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1 Introduction

The identification of the particle dark matter (DM) is one of the most challenging tasks

in theoretical and experimental particle physics. Although the extensive searches to date

yield null results, tremendous progress has been made in the recent years in the direct un-

derground searches [1–9], in the indirect astrophysical searches [10–17], and at the colliders

[18–23]. From theoretical point of view, the weakly interacting massive particle (WIMP)

remains to be a highly motivated candidate [24]. To reach correct relic abundance in the

current days, a WIMP mass is roughly at the order

M
WIMP

<⇠
g2

0.3
1.8 TeV. (1.1)

The upper bound miraculously coincides with the new physics scale expected based on

the “naturalness” argument for electroweak physics. There is thus a high hope that the

– 1 –

๏ Connection of WIMP dark matter to TeV scale new physics

๏ DM mass, coupling, relic density: model dependent
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๏ Connection of WIMP dark matter to TeV scale new physics

๏ DM mass, coupling, relic density: model dependent

๏ How light a WIMP dark matter can be?

- preserve WIMP DM properties

- satisfy current experimental constraints
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FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.

Daylan et. al.
1402.6703

๏ Direct detection
๏ Galactic center γ ray excess 
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of Miminal-Supersymmetric-Standard-Model (MSSM) as well. These possible solutions

all have very distinctive features from the perspective of DM astrophysics and collider

phenomenology. We present a comprehensive study on the properties of these solutions

and focus on the observational aspects of them at colliders, including new phenomena in

Higgs physics, missing energy searches and light sfermion searches. The decays of the

SM-like Higgs boson may be modified appreciably and the new decay channels to the light

SUSY particles may be sizable. The new light CP-even and CP-odd Higgs bosons will

decay to a pair of LSP as well as other observable final states, leading to rich new Higgs

phenomenology at colliders. For the light sfermion searches, the signal is hard to observe

at the LHC when the LSP mass is nearly degenerate with the parent. However, a lepton

collider would be able to uncover this scenario with the process of radiative returns.

This paper is organized as follows. In Sec. 2, we first define the LSP dark matter in

the framework of NMSSM, and outline its interactions with the SM particles. We compile

the current bounds from the collider experiments on the model parameters relevant to our

consideration. We then search for the existing solutions in the low mass region by scanning

a large volume of parameters. Given the existence of the interesting solutions, we study the

potential signals at the LHC in Sec. 3 and the ILC Sec. 4. We summarize our results and

conclude in Sec. 5. TH: more to come, in connection with the last paragraph...

2 Light Neutralino Dark Matter

2.1 Neutralino sector in the NMSSM

In the NMSSM, the neutralino DM candidate is the lightest eigenstate of the neutralino

mass matrix [36], which can be written as

M
˜N0 =

0

BBBBBB@

M
1

0 �g
1

vdp
2

g
1

vup
2

0

M
2

g
2

vdp
2

�g
2

vup
2

0

0 �µ ��vu
⇤ 0 ��vd

2
�µ

1

CCCCCCA
(2.1)

in the gauge interaction basis of Bino B̃, Wino W̃ 0, Higgsinos H̃0

d and H̃0

u, and Singlino S̃.

Here �,  are the singlet-doublet mixing and the singlet cubic interaction, respectively [36],

and we have adopted the convention of v2d+v2u = (174 GeV)2. The light neutralino, assumed

to the LSP DM candidate, can then be expressed as

�̃0

1

= N
11

B̃ +N
12

W̃ 0 +N
13

H̃0

d +N
14

H̃0

u +N
15

S̃, (2.2)

where Nij are elements of matrix N that diagonalize neutralino mass matrix M
˜N0
:

N⇤M
˜N0
N�1 = Diag{m�̃0

1
,m�̃0

2
,m�̃0

3
,m�̃0

4
,m�̃0

5
}, (2.3)

with increasing mass ordering for m�̃0
i
.

Given the current constraints, a favorable SUSY DM candidate could be either Bino-

like, Singlino-like or Bino-Singlino mixed. In most cases, the DM follows the properties of
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๏ Gauginos and Higgsinos
- Neutral ones: Bino, Wino, Hu0, Hd0

- charged ones: Winos, Hu+, Hd-

๏ Parameters: M1, M2, µ, tanβ
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๏ Neutralinos and charginos
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Figure 5: Spin-independent cross section versus the DM mass m�0
1
. All the points in the colored

shaded region give the correct relic abundance in Eq. (4.1), satisfy the collider constraints in Eq. (4.2)
and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
⌧̃ , ⌫̃⌧ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3�) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ⇢0 = 0.3 GeV/cm3. CRESST
contours are 2� regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.
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0
1 ! H,A ! SM predictsm� ⇡ mA,H/2 ⇠ 0.2�0.5 TeV, theH/A-funnel.
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j ! SM.
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We categorize model points as scenario I if the di↵erence between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)
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  Light Neutralino DM @ NMSSM 
-

Co-ann 
Funnel

๏ Study properties of those solutions

๏ Direct and indirect detection

๏ Observational aspects at colliders

- via SM-like Higgs 

- light Higgses

- light sfermion 

Models DM (< 40 GeV) Annihilation

MSSM & NMSSM Bino/Singlino �̃0

1

�̃0

1

! ff̄ ; �̃0

1

f̃ ! V f ; f̃ f̃ 0 ! ff 0

NMSSM Singlino/Bino �̃0

1

�̃0

1

! a
1

, h
1

! SM

Table 1. Possible solutions for light (< 40 GeV) neutralino DM in the MSSM and NMSSM.

search for a WIMP dark matter may be intimately related to the discovery of TeV scale

new physics. However, the precise value of the WIMP mass and the exact relic abundance

heavily depend on the dynamics in a specific model.

It is natural to ask how low a WIMP mass could be yet still preserving the WIMP

DM properties and satisfying the current experimental constraints. Indeed, there have

been interesting excesses in annual modulation by the DAMA collaboration [1], and in

direct measurements by CoGeNT [2], CRESST [3] and CDMS [4] experiments that could

be interpreted as signals from a low mass dark matter. The tantalizing events from the

gamma ray spectrum [25, 26] from the Glactic Center from Fermi-LAT data, could also be

attributed to contributions from low mass dark matter annihilation [27]. To convincingly

establish a WIMP DM candidate in the low mass region, it is ultimately important to reach

consistent observations among the direct searches, indirect searches and collider signals for

the common underlying physics such as mass, spin and coupling strength.

Supersymmetric (SUSY) theories are well motivated to understand the large hierarchy

between the electroweak scale and the Planck scale. The lightest supersymmetric particle

(LSP) can serve as a viable DM candidate. In the Minimal-Supersymmetric-Standard-

Model (MSSM), the lightest neutralino serves as the best DM candidate [28]. The absence

of the DM signal from the direct detection in under-ground experiments to the missing

energy searches at colliders, however, has significantly constrained theory parameter space.

The relic abundance consideration leads to a few favorable scenarios for a (sub) TeV DM,

namely Z/h/A funnel, LSP-sfermion co-annihilation. For heavier gauginos, the “well-

tempered” spectrum [29] may still be valid. For some recent related works on SUSY DM

after the Higgs boson discovery, see, e. g. Ref. [30–34].

In this paper, we explore the implications of a low mass WIMP dark matter in the mass

window 2 � 40 GeV in the framework of the Next-to-Minimal-Supersymmetric-Standard-

Model (NMSSM, see Ref [35] and Ref [36] for early and recent reviews). First, the robust

bounds on the chargino mass from LEP experiments disfavored the Wino-like and Higgsino-

like gauginos, and forced a light LSP largely Bino-like or Singlino-like, or an admixture of

these two. However, those states do not annihilate e�ciently to the SM particles at the early

universe. Guided by the necesssary e�cient annihilation to not over-close the Universe,

we tabulate in Table. 1 the potentially e↵ective annihilation processes, where the first row

lists the co-annihilation among the light SUSY states, and the second row indicates the

funnel process near the light Higgs resonances. With a comprehensive scanning procedure,

we confirm three types of viable light DM solutions consistent with the direct/indirect

searches as well as the relic abundance considerations: (i) A
1

, H
1

-funnel, (ii) stau co-

annihilation and (iii) sbottom co-annihilation. Type-(i) may take place in any theory

with a light scalar (or pseudo-scalar) near the LSP pair threshold; while Type-(ii) and

– 2 –

Draper et. al. , 1009.3963
Arbey et. al. , 1205.2557,...



S. Su 10

  NMSSM Higgs Sector 
-

๏ Type II Two Higgs Doublet Model plus singlet S

after EWSB, 7 physical Higgses
CP-even Higgses: H1, H2, H3  

CP-odd Higgs: A1, A2

Charged Higgses: H±

๏ SSB
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of which is the non-decoupling scenario of the MSSM. We perform a broad scan over the
NMSSM parameter space and identify the low-mA regions that are consistent with current
Higgs search results at the colliders, including the discovery of a SM-like Higgs boson. We
find that the Higgs bosons of the NMSSM, three CP-even states, two CP-odd states, and
two charged Higgs states, could all be rather light near or below the electroweak scale in
our low-mA scenario, although the singlet-like states can also be heavier. The SM-like
Higgs boson could be either the lightest scalar or the second lightest scalar, as illustrated in
panels 1� 4 of the bottom row of Fig. 1. However, it is extremely di�cult to uncover any
regions corresponding with the scenarios of the last two panels of Fig. 1 where the SM-like
Higgs boson is the heaviest CP-even state after imposing all the existing collider search
constraints.

These low-mA parameter regions of the NMSSM have unique properties and o⌧er rich
phenomenology, providing complementary scenarios to the existing literature for the decou-
pling case as mentioned above. The production cross section and decay branching fractions
for the SM-like Higgs boson may be modified appreciably and new Higgs bosons may be
readily produced at the LHC. We evaluate the production and decay of the Higgs bosons
in this model and propose further searches at the LHC to probe the Higgs sector of the
NMSSM.

The rest of this paper is organized as follows. In Sec. 2, we present a short, self-
contained introduction to the Higgs sector of the NMSSM. In Sec. 3, we discuss our param-
eter scanning scheme and the current constraints applied. We then discuss the resulting
constraints and correlations for the NMSSM parameter space in Sec. 4 for the case that the
SM-like Higgs is the lightest CP-even scalar (panels 1-2, bottom row of Fig. 1) and in Sec. 5
when the SM-like Higgs is the second lightest CP-even scalar (panels 3-4, bottom row of
Fig. 1). In Sec. 6, we consider the basic LHC phenomenology for our results. Finally, we
summarize and conclude in Sec. 7.

2 NMSSM Higgs Sector and the Low-mA Region

In the NMSSM [26, 27], a new gauge singlet chiral super field Ŝ is added to the MSSM
Higgs sector resulting in a superpotential of the form

WNMSSM = Yuû
cĤuQ̂+ Ydd̂

cĤdQ̂+ Yeê
cĤdL̂+ ⇤ŜĤuĤd +

1

3
⇥Ŝ3 (2.1)

with an explicit Z3 symmetry. Additionally, the soft-SUSY breaking Higgs sector of the
NMSSM is:

VH,Soft = m2
Hu
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uHu +m2

Hd
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dHd +M2
S |S|2 +

�
⇤A⇥(H

T
t �Hd)S +
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3
⇥A�S3 + c.c.

⇥
. (2.2)

After the singlet obtains a vacuum expectation value (VEV) ⇤S⌅ = vs/
⌃
2, an e⌧ective µ

term is generated: µ = ⇤vs/
⌃
2, which solves the so-called µ-problem of the MSSM. An

e⌧ective b-term be� = µ(A⇥ + �
⇥µ) is also generated at tree level.

In this work, we assume a CP-conserving Higgs potential with all the coe�cients being
real. We further take ⇤ and ⇥ to be positive, unless otherwise stated. For the VEV’s, we
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1

3
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of Miminal-Supersymmetric-Standard-Model (MSSM) as well. These possible solutions

all have very distinctive features from the perspective of DM astrophysics and collider

phenomenology. We present a comprehensive study on the properties of these solutions

and focus on the observational aspects of them at colliders, including new phenomena in

Higgs physics, missing energy searches and light sfermion searches. The decays of the

SM-like Higgs boson may be modified appreciably and the new decay channels to the light

SUSY particles may be sizable. The new light CP-even and CP-odd Higgs bosons will

decay to a pair of LSP as well as other observable final states, leading to rich new Higgs

phenomenology at colliders. For the light sfermion searches, the signal is hard to observe

at the LHC when the LSP mass is nearly degenerate with the parent. However, a lepton

collider would be able to uncover this scenario with the process of radiative returns.

This paper is organized as follows. In Sec. 2, we first define the LSP dark matter in

the framework of NMSSM, and outline its interactions with the SM particles. We compile

the current bounds from the collider experiments on the model parameters relevant to our

consideration. We then search for the existing solutions in the low mass region by scanning

a large volume of parameters. Given the existence of the interesting solutions, we study the

potential signals at the LHC in Sec. 3 and the ILC Sec. 4. We summarize our results and

conclude in Sec. 5. TH: more to come, in connection with the last paragraph...

2 Light Neutralino Dark Matter

2.1 Neutralino sector in the NMSSM

In the NMSSM, the neutralino DM candidate is the lightest eigenstate of the neutralino

mass matrix [36], which can be written as

M
˜N0 =

0

BBBBBB@

M
1

0 �g
1

vdp
2

g
1

vup
2
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M
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g
2
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2
�µ
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CCCCCCA
(2.1)

in the gauge interaction basis of Bino B̃, Wino W̃ 0, Higgsinos H̃0

d and H̃0

u, and Singlino S̃.

Here �,  are the singlet-doublet mixing and the singlet cubic interaction, respectively [36],

and we have adopted the convention of v2d+v2u = (174 GeV)2. The light neutralino, assumed

to the LSP DM candidate, can then be expressed as

�̃0

1

= N
11

B̃ +N
12

W̃ 0 +N
13

H̃0

d +N
14

H̃0

u +N
15

S̃, (2.2)

where Nij are elements of matrix N that diagonalize neutralino mass matrix M
˜N0
:

N⇤M
˜N0
N�1 = Diag{m�̃0

1
,m�̃0

2
,m�̃0

3
,m�̃0

4
,m�̃0

5
}, (2.3)

with increasing mass ordering for m�̃0
i
.

Given the current constraints, a favorable SUSY DM candidate could be either Bino-

like, Singlino-like or Bino-Singlino mixed. In most cases, the DM follows the properties of
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the lightest (in absolute value) diagonal entry. Similar to bino-wino mixing via Higgsinos,

Bino and Singlino do not mix directly: they mix through the Higgsinos. The mixing reaches

maximium when M
1

⇠ 2/�µ from simple matrix argument. This Bino-Singlino mixing is

the only allowed large mixing with light DM candidate due to LEP bounds. The Higgsino

components of the LSP, |N2

13

| and |N
14

|2, are typically of the order of O(g
1

vu,d/µ) and

O(�vu,d/µ), which govern the DM annihilation rate near the Higgs funnel at the early

Universe and the rate of the indirect detection. A particularly interesting case is the so-

called Peccei-Quinn limit [37, 38], when the singlet cubic term is small  ! 0, and both

the singlet-like (CP-odd) Higgs boson and the Singlino can be light.

Under the limit of either a Bino LSP N
11

⇠ 1 or a Singlino LSP N
15

⇠ 1, the couplings

of the physical Higgs bosons and the LSP are
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where ⇠i are the mixing matrix elements for the Higgs fields with

Hi = ⇠hv
i hv + ⇠Hv

i Hv + ⇠Si S, Ai = ⇠Ai A+ ⇠AS
i AS ,

in the basis of (hv, Hv, S)1. In the limit of a decoupling MSSM Higgs sector plus a singlet,

the singlet-like Higgs has ⇠S ⇡ 1 and the SM-like Higgs has ⇠hv ⇡ 1.

Specifically, in the Bino-like LSP scenario,
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The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Bino-

Higgsino mixing of the order O(mZsW /µ). The coupling to the SM-like Higgs with ⇠hv
i ⇡
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2� , and is typically suppressed for tan� > 1. The coupling

to the MSSM-like Higgs with ⇠Hv
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i ⌧ 1, on the other hand, is unsuppressed. The

couplings to the singlet-like (CP-even and CP-odd) Higgs bosons are suppressed by N2
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1In the basis of (hv, Hv, S), hv =
p
2[cos� Re(H0

d) + sin� Re(H0
u)] couples to the SM particles with

exactly the SM coupling strength; while Hv =
p
2[� sin� Re(H0

d) + cos� Re(H0
u))] does not couple to the

SM W and Z. Similarly, A and AS are the CP-odd MSSM Higgs and singlet Higgs, respectively. [37]
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of Miminal-Supersymmetric-Standard-Model (MSSM) as well. These possible solutions

all have very distinctive features from the perspective of DM astrophysics and collider

phenomenology. We present a comprehensive study on the properties of these solutions

and focus on the observational aspects of them at colliders, including new phenomena in

Higgs physics, missing energy searches and light sfermion searches. The decays of the

SM-like Higgs boson may be modified appreciably and the new decay channels to the light

SUSY particles may be sizable. The new light CP-even and CP-odd Higgs bosons will

decay to a pair of LSP as well as other observable final states, leading to rich new Higgs

phenomenology at colliders. For the light sfermion searches, the signal is hard to observe

at the LHC when the LSP mass is nearly degenerate with the parent. However, a lepton

collider would be able to uncover this scenario with the process of radiative returns.

This paper is organized as follows. In Sec. 2, we first define the LSP dark matter in

the framework of NMSSM, and outline its interactions with the SM particles. We compile

the current bounds from the collider experiments on the model parameters relevant to our

consideration. We then search for the existing solutions in the low mass region by scanning

a large volume of parameters. Given the existence of the interesting solutions, we study the

potential signals at the LHC in Sec. 3 and the ILC Sec. 4. We summarize our results and

conclude in Sec. 5. TH: more to come, in connection with the last paragraph...

2 Light Neutralino Dark Matter

2.1 Neutralino sector in the NMSSM

In the NMSSM, the neutralino DM candidate is the lightest eigenstate of the neutralino

mass matrix [36], which can be written as

M
˜N0 =

0

BBBBBB@

M
1

0 �g
1

vdp
2

g
1

vup
2

0

M
2

g
2

vdp
2

�g
2

vup
2

0

0 �µ ��vu
⇤ 0 ��vd

2
�µ

1

CCCCCCA
(2.1)

in the gauge interaction basis of Bino B̃, Wino W̃ 0, Higgsinos H̃0

d and H̃0

u, and Singlino S̃.

Here �,  are the singlet-doublet mixing and the singlet cubic interaction, respectively [36],

and we have adopted the convention of v2d+v2u = (174 GeV)2. The light neutralino, assumed

to the LSP DM candidate, can then be expressed as
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with increasing mass ordering for m�̃0
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.
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u)] couples to the SM particles with

exactly the SM coupling strength; while Hv =
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d) + cos� Re(H0
u))] does not couple to the

SM W and Z. Similarly, A and AS are the CP-odd MSSM Higgs and singlet Higgs, respectively. [37]

– 4 –

the lightest (in absolute value) diagonal entry. Similar to bino-wino mixing via Higgsinos,

Bino and Singlino do not mix directly: they mix through the Higgsinos. The mixing reaches

maximium when M
1

⇠ 2/�µ from simple matrix argument. This Bino-Singlino mixing is

the only allowed large mixing with light DM candidate due to LEP bounds. The Higgsino

components of the LSP, |N2

13

| and |N
14

|2, are typically of the order of O(g
1

vu,d/µ) and

O(�vu,d/µ), which govern the DM annihilation rate near the Higgs funnel at the early

Universe and the rate of the indirect detection. A particularly interesting case is the so-

called Peccei-Quinn limit [37, 38], when the singlet cubic term is small  ! 0, and both

the singlet-like (CP-odd) Higgs boson and the Singlino can be light.

Under the limit of either a Bino LSP N
11

⇠ 1 or a Singlino LSP N
15

⇠ 1, the couplings

of the physical Higgs bosons and the LSP are

Hi�̃
0

1

�̃0

1

(i = 1, 2, 3) : g
1

N
11

h
⇠hv
i (c�N13

� s�N14

)� ⇠Hv
i (s�N13

+ c�N14

)
i

+
p
2�N

15

h
⇠hv
i (s�N13

+ c�N14

) + ⇠Hv
i (c�N13

� s�N14

)
i
�
p
2⇠Si N

2

15

Ai�̃
0

1

�̃0

1

(i = 1, 2) : �ig
1

N
11

⇠Ai [s�N13

� c�N14

]

�i
p
2�N

15

⇠Ai [c�N13

+ s�N14

]� i
p
2⇠AS

i N2

15

, (2.4)

where ⇠i are the mixing matrix elements for the Higgs fields with

Hi = ⇠hv
i hv + ⇠Hv

i Hv + ⇠Si S, Ai = ⇠Ai A+ ⇠AS
i AS ,

in the basis of (hv, Hv, S)1. In the limit of a decoupling MSSM Higgs sector plus a singlet,

the singlet-like Higgs has ⇠S ⇡ 1 and the SM-like Higgs has ⇠hv ⇡ 1.

Specifically, in the Bino-like LSP scenario,

N
11

⇡ 1, N
15

⇡ 0, N
13

⇡ mZsW
µ

s� , N
14

⇡ �mZsW
µ

c� , (2.5)

Hi�̃
0

1

�̃0

1

: g
1

N
11

mZsW
µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
, (2.6)

Ai�̃
0

1

�̃0

1

: �ig
1

N
11

mZsW
µ

⇠Ai . (2.7)

The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Bino-

Higgsino mixing of the order O(mZsW /µ). The coupling to the SM-like Higgs with ⇠hv
i ⇡

1, ⇠Hv
i ⌧ 1 is roughly s

2�+⇠Hv
i c

2� , and is typically suppressed for tan� > 1. The coupling

to the MSSM-like Higgs with ⇠Hv
i ⇡ 1, ⇠hv

i ⌧ 1, on the other hand, is unsuppressed. The

couplings to the singlet-like (CP-even and CP-odd) Higgs bosons are suppressed by N2

15

.

In the Singlino-like LSP scenario,

N
11

⇡ 0, N
15

⇡ 1, N
13

⇡ ��v

µ
c� , N

14

⇡ ��v

µ
s� , (2.8)

Hi�̃
0

1

�̃0

1

: �
p
2�N

15

�v

µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
�
p
2⇠Si N

2

15

, (2.9)

Ai�̃
0

1

�̃0

1

: i
p
2N

15

�v

µ
⇠Ai � i

p
2⇠AS

i N2

15

. (2.10)

1In the basis of (hv, Hv, S), hv =
p
2[cos� Re(H0

d) + sin� Re(H0
u)] couples to the SM particles with

exactly the SM coupling strength; while Hv =
p
2[� sin� Re(H0

d) + cos� Re(H0
u))] does not couple to the

SM W and Z. Similarly, A and AS are the CP-odd MSSM Higgs and singlet Higgs, respectively. [37]

– 4 –

๏ Bino-like LSP ๏ Singlino-like LSP

the lightest (in absolute value) diagonal entry. Similar to bino-wino mixing via Higgsinos,

Bino and Singlino do not mix directly: they mix through the Higgsinos. The mixing reaches

maximium when M
1

⇠ 2/�µ from simple matrix argument. This Bino-Singlino mixing is

the only allowed large mixing with light DM candidate due to LEP bounds. The Higgsino

components of the LSP, |N2

13

| and |N
14

|2, are typically of the order of O(g
1

vu,d/µ) and

O(�vu,d/µ), which govern the DM annihilation rate near the Higgs funnel at the early

Universe and the rate of the indirect detection. A particularly interesting case is the so-

called Peccei-Quinn limit [37, 38], when the singlet cubic term is small  ! 0, and both

the singlet-like (CP-odd) Higgs boson and the Singlino can be light.

Under the limit of either a Bino LSP N
11

⇠ 1 or a Singlino LSP N
15

⇠ 1, the couplings

of the physical Higgs bosons and the LSP are

Hi�̃
0

1

�̃0

1

(i = 1, 2, 3) : g
1

N
11

h
⇠hv
i (c�N13

� s�N14

)� ⇠Hv
i (s�N13

+ c�N14

)
i

+
p
2�N

15

h
⇠hv
i (s�N13

+ c�N14

) + ⇠Hv
i (c�N13

� s�N14

)
i
�

p
2⇠Si N

2

15

Ai�̃
0

1

�̃0

1

(i = 1, 2) : �ig
1

N
11

⇠Ai [s�N13

� c�N14

]

�i
p
2�N

15

⇠Ai [c�N13

+ s�N14

]� i
p
2⇠AS

i N2

15

, (2.4)

where ⇠i are the mixing matrix elements for the Higgs fields with

Hi = ⇠hv
i hv + ⇠Hv

i Hv + ⇠Si S, Ai = ⇠Ai A+ ⇠AS
i AS ,

in the basis of (hv, Hv, S)1. In the limit of a decoupling MSSM Higgs sector plus a singlet,

the singlet-like Higgs has ⇠S ⇡ 1 and the SM-like Higgs has ⇠hv ⇡ 1.

Specifically, in the Bino-like LSP scenario,

N
11

⇡ 1, N
15

⇡ 0, N
13

⇡ mZsW
µ

s� , N
14

⇡ �mZsW
µ

c� , (2.5)

Hi�̃
0

1

�̃0

1

: g
1

N
11

mZsW
µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
, (2.6)

Ai�̃
0

1

�̃0

1

: �ig
1

N
11

mZsW
µ

⇠Ai . (2.7)

The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Bino-

Higgsino mixing of the order O(mZsW /µ). The coupling to the SM-like Higgs with ⇠hv
i ⇡

1, ⇠Hv
i ⌧ 1 is roughly s

2�+⇠Hv
i c

2� , and is typically suppressed for tan� > 1. The coupling

to the MSSM-like Higgs with ⇠Hv
i ⇡ 1, ⇠hv

i ⌧ 1, on the other hand, is unsuppressed. The

couplings to the singlet-like (CP-even and CP-odd) Higgs bosons are suppressed by N2

15

.

In the Singlino-like LSP scenario,

N
11

⇡ 0, N
15

⇡ 1, N
13

⇡ ��v

µ
c� , N

14

⇡ ��v

µ
s� , (2.8)

Hi�̃
0

1

�̃0

1

: �
p
2�N

15

�v

µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
�

p
2⇠Si N

2

15

, (2.9)

Ai�̃
0

1

�̃0

1

: i
p
2N

15

�v

µ
⇠Ai � i

p
2⇠AS

i N2

15

. (2.10)

1In the basis of (hv, Hv, S), hv =
p
2[cos� Re(H0

d) + sin� Re(H0
u)] couples to the SM particles with

exactly the SM coupling strength; while Hv =
p
2[� sin� Re(H0

d) + cos� Re(H0
u))] does not couple to the

SM W and Z. Similarly, A and AS are the CP-odd MSSM Higgs and singlet Higgs, respectively. [37]

– 4 –

the lightest (in absolute value) diagonal entry. Similar to bino-wino mixing via Higgsinos,

Bino and Singlino do not mix directly: they mix through the Higgsinos. The mixing reaches

maximium when M
1

⇠ 2/�µ from simple matrix argument. This Bino-Singlino mixing is

the only allowed large mixing with light DM candidate due to LEP bounds. The Higgsino

components of the LSP, |N2

13

| and |N
14

|2, are typically of the order of O(g
1

vu,d/µ) and

O(�vu,d/µ), which govern the DM annihilation rate near the Higgs funnel at the early

Universe and the rate of the indirect detection. A particularly interesting case is the so-

called Peccei-Quinn limit [37, 38], when the singlet cubic term is small  ! 0, and both

the singlet-like (CP-odd) Higgs boson and the Singlino can be light.

Under the limit of either a Bino LSP N
11

⇠ 1 or a Singlino LSP N
15

⇠ 1, the couplings

of the physical Higgs bosons and the LSP are

Hi�̃
0

1

�̃0

1

(i = 1, 2, 3) : g
1

N
11

h
⇠hv
i (c�N13

� s�N14

)� ⇠Hv
i (s�N13

+ c�N14

)
i

+
p
2�N

15

h
⇠hv
i (s�N13

+ c�N14

) + ⇠Hv
i (c�N13

� s�N14

)
i
�
p
2⇠Si N

2

15

Ai�̃
0

1

�̃0

1

(i = 1, 2) : �ig
1

N
11

⇠Ai [s�N13

� c�N14

]

�i
p
2�N

15

⇠Ai [c�N13

+ s�N14

]� i
p
2⇠AS

i N2

15

, (2.4)

where ⇠i are the mixing matrix elements for the Higgs fields with

Hi = ⇠hv
i hv + ⇠Hv

i Hv + ⇠Si S, Ai = ⇠Ai A+ ⇠AS
i AS ,

in the basis of (hv, Hv, S)1. In the limit of a decoupling MSSM Higgs sector plus a singlet,

the singlet-like Higgs has ⇠S ⇡ 1 and the SM-like Higgs has ⇠hv ⇡ 1.

Specifically, in the Bino-like LSP scenario,

N
11

⇡ 1, N
15

⇡ 0, N
13

⇡ mZsW
µ

s� , N
14

⇡ �mZsW
µ

c� , (2.5)

Hi�̃
0

1

�̃0

1

: g
1

N
11

mZsW
µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
, (2.6)

Ai�̃
0

1

�̃0

1

: �ig
1

N
11

mZsW
µ

⇠Ai . (2.7)

The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Bino-

Higgsino mixing of the order O(mZsW /µ). The coupling to the SM-like Higgs with ⇠hv
i ⇡

1, ⇠Hv
i ⌧ 1 is roughly s

2�+⇠Hv
i c

2� , and is typically suppressed for tan� > 1. The coupling

to the MSSM-like Higgs with ⇠Hv
i ⇡ 1, ⇠hv

i ⌧ 1, on the other hand, is unsuppressed. The

couplings to the singlet-like (CP-even and CP-odd) Higgs bosons are suppressed by N2

15

.

In the Singlino-like LSP scenario,

N
11

⇡ 0, N
15

⇡ 1, N
13

⇡ ��v

µ
c� , N

14

⇡ ��v

µ
s� , (2.8)

Hi�̃
0

1

�̃0

1

: �
p
2�N

15

�v

µ

h
⇠hv
i s

2� + ⇠Hv
i c

2�

i
�
p
2⇠Si N

2

15

, (2.9)

Ai�̃
0

1

�̃0

1

: i
p
2N

15

�v

µ
⇠Ai � i

p
2⇠AS

i N2

15

. (2.10)

1In the basis of (hv, Hv, S), hv =
p
2[cos� Re(H0

d) + sin� Re(H0
u)] couples to the SM particles with

exactly the SM coupling strength; while Hv =
p
2[� sin� Re(H0

d) + cos� Re(H0
u))] does not couple to the

SM W and Z. Similarly, A and AS are the CP-odd MSSM Higgs and singlet Higgs, respectively. [37]

– 4 –



S. Su 12

  Parameter Scan 
-

General Sbottom Stau H
1

, A
1

-funnel

mAtree [0,3000] — — —

tan� [1,55] — — —

µ [100,500] — — —

|A| [0,1000] — — —

� [0,1] — — [0.01,0.6]

 [0,1] either  2 [2, 30]�/(2µ)

|M
1

| [0,500] or M
1

2 [2, 30], or both

MQ3

, MU3

[0,3000] — — —

|At| [0,4000] — — —

MD3

[0,3000] [0,80] 3000

|Ab| [0,4000] — 0

ML3,ME3

[0,3000] 3000 [0,500] 3000

|A⌧ | [0,4000] 0 [0,2000] 0

Table 2. The parameters and ranges . “—” in entries indicate the scanning ranges same as the
ones in the general scan.

The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Singlino-

Higgsino mixing of the order O(�v/µ). The contributions from the hv and Hv components

follow the same relation as in the Bino-like LSP case above. The coupling to the singlet-like

Higgs can be approximated as �p
2N2

15

, proportional to the Singlino component and the

PQ symmetry breaking parameter . The coupling to the singlet follows similar behavior.

Neutralinos couple to fermion-sfermion through their Bino, Wino and Higgsino compo-

nents, proportional to corresponding U(1) Hyper charge, SU(2)L charge and tan� modified

Yukawa couplings. For Bino-like LSP, the coupling is dominated by the U(1) Hyper charge

current. For Siglino-like LSP, the coupling is more complex as the leading contributions

can vary case by case.

2.2 Parameters and Ranges

There are 15 parameters relevant to our low-mass DM consideration. In the Higgs sec-

tor with a doublet and a singlet, the tree-level parameters are mAtree , tan�, µ, �,  and

A, and the stop-mass parameters MQ3

, MU3

and At correct Higgs mass at loop level.

The soft SUSY breaking gaugino mass M
1

governs the Bino mass. To explore the sfermion

co-annihilation with the LSP, we choose the third generation of stau and sbottom as bench-

marks by including ML3, ME3

and A⌧ for stau, and MD3

and Ab for sbottom. We decouple

other squarks and sleptons by setting their masses at 3 TeV and other trilinear mass terms

to be zero.

In the rest of the study, we employ a comprehensive random scan over these 15 param-

eters, which are summarized in Table 2. The first column presents the parameter ranges

for our general scan. The parameter range for µ is mainly motivated by the LEP lower
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Table 2. The parameters and ranges . “—” in entries indicate the scanning ranges same as the
ones in the general scan.

The couplings to the SM-like or MSSM-like Higgs bosons are proportional to the Singlino-

Higgsino mixing of the order O(�v/µ). The contributions from the hv and Hv components

follow the same relation as in the Bino-like LSP case above. The coupling to the singlet-like

Higgs can be approximated as �p
2N2

15

, proportional to the Singlino component and the

PQ symmetry breaking parameter . The coupling to the singlet follows similar behavior.

Neutralinos couple to fermion-sfermion through their Bino, Wino and Higgsino compo-

nents, proportional to corresponding U(1) Hyper charge, SU(2)L charge and tan� modified

Yukawa couplings. For Bino-like LSP, the coupling is dominated by the U(1) Hyper charge

current. For Siglino-like LSP, the coupling is more complex as the leading contributions

can vary case by case.

2.2 Parameters and Ranges

There are 15 parameters relevant to our low-mass DM consideration. In the Higgs sec-

tor with a doublet and a singlet, the tree-level parameters are mAtree , tan�, µ, �,  and

A, and the stop-mass parameters MQ3

, MU3

and At correct Higgs mass at loop level.

The soft SUSY breaking gaugino mass M
1

governs the Bino mass. To explore the sfermion

co-annihilation with the LSP, we choose the third generation of stau and sbottom as bench-

marks by including ML3, ME3

and A⌧ for stau, and MD3

and Ab for sbottom. We decouple

other squarks and sleptons by setting their masses at 3 TeV and other trilinear mass terms

to be zero.

In the rest of the study, we employ a comprehensive random scan over these 15 param-

eters, which are summarized in Table 2. The first column presents the parameter ranges

for our general scan. The parameter range for µ is mainly motivated by the LEP lower
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MSSM CP-even sector is then required. LEP experiments have made dedicated searches

for light Higgs bosons and have tight constraints on the MSSM component of the light

Higgs ⇠hv
1

and ⇠Hv
1

. NMSSMTools [68–70] has incorporated all these constraints on light

Higgs bosons. Hadron collider searches on light CP-odd Higgs bosons are also included.

Focusing on the light DM solutions motivated in Table. 1, and guided by the collider

bounds discussed above, we adopt the following theoretical and experimental constraints

for the rest of the studies:

• Theoretical constraints such as Vacuum stability.

• Collider Higgs search limits from the LEP, the Tevatron and the LHC.

• LEP, Tevatron and LHC constrains on searches of supersymmetric particles, such as

charignos, leptons and squarks;

• 2� window of the SM-like Higgs boson mass: 122.7 � 128.7 GeV (including linearly

added estimated theoretical uncertainties of ±2 GeV).

• 2� window of the SM-like Higgs bosons cross sections for ��, ZZ, W+W�, ⌧+⌧�

and bb̄ di↵erent production modes.

• Z boson invisible width and hadronic width as in Eq. (2.11) and Eq. (2.12).

• B-physics constrains, including b ! s�, Bs ! µ+µ�, B ! �sµ
+µ� and B+ ! ⌧+⌫⌧ ,

as well as �ms, �md, m⌘b(1S) and ⌥(1S) ! a�, h�.

We use modified NMSSMTools 4.2.1 [68–70] to search for viable solutions.

2.3.4 Relic Abundance Considerations

In the multiple variable parameter space in the MSSM, the collider constraints presented in

the previous section serve as the starting point for viable solutions. In connection with the

direct and indirect searches, the DM related observables, such as spin-independent cross

sections �SI

p,n, spin-dependent cross sections �
SD

p,n, indirect search rate h�vi and relic density

⌦ are calculated with MicrOmegas 2.2 [71] integrated with NMSSMTools. Furthermore, we

choose LSP being neutralino and consider their contributions the current relic abundance.

As for a rather tight requirement, we demand the calculated relic density corresponding

to the 2� window of the observed relic density plus 10% theoretical uncertainty. To be

conservative, we also adopt a loose requirement that the neutralino LSP partially provides

DM relic, leaving room for other non-standard scenarios such as multiple DM scenarios,

e.g., Dynamical DM (DDM) [72]. We thus choose the tight (loose) relic density requirement

as

0.0947 (0.001) < ⌦�̃0
1
h2 < 0.142, (2.14)
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๏ Light neutralino LSP: invisible Z decay with

Figure 1. Constraints from Z boson partial width on decays channels of �̃0

1

�̃0

1

(red), b̃
1

b̃
1

(green)
and ⌧̃

1

⌧̃
1

(blue). The left panel shows the partial widths as a function of sfermion mass after
��

inv

and ��
tot

are imposed. The right panel shows the cos ✓2
˜b
and cos ✓2⌧̃ for sbottom and stau,

respectively, as well as |N2

13

�N2

14

| for neutralino versus their masses.

bound on the chargino mass, and the naturalness argument [39] for an upper bound2. To

e↵ectively look for possible solutions, we also device several scenario-dedicated scans as

listed in the other columns: sbottom-scan, stau-scan and H
1

, A
1

-funnel scan with certain

relationship enforced and simplified parameters for di↵erent scenarios. The combinations

for  and M
1

are motivated by focusing on the Bino-like and Singlino-like LSP. In addi-

tion, we also choose several benchmarks as seed and varying the DM mass parameters and

components accordingly. This helps us to examine the possibility of Bino-Singlino mixture

as well as solutions with fixed sfermion masses.

2.3 Current Experimental Constrains

The absence of a SUSY signal puts strong bounds on the parameters. We take them into

account to guide our DM searches.

2.3.1 Neutralino LSP

Precision measurements of Z-boson’s invisible width put strong constraint on the light

neutralino LSP. The 95% C.L. upper limit on Z boson invisible width is [40]

��
inv

< 2.0 MeV. (2.11)

Z boson coupling to neutralino pairs is proportional to N2

14

� N2

13

and vanishes when

tan� = 1. It could also be small when the LSP is “decoupled” from Higgsinos, e. g. for a

Bino-like LSP |µ| � |M
1

|, g
1

vu,d or a Singlino-like LSP |µ| � 2|/�µ|, |�|vu,d.
We show the impact of Eq. (2.11) on the relevant parameters in Fig. 1. The left panel

shows in red the scanning results of �(Z ! �̃0

1

�̃0

1

) as a function of m�̃0
1
. The resulting

|N2

13

� N2

14

|, which governs the Z�̃0

1

�̃0

1

coupling, is shown in the right panel. Its typical

value is near 0.1. The increasing in the allowed range for largerm�̃0
1
is due to the extra phase

2ZL: I doublt whether the MSSM naturalness criteria applies here; as known, NMSSM

solves the so-called “µ-problem”.
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co-annihilation with the LSP, we choose the third generation of stau and sbottom as bench-

marks by including ML3, ME3

and A⌧ for stau, and MD3

and Ab for sbottom. We decouple

other squarks and sleptons by setting their masses at 3 TeV and other trilinear mass terms

to be zero. The range for µ parameter is mainly motivated by the LEP lower bound on the

chargino mass. The upper bound of superparticle mass parameters and the µ parameter

are motivated by the naturalness argument [44–48].

In the rest of the study, we employ a comprehensive random scan over these 15 pa-

rameters, which are summarized in Table 2. The first column presents the parameter

ranges for our general scan. To e↵ectively look for possible solutions, we also device several
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,
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14

|, which governs the Z�̃0

1

�̃0
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coupling, is shown in the right panel. Its typical

value is near 0.1. The increasing in the allowed range for larger m�̃0
1
is due to the extra

phase space suppression near the Z decay threshold. For large tan� and negligible Z decay

phase space suppresion, this requires µ >⇠ 140 GeV for Bino limit shown in Eq. (2.5) and

µ/� & 540 GeV for Singlino limit shown in Eq. (2.8).

The property of the neutralino LSP is constrained by the invisible decay branching

fraction of the observed 125 GeV Higgs as well, with the 95% C.L. upper limit of Br
inv

around 56% [50] from indirect fitting with current observed production and decays. Current

direct searches on Higgs to invisible from ZH associated production and VBF set limits of

Br
inv

< 65% [51] and Br
inv

< 69% [52]. Other searching channels such as mono-jet andWH

associated productions can also contribute (see e.g. [53]). Limits from such searches are

relatively weak as well. The indirect constrains from Higgs boson precision measurements

limits invisible Br further. We incorporate these constrains as well.
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๏ Light sfermion: total Z decay width

space suppression near the Z decay threshold. For large tan�, this requires µ >⇠ 140 GeV

for Bino limit shown in Eq. (2.5) and µ/� & 540 GeV for Singlino limit shown in Eq. (2.8).

2.3.2 Sftermions

Superpartners of light quarks and leptons are in general excluded up to a few hundred of

GeV with arbitrary mass splitting [41] and are not suitable to be the NLSP to co-annihilate

with light neutralino LSP. The stop quark has been excluded up to 63 GeV at LEP [42] for

arbitrary mixing angles and splittings. Sneutrino is in general unlikely to co-annihilation

with the light Bino-like LSP, because the Z-boson invisible width searches forbids light

sneutrino. Only sbottom and stau could co-annihilate with the neutralino LSP.

Light sbottom and stay also contribute to the Z hadronic width. The current experi-

mental precision on Z boson decay width is 2.4952± 0.0023 GeV [40], leading to

��
tot

< 4.7 MeV at 95% C.L., (2.12)

which includes a theoretical uncertainty of ⇠ 0.5 MeV based on a complete calculation

with electroweak two-loop corrections [43].

The coupling of the Z to the sermons depends on the mixing angle of the sermons,

which originated from the left-right mixing in the sermon mass matrix. We take the mixing

angle ✓
˜f convention that lighter mass eigenstate of the sermon follows f̃

1

= cos ✓
˜f f̃L +

sin ✓
˜f f̃R. The Z boson coupling to is can then be expressed as

Zf̃
1

f̃
1

: gLf cos2 ✓
˜f + gRf sin2 ✓

˜f , (2.13)

with gL,Rf = �(T
3f �Qf sin

2 ✓) being the left-handed and right handed chiral couplings of

the fermion type. To minimize the Zf̃
1

f̃
1

coupling in order to suppress the contribution

to �
tot

, ✓f need to be near the minimum value: tan2 ✓min
˜f

= �gLf /g
R
f . For sbottom (down-

type squark), tan2 ✓min
˜f

equals 5.49, preferring lighter sbottom to be right-handed. For

stau (leptons), tan2 ✓min
˜f

equals 1.16, preferring lighter stau to be an even mixture of ⌧̃L
and ⌧̃R.

The left panel of Fig. 1 shows in green (sbottom) and blue (stau) the scanning results

of �(Z ! b̃
1

b̃
1

, ⌧̃
1

⌧̃
1

) as a function of m
˜b1
, m⌧̃1 after imposing ��

tot

< 4.7 MeV. The

resulting cos ✓
˜f are shown in the right panel. For the light sbottom, it is almost completely

right-handed with m
˜b1

& 16 GeV, while for stay, a wide range of cos2 ✓⌧̃ . 0.25 can be

accommodated with m⌧̃1 & 32 GeV, especially for large m⌧̃1 when there is extra kinematic

suppression in phase space.

Light sbottom and light stau are constrained by many other observations, as summa-

rized in Table 3. The LEP constraints on sftermion pair productions excludes sbottom

and stau . 80� 90 GeV with relatively large mass splitting �m = m
˜b,⌧̃ �m�̃0

1
& 10 GeV,

independent of sfermion mixing angles. Note however that once �m becomes small (. 10

GeV), the LEP constraints could be relaxed. Mono-photon searches at LEP [18, 19] could

constrain the extreme degenerate LSP and NLSP sfermion. The limits, however, does not

apply for GeV level mass splitting due to hadronic activity veto applied in the analysis.
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1

= cos ✓
˜f f̃L +

sin ✓
˜f f̃R. The Z boson coupling to is can then be expressed as

Zf̃
1

f̃
1

: gLf cos2 ✓
˜f + gRf sin2 ✓

˜f , (2.13)

with gL,Rf = �(T
3f �Qf sin

2 ✓) being the left-handed and right handed chiral couplings of

the fermion type. To minimize the Zf̃
1

f̃
1

coupling in order to suppress the contribution

to �
tot

, ✓f need to be near the minimum value: tan2 ✓min
˜f

= �gLf /g
R
f . For sbottom (down-

type squark), tan2 ✓min
˜f

equals 5.49, preferring lighter sbottom to be right-handed. For
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˜f

equals 1.16, preferring lighter stau to be an even mixture of ⌧̃L
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The left panel of Fig. 1 shows in green (sbottom) and blue (stau) the scanning results
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1

b̃
1
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1
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1

) as a function of m
˜b1
, m⌧̃1 after imposing ��

tot
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resulting cos ✓
˜f are shown in the right panel. For the light sbottom, it is almost completely

right-handed with m
˜b1

& 16 GeV, while for stay, a wide range of cos2 ✓⌧̃ . 0.25 can be
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suppression in phase space.

Light sbottom and light stau are constrained by many other observations, as summa-

rized in Table 3. The LEP constraints on sftermion pair productions excludes sbottom

and stau . 80� 90 GeV with relatively large mass splitting �m = m
˜b,⌧̃ �m�̃0

1
& 10 GeV,

independent of sfermion mixing angles. Note however that once �m becomes small (. 10

GeV), the LEP constraints could be relaxed. Mono-photon searches at LEP [18, 19] could

constrain the extreme degenerate LSP and NLSP sfermion. The limits, however, does not

apply for GeV level mass splitting due to hadronic activity veto applied in the analysis.
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  Dark Matter Properties 
-

๏ Relic density ๏ Direct detection

MSSM CP-even sector is then required. LEP experiments have made dedicated searches

for light Higgs bosons and have tight constraints on the MSSM component of the light

Higgs ⇠hv
1

and ⇠Hv
1

. NMSSMTools [68–70] has incorporated all these constraints on light

Higgs bosons. Hadron collider searches on light CP-odd Higgs bosons are also included.

Focusing on the light DM solutions motivated in Table. 1, and guided by the collider

bounds discussed above, we adopt the following theoretical and experimental constraints

for the rest of the studies:

• Theoretical constraints such as Vacuum stability.

• Collider Higgs search limits from the LEP, the Tevatron and the LHC.

• LEP, Tevatron and LHC constrains on searches of supersymmetric particles, such as

charignos, leptons and squarks;

• 2� window of the SM-like Higgs boson mass: 122.7 � 128.7 GeV (including linearly

added estimated theoretical uncertainties of ±2 GeV).

• 2� window of the SM-like Higgs bosons cross sections for ��, ZZ, W+W�, ⌧+⌧�

and bb̄ di↵erent production modes.

• Z boson invisible width and hadronic width as in Eq. (2.11) and Eq. (2.12).

• B-physics constrains, including b ! s�, Bs ! µ+µ�, B ! �sµ
+µ� and B+ ! ⌧+⌫⌧ ,

as well as �ms, �md, m⌘b(1S) and ⌥(1S) ! a�, h�.

We use modified NMSSMTools 4.2.1 [68–70] to search for viable solutions.

2.3.4 Relic Abundance Considerations

In the multiple variable parameter space in the MSSM, the collider constraints presented in

the previous section serve as the starting point for viable solutions. In connection with the

direct and indirect searches, the DM related observables, such as spin-independent cross

sections �SI

p,n, spin-dependent cross sections �
SD

p,n, indirect search rate h�vi and relic density

⌦ are calculated with MicrOmegas 2.2 [71] integrated with NMSSMTools. Furthermore, we

choose LSP being neutralino and consider their contributions the current relic abundance.

As for a rather tight requirement, we demand the calculated relic density corresponding

to the 2� window of the observed relic density plus 10% theoretical uncertainty. To be

conservative, we also adopt a loose requirement that the neutralino LSP partially provides

DM relic, leaving room for other non-standard scenarios such as multiple DM scenarios,

e.g., Dynamical DM (DDM) [72]. We thus choose the tight (loose) relic density requirement

as

0.0947 (0.001) < ⌦�̃0
1
h2 < 0.142, (2.14)

– 9 –
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35 GeV DM XX → bb
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SM Higgs
-

๏ Observation of a SM-like Higgs poses strong constraints
- mixture from other Higgses
- new decay modes open: 
- light sbottom/stau appears in Hgg, Hγγ

rate should be even higher than the freeze-out annihilation rate due to the e↵ect of getting

closer to resonance in zero momentum. Similarly, a much lower rate would emerge even

for s-wave dominant case if twice the DM mass is a bit lower than the resonant mediator

mass, since zero momentum pull the propagator further away from resonance. The bulk of

our funnel region solutions corresponds to this case, as our scan preferred mediator mass

slightly above twice the DM mass. Interestingly, our result indicates possible solutions exist

for those preferred by GeV gamma ray excess from the Galacity center. As shown in later

sections, the decays for funnel mediators are mainly into bb̄, these solutions could well serve

as candidate for this excess. For the stau coannihilation and sbottom coannihilation, the

main annihilation for LSP pairs are into ⌧+⌧� and bb̄. The former would yield a di↵erent

gamma ray spectrum. We note here the astrophysics sources for excess could be very

subtle, di↵erent subtraction scheme may result in di↵erent shapes of the excess, or even

no excess. The true gamma-ray excess spectra could vary in shape in many di↵erent ways

as a complete model such as (N)MSSM would predict various composition of annihilation

products.

3 LHC Observables

The collider experiments provide a crucial testing ground for the light dark matter scenar-

ios, in particular, the light A
1

and H
1

in the funnel region, as well as the light sbottom

and stay in the co-annihilation region. In this section, we discuss the collider implications

of the three light dark matter solutions on observables related to the SM-like Higgs boson,

searches for light scalars and missing energy signals. However, the collider studies are

quite subtle since the leading signals may not be directly linked to the processes of the DM

annihilation, direct detections and indirect detections; and are very challenging given the

large SM background in the collider environment.

3.1 Modifications to the SM-like Higgs Boson Properties

The observation of a SM-like Higgs boson imposes strong constraints on the extensions of

the SM Higgs sector. In particular, one of the CP-even Higgs bosons in the NMSSM is

required to have very similar properties to the SM Higgs boson. As a result, any deviation

of this SM-like Higgs boson from hv state is tightly constrained. Moreover, decays of the

SM-like Higgs boson to these newly allowed states of �̃0

1

�̃0

1

, A
1

A
1

, H
1

H
1

, ⌧̃+
1

⌧̃�
1

and b̃
1

b̃⇤
1

could reduce the Higgs branching fractions to the SM particles, which is constrained by the

current experimental results as well. New light charged sparticles such as sbottom could

modify the loop-induced Higgs couplings to diphoton and to gluon-gluon.

We examine the production cross sections of the dominant Higgs discovery channels,

as well as the Higgs decay branching fractions to those new light states. In Fig. 7, we show

the cross sections ratios �/�
SM

of gg ! h ! W+W�/ZZ versus that of gg ! h ! ��

for the 126 GeV SM-like Higgs. The �� channel remains correlated with the WW/ZZ

channel, with the cross section ratios to SM values vary between 0.7 � 1.2. There is

no signs of largely enhanced diphoton rate. Since the W -loop dominates the Higgs to

diphoton coupling, deviations from the diagonal lines comes from the variation of other

– 15 –
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-

๏ Dark matter production via Higgs portal

 H → XX 
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๏ Coupling and Decay: singlet like

Light A1/H1
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Light A1/H1
-

๏ Production: < 10% SM rate

ggH
bbH
ttH

VBF
VH
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  Light Sbottom
-

๏ Light sbottom with compressed spectrum: small Δm
- Δm > mb: prompt sbottom decay 
- Δm < mb: prompt, displaced vertex, R-hadron, ... 

        depend on the flavor structure 

๏ LEP limits

f̃ mmin(GeV) Ref. Condition

76 DELPHI [50] b̃ ! �̃0b, all ✓
˜b, �m > 7 GeV

b̃ 89 ALEPH [48] b̃ ! �̃0b, all ✓
˜b, �m > 10 GeV

390 ⇠ 645 ATLAS [51, 52] b̃ ! �̃0

1

b, simplified, m�̃0
1
< 60 GeV for m

˜b > 100 GeV

⌧̃

81.9 DELPHI [50] �m > 15 GeV, all ✓⌧̃ , ⌧̃ > 45 GeV

35 ⇠ 45 ALEPH [53, 54] Z ! `` (acoplanar), right-handed, �m > 2 ⇠ 5 GeV

35 ALEPH [53, 54] Z ! invisible, right-handed, all �m

20 ⇠ 44 ALEPH [53, 54] Z-decoupling, �m > 2 ⇠ 15 GeV

Table 3. Collider constraints on the sbottom and stau. Some of above constraints are from Review
of Particle Physics [47].

resulting cos ✓
˜f are shown in the right panel. For the light sbottom, it is almost completely

right-handed with m
˜b1

& 16 GeV, while for stau, a wide range of cos2 ✓⌧̃ . 0.25 can be

accommodated with m⌧̃1 & 32 GeV, especially for large m⌧̃1 when there is extra kinematic

suppression in phase space. These are a direct results of collider constrains and tuning. For

sbottom, the left-handed sbottom has to be greater than a few hundred GeV because of

stop constrains; the light sbottom consequently are right-handed, otherwise the mass and

mixing have to be tuned and yet still likely to be excluded by Z boson width constrains.

For stau, evenly mixed stau usually implies the existence of the heavier mass eigenstate to

be nearby, which will be excluded by direct stau searches at LEP.

Light sbottom and light stau are constrained by many other observations, as summa-

rized in Table 3. The LEP constraints on sftermion pair productions excludes sbottom

and stau . 80� 90 GeV with relatively large mass splitting �m = m
˜b,⌧̃ �m�̃0

1
& 10 GeV,

independent of sfermion mixing angles. Note however that once �m becomes small (. 10

GeV), the LEP constraints could be relaxed. Mono-photon searches at LEP [18, 19] could

constrain the extreme degenerate LSP and NLSP sfermion. The limits, however, does not

apply for GeV level mass splitting due to hadronic activity veto applied in the analysis.

2.3.3 Light Higgs Bosons

For the NMSSM, it is conceivable to have a lighter Higgs boson mainly as the singlet Higgs

field, especially in the approximate PQ-symmetry limit of the NMSSM (for review, see

e.g. [36]). These light Higgs bosons states could give rise to new decay channels of the

SM-like Higgs boson observed at the LHC and thus would be constrained by the current

observations [55]. While a light CP-even Higgs boson also appears in the non-decoupling

solution of the MSSM [56–60], tight flavor constraints and squark searches forces the the

Bino mass parameter M
1

to be the order of 100 GeV [60], and thus inadequate for LSP

DM via the Higgs funnel.

These light Higgs bosons in the NMSSM could be either CP-even or CP-odd. If they

present as the main annihilation channel for the DM, such as in the case of A
1

-funnel,

slight mixing with the MSSM Higgs sector is required to ensure large enough cross sections

for �̃0

1

�̃0

1

! A
1

/H
1

! SM particles in early universe. If sizable spin-independent direct

detection rate is desired, mainly mediated by CP-even Higgs bosons, its mixing with the

– 8 –
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๏ ATLAS limits: 2b+MET,bbj+MET 
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  Light Sbottom
-

๏ recast ATLAS sbottom search results for light sbottom
   msb=20 GeV, mX=14 GeV, prompt decay

bbMET bbjMETSRA SRB
Lepton veto

/ET > 150 GeV > 250 GeV
PT (j1) > 130 GeV > 150 GeV
PT (j2) > 50 GeV > 30 GeV
PT (j3) veto if > 50 GeV > 30 GeV

��(/ET , j
1

) — > 2.5
b tagging tagged b jet j

1

, j
2

j
2

, j
3

��min > 0.4 > 0.4
/ET /meff (k) /ET /meff (2) > 0.25 /ET /meff (3) > 0.25

mbb > 200 GeV —
HT,3 — < 50 GeV
m

CT

� 250 GeV � 300 GeV � 350 GeV
95% C.L. upper limit

0.45 0.37 0.26 1.3
�vis (fb)
�sig (fb) 0.20 0.19 0.17 137

Table 4: Summary of event selection in signal regions and simulation results.
Selection cuts obtained from ATLAS Ref. [32]. red SS: Do we need to
list all the cuts, or just the last two lines?blue ZL: I am Okay with
either way.

show the signal di↵erential distribution of mCT in figure. 8The
di↵erential contransverse mass mCT distribution for pp ! b̃b̃⇤

and pp ! b̃b̃⇤j with b̃ ! b�̃0

1

(b̃⇤ ! b̄�̃0

1

)figure.8.

ATLAS has perform the sbottom searches for 2b + /ET and
bbj+/ET final states [32] at the 8 TeV LHC with 20 fb�1. Current
analysis from CMS uses 7 TeV data with HT and variable ↵T

to reject background with 0, 1, 2 and 3 b-jets [33]. While their
studies focus on the stop mass between 100 � 700 GeV with
�m >⇠ 15 GeV, we adopted the same trigger and cuts that
is used in their analyses to put bounds on the light sbottom in
the scenario that we are considering. We generated the events
using MadGraph5 [34]. In Table. 4table.4, we listed the trigger
and cuts that is used in the ATLAS study for two signal regions:
SRA, mostly sensitive to bb + /ET final states, and SRA, mostly
sensitive to bbj + /ET final states. The last row of the table gives
the signal cross section after all cuts, which is to be compared
with the experimental 95% C.L. upper limit given in the second
to the last row in the table. while the bb+/ET search rules out the
light sbottom case with cross section after the cuts of about a
factor of two of the experimental bounds, the bbj+/ET provides a
far more tight bounds that rules out the light sbottom case with

21
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�m >⇠ 15 GeV, we adopted the same trigger and cuts that
is used in their analyses to put bounds on the light sbottom in
the scenario that we are considering. We generated the events
using MadGraph5 [34]. In Table. 4table.4, we listed the trigger
and cuts that is used in the ATLAS study for two signal regions:
SRA, mostly sensitive to bb + /ET final states, and SRA, mostly
sensitive to bbj + /ET final states. The last row of the table gives
the signal cross section after all cuts, which is to be compared
with the experimental 95% C.L. upper limit given in the second
to the last row in the table. while the bb+/ET search rules out the
light sbottom case with cross section after the cuts of about a
factor of two of the experimental bounds, the bbj+/ET provides a
far more tight bounds that rules out the light sbottom case with
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  Light Stau 
-

๏ LEP limit

๏ LHC limit with stau from neutralino/chargino decay
   not applicable with large MT2 cut of 90-110 GeV

๏ ττ(j) + MET search difficult with WW(j)+MET background.  

f̃ mmin(GeV) Ref. Condition

76 DELPHI [50] b̃ ! �̃0b, all ✓
˜b, �m > 7 GeV

b̃ 89 ALEPH [48] b̃ ! �̃0b, all ✓
˜b, �m > 10 GeV

390 ⇠ 645 ATLAS [51, 52] b̃ ! �̃0

1

b, simplified, m�̃0
1
< 60 GeV for m

˜b > 100 GeV

⌧̃

81.9 DELPHI [50] �m > 15 GeV, all ✓⌧̃ , ⌧̃ > 45 GeV

35 ⇠ 45 ALEPH [53, 54] Z ! `` (acoplanar), right-handed, �m > 2 ⇠ 5 GeV

35 ALEPH [53, 54] Z ! invisible, right-handed, all �m

20 ⇠ 44 ALEPH [53, 54] Z-decoupling, �m > 2 ⇠ 15 GeV

Table 3. Collider constraints on the sbottom and stau. Some of above constraints are from Review
of Particle Physics [47].

resulting cos ✓
˜f are shown in the right panel. For the light sbottom, it is almost completely

right-handed with m
˜b1

& 16 GeV, while for stau, a wide range of cos2 ✓⌧̃ . 0.25 can be

accommodated with m⌧̃1 & 32 GeV, especially for large m⌧̃1 when there is extra kinematic

suppression in phase space. These are a direct results of collider constrains and tuning. For

sbottom, the left-handed sbottom has to be greater than a few hundred GeV because of

stop constrains; the light sbottom consequently are right-handed, otherwise the mass and

mixing have to be tuned and yet still likely to be excluded by Z boson width constrains.

For stau, evenly mixed stau usually implies the existence of the heavier mass eigenstate to

be nearby, which will be excluded by direct stau searches at LEP.

Light sbottom and light stau are constrained by many other observations, as summa-

rized in Table 3. The LEP constraints on sftermion pair productions excludes sbottom

and stau . 80� 90 GeV with relatively large mass splitting �m = m
˜b,⌧̃ �m�̃0

1
& 10 GeV,

independent of sfermion mixing angles. Note however that once �m becomes small (. 10

GeV), the LEP constraints could be relaxed. Mono-photon searches at LEP [18, 19] could

constrain the extreme degenerate LSP and NLSP sfermion. The limits, however, does not

apply for GeV level mass splitting due to hadronic activity veto applied in the analysis.

2.3.3 Light Higgs Bosons

For the NMSSM, it is conceivable to have a lighter Higgs boson mainly as the singlet Higgs

field, especially in the approximate PQ-symmetry limit of the NMSSM (for review, see

e.g. [36]). These light Higgs bosons states could give rise to new decay channels of the

SM-like Higgs boson observed at the LHC and thus would be constrained by the current

observations [55]. While a light CP-even Higgs boson also appears in the non-decoupling

solution of the MSSM [56–60], tight flavor constraints and squark searches forces the the

Bino mass parameter M
1

to be the order of 100 GeV [60], and thus inadequate for LSP

DM via the Higgs funnel.

These light Higgs bosons in the NMSSM could be either CP-even or CP-odd. If they

present as the main annihilation channel for the DM, such as in the case of A
1

-funnel,

slight mixing with the MSSM Higgs sector is required to ensure large enough cross sections

for �̃0

1

�̃0

1

! A
1

/H
1

! SM particles in early universe. If sizable spin-independent direct

detection rate is desired, mainly mediated by CP-even Higgs bosons, its mixing with the

– 8 –

light stau difficult at LHC as well.
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๏ bbγ+MET, ττγ+MET
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  Conclusion  
-

A1/H1 funnel sb-coann stau-coann

DM Bino/Singlino Bino Bino/Singlino

light particle mA1/H1~2mX

singlet-like
msb~mX 
Δm < mb

mstau~mX
mstau>30 GeV

relic ✓ ✓ ✓

direct detection ✓

✓

✓

indirect detection ✓ ✓ ✓

via SM Higgs ✓ ✓ ✓

LHC ✓ x x
ILC ✓ ✓ ✓

light neutralino dark matter (2 - 40 GeV)


