion, the
spin averaged viscosity cross section oy is used to describe the non-relativistic scattering
between self-interacting DMs and account for the small scale structure of the universe as
have been discussed in section 2. The pseudoscalar mediator can not induce large DM
self-interaction [38], as there will be further contributions to the Yukawa potential scaling
as mé/m?< X e~ [r with n > 2.

According to the simulations in refs. [13, 45], oy /m, ~ 1 — 10 cm?/g on dwarf scales
(the characteristic velocity is 10 km/s) is needed to solve the core-vs-cusp and too-big-
to-fail problems, while the constraints on cluster scales (the characteristic velocity is 1000
km/s) require oy/m, ~ 0.1 —1 cm?/g. In figure 2, we show the regions on the r-m,,
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Figure 2. Dots represent the region, where the small scale structure problem can be addressed,
according to analytic formulas o$°™P /m, (blue). The green lines correspond to the parameters
that give the correct relic density. The red, purple and orange contours indicate the splitting
probabilities of x — ¢x for initial x energies (Qmax) 1TeV, 100 GeV and 22 GeV, respectively.
More details for the splitting will be discussed in section 4. Three different masses of the scalar
mediator are considered.

plane, where the self-scattering cross section of SIDM is consistent with the simulations on
dwarf and cluster scales. The mass of the scalar mediator m, is chosen to be 0.01 GeV,
0.1GeV, and 1GeV, respectively. In the upper left panel where mg = 0.01 GeV, the blue
points which can address the small scale structure problems are in the classical regime
on cluster scales (v ~ 1000 km/s) as they satisfy ¢ > 1 when m, > 6GeV. And they
are in the quantum regime on dwarf scales (v ~ 10 km/s) because ¢t < 1 is fulfilled when
m, < 600 GeV. Further calculations show that the blue region shrinks toward smaller m,
when we increase my due to the constraints on cluster scale and disappears when my is
large than 0.07 GeV. As heavy DM scenarios are stringently constrained by DM direct
detection experiments, we will focus on DM mass < 20 GeV in parameter scan. In the
upper right panel where myg = 0.01 GeV, the blue points are in the quantum regime on
both dwarf and cluster scales. In the lower left panel where my = 0.1 GeV, the blue points
come from the quantum regime (on dwarf and cluster scales). The multi-band structure
of the blue region corresponds to the quantum regime in the a — b plane in figure 1, which
contains many peaks and valleys. It is shown that there is an upper limit on m,, which
can be understood by that t = vm, /(2mg) < 1 (m, < 2mg/v) is satisfied in the quantum
regime. In the lower right panel where my = 1GeV, the blue points also come from the
quantum regime (on dwarf and cluster scales) and thus also have an upper limit on m,,.



The blue belts in the mg = 1 GeV case are narrower than those in the mgy = 0.1 GeV case
because larger value of oy is required to explain the small scale structure for heavier m,
corresponding to narrower region in the a —b plane, as shown in figure 1. Due to the similar
reason, the coupling s needs to be at least ~ 0.7 in this case.

3.3 DM relic density and direct detection constraints

In the NMSSM with almost decoupled singlet sector, the correct DM relic density can be
achieved through the xx — ¢¢ annihilations in s-channel, t-channel, and u-channel. For
t-channel and u-channel annihilation, only the coupling Vj,. is relevant. As for s-channel
annihilation, V44 comes into play. Note that with negligible V44, the density of SIDM
tends to be under-abundant, because a large ~ and a light ¢ (mg < m,) is required for
solving the small structure problems. Using the triple scalar interaction in NMSSM

V¢¢¢ = ‘;:5\’5; = —i\/§n(3mx + AK) = —iAm¢, (3.9)

we can get the total DM annihilation cross section as

Tamn¥ = dv* + O(v?), (3.10)
g k222 —1 (32k%22(92* — 822 + 2) N 3N 8V2kA(52” - 2) (3.11)
©192mm3 (1 —222)4 z(l—422)2 (1 —222)2(4a2-1)) "

where x = my,/m.
The relic density of DM can be estimated as [46]

2 x 8.77 x 10*11Gev—2x§
- 12 ’
*

QXhQ (3.12)
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where g, ~ 10 and zy ~ 10. It is noted that d gets its minimum value (the relic density is
maximal) as

P kK222 — 1 [ 64r%w (2t — 222 + 1) (3.13)
T 192mm? 3(1 —222)4 '
when
44zt — 1622 — 1 11
A, = m * My = —my (x> 1). (3.14)

3(1 — 2x2)2 3

Because the SIDM is under-abundant in most cases, this limit is useful to test whether
the NMSSM with freeze-out mechanism can explain the current DM relic density. If the
O, h? with A, ~ (11/3)m, is still less than ~ 0.1, either the model needs to be extended or
other DM production mechanisms are required. In figure 2, the green lines correspond to
the relations of x and m, such that the DM relic density calculated by eq. (3.12) (taking
A, = (11/3)m,) is equal to 0.12 [47]. When my is greater than 0.1 GeV, the green lines
will not cross the blue regions and will further departure away as my increases, as the
small scale structure problem requires much larger x than the correct relic density does.
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Figure 3. Dots represent the region, where the small scale structure problem can be addressed,
according to analytic formulas agomb /my. The value of m, of each selected point is fixed to make
Qh? = 0.12 based on eq. (3.12). The dashed line satisfies ¢ = 1 when v = 1000 km/s.

However, the green line crosses the blue regions when my is 0.01 GeV and smaller, which
means in this case, the small scale structure and the DM relic density can be addressed
simultaneously. By fixing the value of m, to make Qh? = 0.12 according to eq. (3.12),
figure 3 shows the region where the small scale structure problem can be addressed on the
mg — k plane. There is an upper limit for my (~ 0.09GeV). The selected points above
(below) the dashed line (¢t = 1, v = 1000 km/s) belong to the classical (quantum) regime
on the cluster scales (v ~ 1000 km/s), and all the selected points are in the quantum regime
on the dwarf scales.

Moreover, many DM underground direct detection experiments have put stringent
limit on SUSY DM models. For the singlino-like DM in the NMSSM, the nucleon-DM
scattering cross section is proportional to the mixings between the singlet scalar and the
Higgs boson (the one observed at the LHC, which is H,-like):

MG o3 MG o3 2oty — Va(Ax + 265 + 1)

0 ~ ~ ~ A\ 3.15
" My — Myl (125 GeV)2 T (125 GoV)? (3.15)

And the magnitude of the spin independent proton-DM scattering cross section can be
estimated by the following equation [20]:

. < Y )2(5)2 0.01 Gev') "
oo~ | —= — T
px 10-7 0.1 me
where tan 8 = v, /vg and v = /v +v3 = 174 GeV. Since the SIDM scenario requests
a relatively large x and light scalar mediator ¢, in order to suppress the nucleon-DM

M( A
myz \ ptan

2
1)+0.184”} x10~4 pb,  (3.16)
7

~10 -



scattering cross section below ~ 107% pb, an extremely small \ is required, i.e. A\ < 1077,
unless the Ay is tuned appropriately to implement an exact cancellation. As the SIDM
mass is typically O(10~! — 10!) GeV, the most stringent limits come from XENONI1T [48],
CRESST [49] and DarkSide50 [50] experiments.

3.4 Parameter scan

The parameters in the NMSSM most relevant to the scalar sector and neutralino sector are

)‘7 K, tanﬁ? Meﬂa A)\a Aﬁa m%]u M/7 m/sga fF) fS . (317)
We perform random scan of these parameters in the ranges:

tanB € [1,50], A€ [107%,107°), & €[0.05,0.3], pex € [300,2000] GeV,
& € [—1,1] x 10! GeV?, m3; € [10%,10'%] GeV2. (3.18)
Note that the A is scanned logarithmically (i.e. A = 10" and r € [-8,—5] is a uniform

random number), in order to focus on the small A region. To implement the SIDM scenario
in the NMSSM, some of the parameters are scanned in much smaller regions:

p = (—2ks) £20 GeV, (3.19)
€5 = Myvg(Ax + ) + ks (Ay + 4rs + 3') — Epp’ — 5 X [exp(=5),exp(=2)],  (3.20)
Ay = (2ks + /) £40 GeV . (3.21)

According to the discussions in section 3.1, eq. (3.19), eq. (3.20) and eq. (3.21) lead to light
singlino DM, light CP-even singlet scalar, and small mixing between singlet scalar and
doublet Higgs, respectively. Moreover, in order to suppress the DM annihilation xx — ¢¢,
we scan

11(2 /
o 11@2rs+4)

Ao =(1.0+£0.2) ;

(3.22)

And mg is set to give heavy CP-odd singlet scalar, decoupling from the singlet sector.
The rest of the NMSSM parameters are fixed as My = My = 3TeV, M3 = 5TeV,
My = M,y = MGy, = Mirps = Mg, ,, = 5TeV, A, = 0GeV. Except that A;, Ap
are scanned in the range of [0, 3] TeV to give a SM-like Higgs mass around 125 GeV.
The scanning is performed with the package NMSSMtools [43, 44], imposing the fol-
lowing phenomenological constraints as preselections:

o All LEP and Tevatron constraints that are implemented in the NMSSMtools.

o The second lightest CP-even scalar (ha) being SM like, i.e. my, € [120,130] GeV and
coupling strength to SM particles in the range [0.9,1.1].

e The lightest CP-even scalar h; and the lightest neutralino being singlet-like, i.e. with
singlet component of the mixing matrix greater than 0.9.

- 11 -
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Figure 4. The scatter plots of parameter space that pass the preselections (grey box). The
small scale structure constraint (black box), DM relic density constraint (blue dot) and DM direct
detection constraints (red dot) are applied in order.

To implement a realistic SIDM scenario in the NMSSM, the parameter A as small
as ~ 1077 is required, such that the DM sector is isolated from the SM sector and the DM-
nucleon cross section is suppressed. However, with A < 1077 and peg = 100 GeV (required
by the chargino search at the LEP), the VEV of the singlet field s = peg/A ~ 107 GeV.
Moreover, the SIDM scenario favors light DM and large k. According to eq. (3.19) and
eq. (3.20), p' ~ 108 GeV and &g ~ 10%° GeV? (given k ~ 0(0.1)). The light CP-even scalar
(small ./\/l%’33) requires almost exact cancellation between numbers of order 10'6. Although
the parameter £g is set to implement this relation, it is numerically unstable, because we
are using double precision floats, the machine precision of which are around 10~'¢. So in
practice, we scan the M?g733 in the range [e~5,e2], and use M§733 = 0 to solve the £g/s.

The results of the parameter scan are demonstrated in figure 4, where the grey boxes
correspond to the points that pass the preselections. Moreover, The small scale structure
constraint (oy km/S/mx € [1,10] cm?/g and ot % km/S/mx € [0.1,1] cm?/g), DM relic
density constraint (Qh? € [0.09,0.11]) and DM direct detection constraints (XENONI1T,
CRESST and DarkSide50) are applied in order. Points that pass those constraints are
shown with different colors. Due to the scanning range that we choose for A, the typical
spin independent cross section between DM and proton ogi(py) is ~ 1077-1073 pb. So
the DM direct detection constraints are stringent. An even smaller ) is still possible since
it is not relevant for implementing the SIDM scenario. However, we will show later that
smaller A renders long-lived singlet scalar, which will not provide any detectable signatures
at colliders, except missing transverse momentum. The relic density constraint excludes
all of the points with dark matter mass m, < 1GeV, because QOh? mi according to
eq. (3.12). Taking into account the direct detection constraints, the survival points have
DM mass ~ 1-5 GeV. It is interesting to observe in the middle panel of figure 4 that the peg
(i.e. the Higgsino mass) is bounded from above, especially when the DM mass is heavier
than 2GeV. In order to address the small scale structure problem, the x/mg needs to be
large. However, relic density and DM direct detection constraints favor small value of &.

They put an upper limit on my, i.e. my < 0.02 GeV.

The spin averaged viscosity cross sections for the points presented in figure 4 are
obtained by numerically solving the Schrodinger equation with Yukawa potential [13].
In section 2, we have also presented analytical expression for the same variables. For
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Figure 5. Left panel: the relative difference between the analytical viscosity cross sections (divided
by m, ) as given in eq. (2.25) and numerically calculated ones (denoted by ov/m, ). The values for all
preselected NMSSM points are used. Right panel: the distributions of the ratio between the oy /m,,
on dwarf and cluster scales for scanned points in the NMSSM with different selection conditions.

comparison, in the left panel of figure 5, we show the distributions of the relative difference
between the analytically and numerically calculated oy /m,. There are more points with
ov/my < agomb /m,, than the opposite case. The relative deviation between two methods
is ~ O(10)%. As discussed in section 2, the oy can vary across several orders of magnitudes
for different a and b, such amount of deviation is acceptable for the purpose of estimation.
The velocity dependence of the DM self-interacting cross section is illustrated in the right
panel of figure 5. It can be found that the direct detection constraints are in contradiction
with the velocity dependent feature. Parameter points that pass all DM direct detection
constraints can only have the ratio between the ov/m, on dwarf and cluster scales at
most around 3.

4 Splitting functions for singlet scalar and singlino

The SIDM scenario requires light scalar mediator and relatively large DM self-coupling.
Such parameter setup may lead to DM /mediator showering: the particle can split multiple
times during its propagation.

Considering a time-like branching process A — B + C' with the off-shell particle A
being in the final state of a preceding hard process, the opening angle between A and B
(C) is denoted by 6, (6.). In the high energy limit, the case that the daughters B and
C are nearly collinear to the parent particle A dominates the branching rather than the
non-collinear case, as the scattering amplitude is proportional to

Lo~ ! - L (4.1)
(p) +pE)? — 2EyE.(1 — cosb) o '

We parameterize the collinear time-like branching as follows. 6 = 6, + 6. is the open
angle and satisfies § < 1. The particle mass, energy, and momentum are m;, E;, and
P, = |Pj| (i = a,b,c), respectively. Q(> 0) is the virtuality of A, which satisfies Q% =
(Eg — Pf) > (Eac — Pb%c). Because P, ~ P, 4+ P. in the collinear branching, we use
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Process Aa(Ap), Ac | Mplit ’2

=P+ A*m3
m2

doXxtX A=A 2k? (Q2 - 2(13‘2))

_9,)2
P XxtX A=A 2% m3 (zl(liz))

2—2)?2
X o+Xx A=A 2x2m3 G2

m2z4+m?2(1—2)

X—=0+X A=A 2k (QQz i )

Table 1. The |Mspht|2 for each splitting in the singlet sector of the NMSSM. The fermion helicity
is labelled by .

z = %‘ and Z = 1 — z representing the momentum fractions of A taken up by C' and B,
respectively. It is not hard to verify that Q? ~ P,P.0? = P?2z6? in the collinear branching.
For the hard process with a final state particle A being the parent particle of a collinear

time-like branching, the differential cross section can be expressed as

dox pc ~dox a X dPa—p+c, (4.2)

where dPa_.pic is the differential splitting function for the A — B 4+ C. Using the
parameters defined above, the splitting function can be expressed as

dPaspic 1 1 Q*
~ — M i s 43
dz dIn@Q? —~ N 1672 (Q2 — mg)2| split| (4.3)

where N = 2 when B and C' are identical particles and N =1 when B and C are different.
The |]\4Spht|2 is the spin-averaged matrix-element square for the A — B + C' branching
process, which can be computed from the amputated A — B + C' Feynman diagram with
on-shell polarization vectors.

In the singlet sector of the NMSSM, branching processes of the singlino/singlet scalar
include x = ¢+ x, ¢ = x + x, and ¢ — ¢ + ¢. The \Mspht|2 of these processes which are
depend on the helicities of the fermions are summarized in table 1, giving

dPyosoro A Q'mi

~ 4.4
dz dln@Q? 3272 (Q? — mé)2 ’ (44)
APy x+x ~ % Q* 1— 4m§< — mi (4.5)
dz dln@Q? 4w Q% — mé Q2 — mi ’ '
dPX—HiH-X ~ a Q2 2+ 4m3( B mé (4 6)
dz dIn@Q? 47 Q% —m2 Q*—mi )~ ’

The evolution of the final-state radiation (FSR) is dominated by the splitting functions.
For the possible time-like branching of a parent particle A, the famous Sudakov form factor

In Q?nax Zmax(Q) d’])A B4C (Z Q)
AA(Qmax; QO) = exp [— / dln Q2 / dz —B+ ) ’ (47)
gc:‘ In Qf Zmin(Q) dz dln Q2
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describes A’s probability of evolving from Qmax to Q¢ without branching, where the allowed
z range (Zmin(®), Zmin(Q)) at @ depends on kinematics and is given by

2
. (M) | (4.8)

2
Q? 4+ mj —m?

2
ve = | 1— <M> , (4.9)

p
Q% +mZ —my

Ub

1—v.

Zmin(Q) = 4o/, (4.10)
1+ v,

zmax(Q) = 1 +Uc/vb . (411)

We study the evolution of the FSR by a numerical Monte Carlo method with Markov
chain based on the Sudakov factors of x and ¢. The evolution is operated by running from a
high virtuality scale Quax, chosen to be the CM-frame energy of the hard partonic process,
down to a low scale Qumin with small @) steps. If the branching of A — B + C takes place
at some @, the evolution will be carried on with both the daughters B and C. In figure 2,
we plot the contours of the probability of the x — ¢ + x branching taking place, which is
computed as Py ;4\ = 1—=Ay (Qmax; my+mg), with mg =0.01, 0.1, 1.0 GeV. The branching
probability increases with x and can be above 0.7 when x ~ 2.5 and mgy = 0.01 GeV. Lower
initial energy QQmax leads to smaller branching probability, especially when Q,.x approaches
my + mg, which is the threshold for the branching. When my increases, the branching

2
probability drops quickly because the factor of 1/ (Q2 — mi) in the splitting function

dpx—>¢+X (qu)

4z dIn 07 decreases dramatically with mg when @ approaches Quin = m, + my.

5 Production of the singlet scalar at the LHC

The couplings between the MSSM sector and singlet sector are suppressed by the tiny
A. However, the particles in the singlet sector can still be produced through the decay of
SUSY particles at the LHC. In particular, as shown in figure 4, the effective pu parameter
is find to be < 1TeV for m, < 10GeV (note that we scan the peg in the range [300,2000]
GeV). Thus, relatively light Higgsinos are predicted. Assuming R-parity conservation, the
light Higgsinos can be pair produced (in terms of H*HT, ﬁixlg, X2,3X2,3) at the LHC
through s-channel gauge boson exchange with the SM gauge couplings.

At the tree level, the mass splitting between two neutral Higgsinos is ~ mQZ /M 2,
and the splitting between charged Higgsino and the lighter neutral Higgsino is approxi-
mately half of that. Moreover, radiative corrections further induce ~ O(100) MeV mass
difference between charged and neutral states [51]. As a result, the heavier neutral Hig-
gsino and the charged Higgsino will dominantly decay through x3 — Z*(— ff)x2 and
H* - W*(— ff)x2, which typically happen in time scale of O(10~1%) second (prompt
decay inside the detector).

The lightest Higgsino goes through two body decays: x2 — Zx, x2 — Hax and
X2 — ¢x with branching ratio proportional to A2, \? and x2\2, respectively. Here the Hs
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Figure 6. Decay branching ratios of the neutral Higgsinos (x2 and x3). Points pass different
constraints are indicated in the same way as in figure 4. In the upper panels, the LHC search
constraints [52-54] on the Higgsino decaying into Z boson and Higgs boson are imposed. In the
lower panel, the points that also evade the LHC search constraints are marked in green. In the
lower right panel, the summed branching ratios of x3 — ¢x and x3 — ¢x2 are shown.

is the SM-like Higgs boson. With A ~ O(10~7), the typical lifetime of the lightest Higgsino
is O(1071) second, so that it decays inside the detector. A relatively large x that is used
to address the small scale structure problem, also leads to relatively large branching ratio
of xa = ¢x, which provide a unique opportunity to probe the singlet sector of the SIDM
scenario in the NMSSM at colliders.

In figure 6, we present the decay branching ratios of the neutral Higgsinos for the
scanned points. As before, the small scale structure constraints, the DM relic density
constraint and the DM direct detection constraints are applied in order. For x < 0.1,
the lightest Higgsino will dominantly decay into Z/Hy + x. As the ATLAS collaboration
has conducted searches for Higgsinos decaying into Z boson and Higgs boson, some of the
points can be excluded already. In upper panels, the constraints from ATLAS searches
for four or more charged leptons [52], at least three b-tagged jets [53] and two photon +
missing transverse momentum [54] are projected on. We can find the ATLAS search for
four or more charged leptons excludes the points with Higgsino mass < 400 GeV, while the
constraints on x2 — Hax channel are much milder. Points that evade the LHC constraints

and all others are shown by green dots in lower plots. The Higgsino masses for allowed
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Benchmark | my, [GeV] | my, [GeV] | k| A.[GeV] | pu[GeV] A W[GeV] | Qh? a%[pb]
(1) -1.70 0.0068 |0.083| -6.78 | 505.9 |5.80 x 10~%| —1.45 x 10°|0.098|1.69 x 10~*

(i) 20.0 0.023 |0.237| 77.05 | 363.0 |7.57 x 1078 | —2.27 x 107 | 0.11 |2.04 x 1075
myg,[GeV]| T'(X2)[GeV] | mg, |x2 = Hix1|x2 = Hox1|x2 — Zx1|x3 = Hixi,2 Uf,zm km/S/m U{J/:looo km/S/m
504.2 [1.58 x 10714 |507.0| 0.0016 0.445 0.554 | 1.74 x 1077 | 1.15 cm?/g | 0.615 cm?/g
361.4 |1.88x 10714|364.1| 0.033 0.464 0.503 | 2.74 x 107% | 2.09 cm?/g | 0.261 cm?/g

Table 2. Two benchmark points in the SIDM scenario of the NMSSM. Both points pass the
preselections, address the small scale structure problem and provide correct DM relic density. The
benchmark point () also evade all current DM direct searches while the second one is not.

points are ~ 400 — 1000 GeV and the corresponding production cross sections [55, 56] are
~ 88.7 — 0.969fb (summed cross sections of H*HT, E[iXQ,g, X2,3X2,3 productions at the
13 TeV LHC). The branching ratios of x2 — ¢y for allowed points are ~ O(1073). So, at
the high-luminosity LHC, the signal rate of the Higgsino production with subsequent decay
X2 — ¢x in the SIDM scenario of NMSSM is sizable. In the lower right panel, we show
the summed branching ratios of x3 — ¢x and x3 — ¢xo for the heavier neutral Higgsino
(x3). As have been discussed above, the 3 is dominated by the three body decay with
off-shell gauge boson. Its branching ratio to the singlet-like scalar is highly suppressed by
the A coupling.

5.1 Benchmark points

For illustration purpose, we provide two benchmark points for the SIDM scenario of

NMSSM in table 2. With light mediator and relatively large k, the spin averaged vis-
>

~

cosity cross sections for both points are > 1.0 cm?/g on dwarf scales, thus address the
small scale structure problem. The production rates of the Higgsinos pair at the 13 TeV
LHC with one of the Higgsino decaying through x2 — ¢x for benchmark point (i) and
(7i) are 0.108 fb and 8.95 fb, respectively. The sizes are considerable and the corresponding
signals are worth dedicated searches. Given the decay width of the lighter neutral Higgsino
1074 GeV, it can travel a distance of ~ O(1) centimeter inside a detector before its decay.
The most remarkable collider signature of those two benchmark points is the showers
of the singlino and the singlet scalar, which are produced by the Higgsino decays, leading to
multiple scalars/DMs in the final state. The  is bounded from above due to the DM relic
density constraints. So the DM splitting, as well as the scalar splitting into DM pairs is
suppressed. According to our simulation, this kind of splittings happens less than twice per
thousand events for our benchmark points. On the other hand, the probability of ¢ — ¢¢
splitting can be sizable, since the coupling Vy4e can be large (as given in eq. (3.9)).

In the left panel of figure 7, we present the multiplicity of ¢ and x from the process
pp — X2X2 = () (9X) (5.1)

with subsequent showers for our two benchmark points. Note the lightest Higgsino o
can be produced either from its direct production or from the decay of heavier Higgsinos.
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Figure 7. The multiplicities (left panel) and pr spectra (right panel) of the singlet scalar ¢ (singlino
X) in the Higgsino production and decay process for benchmark point (i) and (ii).

The final state ¢ particles have two origins: from the x (denoted by x — ¢) and the ¢
(denoted by ¢ — ¢) splittings in the process (5.1). For both benchmark points, the final
state ¢ particles are mostly from the ¢ splitting. As the coupling |Vyee| are 1.40 GeV and
45.9 GeV for benchmark point (i) and (i), respectively. The benchmark point (ii) has
much higher ¢ multiplicity than the benchmark point (i) due to its larger |Vy44|. Although
it is difficult to obtain a precise analytic expression for the ¢ multiplicity distribution, the
rough estimation for the order of the average multiplicity of ¢ can be obtained by

In Q20 wax(Q)  dPypig (5,Q)
N R Mo ~ d1n Q> / dz st ) 5.2
[ ¢;0—¢ /ln (4771(2,5) Q aenin(Q) dz dln Q2 ( )

where ng. 4.4 stands for the multiplicity of ¢ coming from the branching of ¢. When taking
Qmax = 500 GeV, the eq. (5.2) gives ny ~ 28 and 2642 for the benchmark point (i) and
(i7), respectively. In the right panel of figure 7, the spectra of the final state x and ¢ for
two benchmark points are shown. The pr spectra of y are harder than that of ¢, since
the ¢ goes through multiple splittings while x does not split. Due to the same reason, the
pr(¢) spectrum of benchmark point (i7) is much softer than that of benchmark point (7).

5.2 Beyond the NMSSM

The k coupling can be as large as O(1) when addressing the small scale structure problem.
However, in the NMSSM, in order to implement the correct relic density with freeze-out
mechanism, we find x < 0.2 is required (as shown in the right panel of figure 4). Moreover,
applying all phenomenological constraints leads to sizable Vys4 coupling. Thus the ¢
splitting is copious while the y splitting is highly suppressed in the NMSSM.

In this subsection, we try to study the splitting of singlet/singlino in a simplified model
framework where the small scale structure problem can be addressed while leaving out the
DM relic density and direct detection constraints (this may be realized in a UV-complete
model, where the DM is not produced from the thermal freeze-out mechanism). As a
result, the x can be large and the coupling of V44 is a free parameter. For illustration, we
consider two benchmark points:
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Figure 8. The multiplicities (left panel) and pr spectra (right panel) of the singlet scalar ¢ and
the singlino x in the Higgsino production and decay process for benchmark point (i¢) and (iv).
The lightest Higgsino mass is taken to be 350 GeV.

e Benchmark (iii): mg = 0.1GeV, m, = 5.65GeV, k = 2.5, A, = 11/3m,,.
o Benchmark (iv): my = 0.1 GeV, m, = 5.65GeV, k = 2.5, A, = —3m,,.

Since the DM self-interacting viscosity cross section is irrelevant to the A, parameter, both
points have oy km/S/mx = 6.16 cm?/g and oy, " km/S/mx ~ 0.938 cm?/g, addressing
the small scale structure problem. Given xk ~ 2.5, the branching ratio of the xo — ¢x
channel is dominant, since its partial width is proportional to 2. So the production rate
for the ¢ and x is much enhanced. Moreover, with sizable k, the x — ¢x and ¢ — xx
splittings are no longer negligible.

In figure 8, we present the multiplicities and pp spectra for the singlet scalar ¢ and
the singlino y. Similar as before, we are considering the process in eq. (5.1) for their
production, and the mass of the lightest Higgsino is set to 350 GeV. Because the |[Vpgel
coupling is 133 GeV for benchmark point (ii7) and vanishes for benchmark point (iv), we
can expect that the ¢ multiplicity from ¢ — ¢ of benchmark point (iii) is high. There
is also a certain amount of ¢ coming from the y splitting, due to the large x. So the ¢
multiplicity of benchmark point (iv) can also reach ~ 5 in spite of vanishing Vyge. Two
benchmark points have similar distributions of x multiplicity, and the x particles is less
abundant comparing to the ¢ particles. As for the pr spectrum, the ¢ of the benchmark
point (7i4) is much softer than ¢ of the benchmark point (iv) and x in both points, mainly
because of the high multiplicity of ¢ such that the energy of the original ¢ is shared among
its daughters.

5.3 Decay of the singlet scalar

The light scalar meditator in SIDM scenarios usually has mass less than twice of the pion
mass, i.e. mg S 270 MeV. In this case, it mainly decays into muons and electrons. The
leading order decay width is given by

55, (5.3)

2 My
Fote = Ohogrye
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Benchmark point (i) (ii) (iii) (iv)
Particle from Higgsino decay | ¢  x 10) X 0] X ¢ X
Signature L] Fp | SUEP Fp | SUEP SUEP |LJ LJ

Table 3. The signatures of x and ¢ (from the Higgsino decay) for benchmark points.

where 6,4 is the mixing angle in the scalar sector (given by eq. (3.15) in NMSSM), and

2
8= ,/1— 47%4. With g o< A ~ 1077, the typical lifetime of the singlet scalar (with
®

mass ~ 10 MeV) can reach O(10%) seconds. As a result, the Higgsino decay and the sub-
sequent showering inside the detector can only produce invisible final states. Moreover,
the existence of a light long-lived scalar may spoil the success of the Big Bang Nucleosyn-
thesis (BBN).

In fact, the tension between the BBN (which requires lifetime of the mediator 75, < 1
second) and direct detection constraints (which favor small mediator-SM Higgs mixing) is
commonly exist in SIDM scenarios with scalar mediator. There have been many solutions
proposed to alleviate the tension. One class of solutions assumes different DM thermal
history [15, 25, 57]. For example, in ref. [15], they assume the scalar mediator to be stable
and annihilate into an extra scalar, constituting a subdominant DM. In the second class
of solutions, the DM direct detection rate is suppressed by introducing CP-violating scalar
sector [38] or inelastic DM-nucleon scattering [37], so that a large singlet scalar-SM Higgs
mixing is allowed, i.e. short lifetime of the scalar. And the simplest solution is to introduce
new particles and interactions [22, 36, 39] such that the scalar mediator can decay almost
promptly through new channels.

Different solutions will lead to dramatically different phenomena. For the solutions in
later two classes, the scalar mediator can decay into visible final states inside the detector.
Each x or ¢ from the Higgsino decay will lead to a jet-like object with the identities
of its constituents depending on the decay modes of the scalar mediator. Taking the
¢ — ete” as an example (which is the dominant decay channel for our benchmark points),
the corresponding signatures of x and ¢ from Higgsino decay for each benchmark point
are listed in table 3. Due to the small £ of benchmark point (7) and (i7), the x does not
split and simply behaves as missing transverse energy (F7) at the detector. After the
shower, the ¢ for benchmark point (i) will produce around O(10) ¢ particles in the final
state (through ¢ — ¢¢ splitting). Both ¢ and x for benchmark point (iv) will produce
a few ¢ particles in the final state (through x — ¢x splitting). This leads to lepton-jet
(LJ) signature [27, 58-60] for each of the initial ¢ and x. The ATLAS collaboration has
searched for both prompt and displaced lepton jets [61, 62], aiming to the mediator mass
2 0.1 GeV. Moreover, the mediator multiplicity in each lepton jet is not larger than four.
So those existing searches are not optimal for our benchmark points. For benchmark point
(13) and (4i7), the ¢ — ¢¢ splitting is so copious such that the transverse momenta of final
state leptons are below the selection threshold in lepton jet searches (which requires energy
of electron to be greater than 10 GeV). As a result, the signatures of ¢ and x become Soft
Unclustered Energy Patterns (SUEP). There have been some studies on searching for
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SUEP [63-65], focusing on hadronic final states. The detailed study for the collider search
of our benchmark points will be addressed in future works.

6 Conclusion

We study the SIDM scenario in the general NMSSM and beyond, where the DM is a
Majorana fermion and the force mediator is a scalar boson. Due to the relatively large
couplings and light scalar mediator in this scenario, the DM/mediator will go through
multiple branchings if they are produced with high energy, leading to the signature of
multiple scalars in the final state.

The DM self-interaction cross section is calculated in both analytical and numerical
ways. In particular, an improved analytical estimation for the DM self-interacting cross
section which takes into account the Born level effects is proposed. Based on the scanned
points in the NMSSM, we demonstrate that the analytical expression matches well with
the numerical solution. In most case, the relative difference of DM self-interacting cross
section between two methods is ~ O(10)%.

Two benchmark points in the general NMSSM that address the small scale structure
problem with correct DM relic density and satisfy other phenomenological constraints are
explicitly given for the first time (one of the benchmark points is challenged by the DM
direct searches). They are featured by relatively small y parameter, light singlet-like scalar
mediator and relatively large triple scalar interaction. In order to have enough DM relic
density, k 2 0.2 is not allowed in the NMSSM if the DM is lighter than 20 GeV. Otherwise,
the annihilation of xx — ¢¢ will dilute DM density efficiently. The branching ratio of the
lighter neutral Higgsino decaying into the singlet scalar and singlino is proportional to 2,
which is around 1073, The production rates of the Higgsinos pair at the 13 TeV LHC with
at least one of the Higgsino decaying into the singlet scalar and singlino are 0.108 fb and
8.95 fb for benchmark point (i) and (i7), respectively.

A Monte Carlo simulation of the DM /mediator showers are implemented by building
the multiple branchings as a Markov process based on the Sudakov form factors. For the
two benchmark points in the NMSSM, x ~ 0.1, which means the splitting of x — ¢x is
suppressed. On the other hand, the splitting probability of ¢ — ¢¢ is high. The number
of ¢ (with highest probability) from the Higgsino production and decay at the LHC can
reach ~ 20 for benchmark point (¢) and is even more for benchmark point (i7). Two
benchmark points beyond the NMSSM with £ = 2.5 and address the small scale structure
issue are proposed as well, to illustrate the cases with sizable x — ¢x splitting. When
¢ — ¢¢ is turned off (corresponding to benchmark point (iv)), number of ¢ (with highest
probability) in the final state is around 3 ~ 4. The pr spectra of DM /mediator are also
shown for benchmark points.

Finally, we comment on the tension between the Big Bang Nucleosynthesis (BBN)
limits and dark matter direct detection constraints for the SIDM scenario with light long-
lived mediator. Extensions to the simple singlet-dominant DM sector are required to
alleviate the tension. Depending on the form of possible extension, the energetic ¢ and y
from Higgsino decay can induce remarkable signatures at the LHC.
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