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EWSB -> µeff = λvS 

• MSSM

The MSSM Superpotential, from which the scalar potential is derived, is given as

WMSSM = hu Q̂ · Ĥu Û c
R + hd Ĥd · Q̂ D̂c

R + he Ĥd · L̂ Êc
R + µĤu · Ĥd (4)

where Q̂, Û c
R, D̂R, L̂ and ÊR are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H± is given at LO as

m2
H± = m2

A +m2
W , (5)

where mW is the mass of the W boson. In order to allow the H± → HobsW± decay, one requires
mH± > mHobs

+mW , which translates into the requirement mA ! 190GeV. In the MSSM, under
such a condition, the tree-level mass of HSM, the SM-like Higgs boson, has an upper limit

m2
HSM

≤ m2
Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is identified with the Hobs and hence
required to have a mass close to 125GeV in accordance with the LHC measurement, a large value of
tan β is necessary. Furthermore, the absence of any significant deviations of the signal strengths of
the Hobs from the SM expectations so far [44] seems to be pushing the MSSM towards the so-called
‘decoupling regime’. This regime corresponds to mA ! 150GeV for tan β ! 10 and yields SM-like
couplings of the HSM, in addition to a maximal tree-level mass, as noted above. The net effect of all
these observations is that a H± with mass greater than 200GeV and a HSM with the correct mass
and SM-like couplings can be obtained simultaneously only for large tan β. However, according to
Eqs. (2) and (3), tan β ∼ 10 not only diminishes the BR(H± → W±HSM) but also the gb → tH−

cross section.
The complete MSSM contains more than 120 free parameters in addition to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses
and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the
model considerably. Here, since we are mainly concerned with the Higgs sector of the model,
we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-
Gravity) universality conditions:

m0 ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML1,2,3 = ME1,2,3 ,

m1/2 ≡ 2M1 = M2 =
1

3
M3,

A0 ≡ At = Ab = Aτ , (7)

where MQ1,2,3 , MU1,2,3 , MD1,2,3 , ML1,2,3 and ME1,2,3 are the soft masses of the sfermions, M1,2,3

those of the gauginos and At,b,τ the soft trilinear couplings. This leaves us with a total of six free
parameters, namely m0, m1/2, A0, mA, tan β and the Higgs-higgsino mass parameter µ.

• NMSSM

The NMSSM [45, 46, 47] (see, e.g., [48, 49] for reviews) contains a singlet Higgs field in addition to
the two doublet fields of the MSSM. The scale-invariant Superpotential of the NMSSM is written
as

WNMSSM = MSSM Yukawa terms + λŜĤu · Ĥd +
κ

3
Ŝ3 , (8)

where Ŝ is the additional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.
The introduction of the new singlet field results in a total of five neutral Higgs mass eigenstates
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of the SM Higgs-like boson. We separately consider the cases of this boson being h1, or h2, or a
combination of both. We test the parameter space of the model against the currently published,
already stringent constraints from SUSY searches at the LHC and other relevant constraints from
colliders, b-physics and dark matter (DM) relic density. Our goal is to map out the regions of
the parameter space of the CNMSSM that are favored by these constraints. As in our CMSSM
study [30], the CMS razor limit based on 4.4/fb of data is implemented through an approximate
but accurate likelihood function. We also study the e↵ects of relaxing the (g � 2)µ constraint.

The article is organized as follows. In Sec. 2 we briefly revisit the model, highlighting some of
its salient features. In Sec. 3 we detail our methodology, including our statistical approach and our
construction of the likelihoods for the BR (Bs ! µ+µ�) signal, the CMS razor 4.4/fb analysis, and
the CMS Higgs searches. In Sec. 4 we present the results from our scans and discuss their novel
features. We summarize our findings in Sec. 5.

2 The NMSSM with GUT-scale universality

The NMSSM is an economical extension of the MSSM, in which one adds a gauge-singlet superfield
S whose scalar component couples only to the two MSSM Higgs doublets Hu and Hd at the tree
level.1 The scale-invariant superpotential of the model has the form

W = �SHuHd +


3
S3 + (MSSM Yukawa terms) , (1)

where � and  are dimensionless couplings. Upon spontaneous symmetry breaking, the scalar Higgs
field S develops a vev, s ⌘ hSi, and the first term in Eq. (1) assumes the role of the e↵ective µ-term
of the MSSM, µe↵ = �s. The soft SUSY-breaking terms in the Higgs sector are then given by

Vsoft = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|2 +

✓

�A�SHuHd +
1

3
AS

3 + h.c.

◆

, (2)

where A� and A are soft trilinear terms associated with the � and  terms in the superpotential.
The vev s, determined by the minimization conditions of the Higgs potential, is e↵ectively induced
by the SUSY-breaking terms in Eq. (2), and is naturally set by MSUSY, thus solving the µ-problem
of the MSSM.

We define the CNMSSM in terms of five continuous input parameters and one sign,

m0,m1/2, A0, tan�,�, sgn(µe↵) , (3)

where unification conditions at a high scale require that all the scalar soft SUSY-breaking masses
in the superpotential (except mS) are unified to m0, the gaugino masses are unified to m1/2, and
all trilinear couplings, including A� and A, are unified to A0. This leaves us with two additional
free parameters: � and the singlet soft-breaking mass m2

S . The latter is not unified to m2
0 for

both theoretical and phenomenological reasons. From the theoretical point of view, it has been
argued [39] that the mechanism for SUSY breaking might treat the singlet field di↵erently from the
other superfields. From the phenomenological point of view, the freedom in mS allows for easier
convergence when the renormalization group equations (RGEs) are evolved from the GUT scale
down to MSUSY. It also yields, in the limit � ! 0, and with �s fixed, e↵ectively the CMSSM
plus a singlet and singlino fields that both decouple from the rest of the spectrum. Through the
minimization equations of the Higgs potential,m2

S can then be traded for tan� (the ratio of the vev’s

1For simplicity we will be using the same notation for superfields and their bosonic components.
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of points for tan� ⇠ 1 � 6 in the figure, with the mass of H
1

reaching comparatively larger

values than elsewhere. However, mA1 for such points almost never falls below ⇠ 60GeV. In

figure 2(b) we show mH1 as a function of the coupling , with the heat map corresponding

to the coupling �. Again there is a clear strip of points with � & 0.6 (and  ⇠ 0.15 � 0.5)

for which mH1 can be as high as 129GeV. These points are the ones lying also in the small

tan� strip in figure 2(a). The rest of the points, corresponding to smaller � and larger tan�,

can barely yield mH1 in excess of 126GeV. The reason for the behaviour of mH1 observed in

these figures is explained in the following.

The tree-level mass of H
SM

in the NMSSM is given by [46]

m2

HSM
' m2

Z cos2 2� + �2v2 sin2 2� � �2v2

2


�� sin 2�

✓
+

A�

2s

◆�
2

. (4.1)

For small � and large tan� the negative third term on the right hand side of the above

equation can dominate over the positive second term, leading to a reduction in the tree-

level m2

HSM
. The mass of H

SM

can then reach values as high as 125GeV or so only through

large radiative corrections from the stop sector, thus requiring the so-called maximal mixing

scenario and thereby invoking fine-tuning concerns. Alternatively the correct mass of H
SM

,

particularly when it is the H
1

, can be obtained in a more natural way through large � and

small tan�, implying a reduced dependence on the radiative corrections. This enhances the

tree-level contribution to m2

HSM
from the positive second term and nullifies that from the

negative third term. We shall refer to this parameter configuration as the ‘naturalness limit’

in the following.5 In figure 3(a) we see that, for the points in the strip corresponding to the

naturalness limit, larger mH1 is obtained without requiring either m
0

shown on the horizontal

axis, or A
0

, shown by the heat map, to be too large. For points outside this strip, the desired

mass of H
1

can only be achieved with large m
0

or, in particular, very large �|A
0

|.
In figure 3(b) we show the distributions of the remaining three parameters,6 A�, A

and m
1/2, on the horizontal and vertical axes and by the heat map, respectively. Again one

sees a dense strip of points with relatively smaller values of m
1/2 which corresponds to the

naturalness limit. These points are also restricted to comparatively smaller values of +|A�|
but extend to a wider range of A than the points outside the strip. The smallness and

positivity of A� is warranted for further enhancing the tree-level m2

HSM
by reducing the size

of the term in the square brackets in eq. (4.1). The sign and size of A is then mainly defined

by the condition of smallness of mA1 . According to eq. (2.4), for A�, A > 0, increasing A

reduces m2

A1
as long as |2� v2 sin 2�| < |3sA|. Moreover, since � and tan� ought to be large

in order to maximise mH1 , mA1 can only be reduced further by reducing .

5In our original scan with wide parameter ranges, very few points belonging in the naturalness limit were

obtained. We therefore performed a dedicated scan of the reduced parameter ranges corresponding to the

naturalness limit, also given in table 2, and merged the points from the two scans. This results in a relatively

high density of such points in strips with sharp edges seen in the figures.
6Unlike A0, A� and A shown in the figures are the ones calculated at MSUSY by NMSSMTools from A�

⇤

and A
⇤, respectively, input at the GUT scale.
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R, D̂R, L̂ and ÊR are the quark and lepton Superfields and hu, hd and he are the

corresponding Yukawa couplings. In this model, the mass of H± is given at LO as

m2
H± = m2

A +m2
W , (5)

where mW is the mass of the W boson. In order to allow the H± → HobsW± decay, one requires
mH± > mHobs

+mW , which translates into the requirement mA ! 190GeV. In the MSSM, under
such a condition, the tree-level mass of HSM, the SM-like Higgs boson, has an upper limit

m2
HSM

≤ m2
Z cos2 2β , (6)

where mZ is the mass of the Z boson. Therefore, if the HSM is identified with the Hobs and hence
required to have a mass close to 125GeV in accordance with the LHC measurement, a large value of
tan β is necessary. Furthermore, the absence of any significant deviations of the signal strengths of
the Hobs from the SM expectations so far [44] seems to be pushing the MSSM towards the so-called
‘decoupling regime’. This regime corresponds to mA ! 150GeV for tan β ! 10 and yields SM-like
couplings of the HSM, in addition to a maximal tree-level mass, as noted above. The net effect of all
these observations is that a H± with mass greater than 200GeV and a HSM with the correct mass
and SM-like couplings can be obtained simultaneously only for large tan β. However, according to
Eqs. (2) and (3), tan β ∼ 10 not only diminishes the BR(H± → W±HSM) but also the gb → tH−

cross section.
The complete MSSM contains more than 120 free parameters in addition to those of the SM.

In its phenomenological version, the pMSSM, one assumes the matrices for the sfermion masses
and for the trilinear scalar couplings to be diagonal, which reduces the parameter space of the
model considerably. Here, since we are mainly concerned with the Higgs sector of the model,
we further impose the following mSUGRA-inspired (where mSUGRA stands for minimal Super-
Gravity) universality conditions:

m0 ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML1,2,3 = ME1,2,3 ,

m1/2 ≡ 2M1 = M2 =
1

3
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the two doublet fields of the MSSM. The scale-invariant Superpotential of the NMSSM is written
as
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3
Ŝ3 , (8)

where Ŝ is the additional Higgs singlet Superfield and λ and κ are dimensionless Yukawa couplings.
The introduction of the new singlet field results in a total of five neutral Higgs mass eigenstates

6

HSM can be the H1 or the H2 or a superposition of both! 
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not couple to gauge bosons, the F -terms, plus the soft SUSY-breaking terms for the Higgs
sector, which are given by

Vsoft = m2
Hu

|Hu|2 +m2
Hd

|Hd|2 +m2
S |S|

2 +

[
λAλSHuHd +

1

3
κAκS

3 + h.c.

]
. (2.2)

The NMSSM scalar potential has the new parameters λ,κ, Aλ, Aκ, and mS compared to the
MSSM. In addition, the singlet acquires a vacuum expectation value (vev) s = ⟨S⟩. Instead
of using s as a parameter, we will use the effective µ-term, µeff = λs. The parameters m2

Hu
,

m2
Hd

and m2
S are moreover related to the Z boson mass, mZ , tan β ≡ vu/vd, where vu and

vd are Hu and Hd vevs, respectively, and µeff through the minimisation conditions of the
scalar potential for EW symmetry breaking, and can therefore be eliminated. The vevs of
the doublet Higgs fields also satisfy the relation v2u+v2d = v2 = 2m2

W /g22 = (174GeV)2, where
mW is the mass of the W boson and g2 is the SU(2)L gauge coupling.

The free parameters of the MSSM Higgs sector include mA, the mass of the CP-odd
scalar, tan β and µ. In the NMSSM mA, which is the 1 × 1 entry of the pseudoscalar mass
matrix before diagonalisation, can be traded for Aλ, and µ gets replaced by µeff , so that all in
all we have six Higgs sector parameters (λ,κ, Aλ, Aκ, tan β, µeff). There are thus three more
parameters in the NMSSM than in the MSSM, all of which originate in the Higgs sector.

As S is a complex field, there will be two additional physical Higgs bosons in the
NMSSM compared to the MSSM. For a CP-conserving theory (as is assumed here) we have
three CP-even neutral states H1,H2,H3 and two CP-odd neutral states A1 and A2, where
we take the states to be ordered in mass with H1 and A1 the lightest states.

The fermion component of Ŝ is called the singlino, and mixes with the bino B̃0, wino
W̃ 0

3 , and higgsinos H̃0
d , H̃

0
u. There are therefore five neutralinos in the NMSSM. At leading

order the neutralino masses and mixings depend on the parameters of the neutralino mass
matrix. If we introduce the vector ψ̃0 = (−iB̃0,−iW̃ 0

3 , H̃
0
d , H̃

0
u, S̃

0) the non-diagonal mass
Lagrangian in the gauge eigenstate basis is given by

Lmass = −
1

2
(ψ̃0)TMχ̃0 ψ̃0 + h.c., (2.3)

where Mχ̃0 is the symmetric matrix

Mχ̃0 =

⎛

⎜⎜⎜⎜⎜⎝

M1 0 − g1vd√
2

g1vu√
2

0

M2
g2vd√

2
− g2vu√

2
0

0 −µeff −λvu
0 −λvd

2κs

⎞

⎟⎟⎟⎟⎟⎠
, (2.4)

with g1 being the U(1)Y gauge coupling.
The neutralino masses and compositions at the tree level thus depend on the Higgs sector

parameters λ,κ, µeff , vu, vd and the gaugino masses M1 and M2. The mass matrix in eq. (2.4)
is symmetric and can be diagonalised by a unitary matrix N to give D = diag(mχ̃0

i
) =

N∗Mχ̃0N †, for i = 1−5. If all the parameters in the mass matrix are real (which we assume
to be the case here) then the matrix N is orthogonal, and we have D = NMχ̃0NT . The

neutralinos are then given by χ̃0
i = Nijψ̃0

j .
The eigenvalues of Nij are all real, but can be positive or negative. (They can be

made positive by a phase transformation.) They are not ordered in mass after performing
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with g1 being the U(1)Y gauge coupling.
The neutralino masses and compositions at the tree level thus depend on the Higgs sector

parameters λ,κ, µeff , vu, vd and the gaugino masses M1 and M2. The mass matrix in eq. (2.4)
is symmetric and can be diagonalised by a unitary matrix N to give D = diag(mχ̃0

i
) =

N∗Mχ̃0N †, for i = 1−5. If all the parameters in the mass matrix are real (which we assume
to be the case here) then the matrix N is orthogonal, and we have D = NMχ̃0NT . The

neutralinos are then given by χ̃0
i = Nijψ̃0

j .
The eigenvalues of Nij are all real, but can be positive or negative. (They can be

made positive by a phase transformation.) They are not ordered in mass after performing
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the diagonalisation, but should then be reordered so that χ̃0
1 is the lightest neutralino. The

linear combination,

χ̃0
1 = N11B̃

0 +N12W̃
0
3 +N13H̃

0
d +N14H̃

0
u +N15S̃

0 , (2.5)

is thus our DM candidate. In order to describe the composition of χ̃0
1, we define the gaugino

fraction in it as Zg = |N11|2 + |N12|2, the higgsino fraction as Zh = |N13|2 + |N14|2 and
the singlino fraction as Zs = |N15|2. Our main focus here is a χ̃0

1 with a non-negligible
singlino fraction, which we define to be Zs ≥ 0.05. Such a χ̃0

1 could lead to some distinct
phenomenological scenarios precluded in the MSSM.

Let us note some properties of the tree-level neutralino mass matrix given in eq. (2.4),
assuming the mass parameters M1 and M2 of the gauginos to be very heavy so that they are
decoupled from the 3×3 higgsino-singlino block. The 5×5 diagonal element, 2κs = 2κµeff/λ,
corresponds to the mass of the singlino. Thus, if this is small the χ̃0

1 is more likely to be
singlino-dominated after diagonalisation. Similarly, if µeff is small, depending on the size of
λ, the lightest neutralino can instead have a larger higgsino component. To have a singlino-
dominated WIMP, we therefore need a large µeff and/or a small κ. A large λ also reduces
the size of the 5 × 5 term, but at the same time it enhances the sizes of the off-diagonal
terms, leading to a larger mixing. Note, however, that the presence of a certain amount of
higgsino in the WIMP is necessary to obtain a realistic relic abundance. Thus µeff should not
be too large and λ should not be too small. Evidently, the composition of such a WIMP is
quite insensitive to the value of tan β. In reality the situation is more complex, as the other
elements of the matrix also need to be considered. Moreover, just as in the MSSM, this mass
matrix is subject to radiative corrections [22–29] from various other sectors of the NMSSM.

3 Model scans and constraints

As noted above, beyond the tree level, the parameters of other SUSY sectors also need to
be taken into account along with the Higgs sector ones, when drawing inferences about the
neutralino sector. However, a general EW-scale NMSSM contains more than 150 parame-
ters in total. One way to reduce the number of free parameters is to consider a minimal
supergravity-like scenario in which all the dimensionful parameters are defined at the grand
unification (GUT) scale and certain universality conditions are imposed on them. In such
a so-called constrained NMSSM (CNMSSM) [30], the scalar soft SUSY-breaking masses are
unified into a generic mass parameter m0, the gaugino masses into m1/2, and all the trilinear
couplings, including Aλ and Aκ, into A0. Then, given mZ , these three parameters along with
the coupling λ, taken as an input at the SUSY-breaking scale, MSUSY, and the sign of µeff

constitute the only free parameters. All the parameters at MSUSY are then obtained from
these GUT-scale parameters using the renormalisation group equations.

In order to allow more freedom in adjusting the Higgs and neutralino sector parameters,
one can relax the above mentioned universality conditions partially. In that case, similarly
to the MSSM with non-universal Higgs masses (NUHM), mHu , mHd

and mS , are disunified
from m0 at the GUT scale and taken as free parameters, which can then be traded for κ,
µeff and tan β at the EW scale. Also, Aλ and Aκ, though still input at the GUT scale, are
disunified from A0. This results in a total of nine input parameters and we refer to this
model as the next-to-NUHM (NNUHM) here.

Alternatively, without imposing the GUT-universality conditions, a convenient way to
considerably reduce the number of parameters in the general EW-scale NMSSM is to assume
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that the matrices for the sfermion masses and for the trilinear scalar couplings are diagonal.
Furthermore, the soft SUSY-breaking parameters are taken to be real and those correspond-
ing to the first two generations are unified. Thus, with only about 25 or so parameters in
total, one can study the most important low-energy characteristics of the model. In our
analysis, as noted earlier, our main focus is on a χ̃0

1 with Zs ≥ 0.05. At the same time we
also want to take into account all possible annihilation and co-annihilation channels of such
a χ̃0

1 that can lead to correct relic abundance. Some of these co-annihilation channels require
the existence of a sfermion not much heavier than the χ̃0

1 itself. However, in order that the
model candidate for the SM-like Higgs boson, Hobs, observed at the LHC [31–33] has a mass
near 125GeV, large corrections from the SUSY sector are necessary, implying sufficiently
large masses of the sfermions. Crucially though, these corrections are almost entirely domi-
nated by the stops. In view of all these considerations, we impose the following universality
conditions on the parameters of the general NMSSM:

MQ̃ ≡ MQ̃1,2
= MŨ1,2

= MD̃1,2
,

ML̃ ≡ ML̃1,2,3
= MẼ1,2,3

,

M2 =
1

3
M3 ,

A0 ≡ At = Ab = Aτ .

This leaves us with a total of 14 free parameters to scan over.1 In the following we will refer
to this model as NMSSM-14.

In order to obtain maximum possible configurations of the free parameters that yield the
desired neutralino composition while satisfying important constraints coming from various
experimental sources, these parameters need to be scanned numerically. We first carried out
scans for the NNUHM, using the MultiNest-v2.18 [34] package, which is linked to the public
code NMSSMTools-v4.2.1 [35–39] to calculate the SUSY mass spectra and branching ratios
(BR) as well as the Higgs boson signal rates. The signal rate is defined, for the X decay
channel of a given NMSSM Higgs boson, Hi, as

RX
i ≡

σ(gg → Hi)× BR(Hi → X)

σ(gg → hSM)× BR(hSM → X)
, (3.1)

where hSM is the SM Higgs boson with the same mass as Hi.
Two separate scans were performed for the NNUHM, requiring the role of Hobs to be

played by H1 in one of them and by H2 in the other, since both these scenarios are easily
realisable in significant portions of the model parameter space []. A Hi is identified with Hobs

by requiring it to have a mass lying in the 122GeV – 128GeV range 2 and RX
obs consistent

with the experimentally measured µX ≡ σ(pp → Hobs → X)/σ(pp → hSM → X) within ±1σ
error, for each X. This condition assumes that the inclusive pp cross section for Higgs boson
production at the LHC can be approximated by the dominant gluon fusion channel. Note,
however, that in the rare cases when σ(gg → Hobs → X)/σ(gg → hSM → X) for a given X
is also provided by the experimental collaboration, we use it as µX for comparing RX

obs with.

1Note in particular that a unique soft slepton mass has been used for all three generations of the sleptons.
This is not the case for the squarks, for which the soft mass parameter for the first two generations is disunified
from that for the third generation.

2The extended mass range is to allow up to 3GeV uncertainty in the theoretical prediction of the mass of
the assumed Hobs.
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X µX(CMS) [40] µX(ATLAS) Allowed RX
obs range

Observed RX
obs range

Hobs = H1 Hobs = H2

γγ 1.13 ± 0.24 1.17 ± 0.27 [41] 0.89 – 1.37 0.91 – 1.1 0.89 – 1.12
ZZ 1.0± 0.29 1.44+0.40

−0.35 [42]
0.71 – 1.31 0.95 – 1.05 0.88 – 1.05

WW 0.83 ± 0.21 1.09+0.23
−0.21 [43]

ττ 0.91 ± 0.28 1.4+0.5
−0.4 [42] 0.63 – 1.9 0.9 – 1.01 0.63 – 1.06

Table 1: Higgs boson signal rates measured by the CMS and ATLAS collaborations, their
ranges enforced in the scans and those observed for the good points from the scans corre-
sponding to the Hobs = H1 and Hobs = H2 cases.

The most recent measurements µX from the ATLAS and CMS collaborations are given
in Table 1. Instead of considering the two sets of experimental measurements of the same
observables separately in two scans for the given Hobs case, we delineate an ‘optimal allowed
range’ of each RX

obs. This range spans min[µX − |1σ|∨ (ATLAS), µX − |1σ|∨ (CMS)] to
max[µX + |1σ|∧ (ATLAS), µX + |1σ|∧ (CMS)], where µX denotes the central value of the
measurement and |1σ|∧ and |1σ|∨ imply, respectively, the positive and negative error on it, as
long as µX− |1σ|∧ for one experiment is not higher than µX− |1σ|∨ for the other. This range
is also given in the last column of Table 1 for each X. One can notice in the table that while
µγγ from the two collaborations are mutually consistent, the ATLAS measurement of µZZ is
considerably higher than the CMS one. Note also that since the WW and ZZ decays of a
given Hi depend on the same V V Hi reduced coupling, NMSSMTools computes a unique
value, RV V

obs , of the signal rates for both these channels. Therefore, our defined optimal range
of RV V

obs covers µZZ − |1σ|∨ from CMS to µWW + |1σ|∧ from ATLAS. We ignore the µbb

measurement here since, aside from the fact that the error on it is very large, it does not
take into account the gluon fusion mode for the production of Hobs.

During our scans the b-physics observables were subject to the following constraints.

• 2.63 × 10−4 ≤ BR
(
B → Xsγ

)
≤ 4.23 × 10−4,

• 0.71 × 10−4 < BR(Bu → τν) < 2.57× 10−4,

• 1.3 × 10−9 < BR(Bs → µ+µ−) < 4.5× 10−9.

The theoretical evaluation of these observable was carried out using the package SuperIso-
v3.4 [44] and the above ranges are the ones allowed at 95% confidence level, as suggested in
the manual of the package. Each SUSY point was also required to be consistent with the LEP
and LHC exclusion limits, applicable on the other, non-SM-like, Higgs bosons of the model
and tested using HiggsBounds-v4.1.3 [45–48]. Finally, we enforced an upper limit on the
χ̃0
1 thermal relic density, Ωχ̃0

1
h2 < 0.131, thus allowing up to +10% error in the theoretical

calculation of the neutralino relic density, performed by the package MicrOMEGAs, given
the measured value of of 0.119 from the Planck telescope [49, 50]. No lower limit is imposed
on Ωχ̃0

1
h2 in view of the possibility that χ̃0

1 can make up 100% of the DM in the universe via,

e.g., non-thermal production [51], despite not yielding under abundant thermal relic density.
Our scans showed that the NNUHM serves as a good approximation for the general

NMSSM for the Hobs = H2 scenario, since we obtained a sufficiently large number of points
with the desired neutralino composition. We point out here that in this Hobs scenario, the
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2HDM-I 2HDM-II A2HDM

g2qH± m2
b cot

2 β +m2
t cot

2 β m2
b tan

2 β +m2
t cot

2 β m2
b tan

2 βD +m2
t tan

2 βU

Table 1: The expressions for g2qH± in the different 2HDMs considered in this paper.

in Table 1. It should be noted that g2qH± in the 2HDM-II is identical to the one in the SUSY
models.

4 Model scans and experimental constraints

We have performed scans of the parameter spaces of all the models considered here, requiring mH±

to lie in the 200GeV –500GeV range. For each scenario except the MSSM, we carried out two
separate scans for the cases with H1 and H2 alternatively playing the role of Hobs, i.e., having mass
near 125GeV and SM-like signal rates in the γγ and ZZ decay channels. We point out here that
in the MSSM it is not possible to obtain a H with a mass around 125GeV while also requiring
mH± ! 200GeV, as their masses lie very close to each other by theoretical construction. In the
case of the SUSY models, since the masses of the scalar Higgs bosons are derived and not input
parameters, we used the nested sampling package MultiNest-v2.18 [52] for efficiently scanning their
parameter spaces.

The mass spectra and Higgs boson decay BRs for each scanned point of the MSSM, the NMSSM
and the 2HDMs were computed using the public packages SUSY-HIT-v1.3 [53], NMSSMTools-
v4.2.1 [54] and 2HDMC [55], respectively. For a point to be accepted in a given scan, it had to pass
the condition 122GeV ≤ mHobs

≤ 128GeV for the SUSY models and 123GeV ≤ mHobs
≤ 127GeV

in the 2HDMs. This is to take into account the experimental as well theoretical uncertainties (which
are understandably larger in the presence of SUSY) in mHobs

predicted in the two scenarios. As
for the b-physics observables, the points for which their theoretically evaluated values did not lie
in the following ranges were rejected during the scans for the NMSSM and the A2HDM.

• 2.63 × 10−4 ≤ BR
(
B → Xsγ

)
≤ 4.23× 10−4,

• 0.71 × 10−4 < BR(Bu → τν) < 2.57 × 10−4,

• 1.3 × 10−9 < BR(Bs → µ+µ−) < 4.5× 10−9.

These 95% confidence level ranges are the ones suggested in the manual of the package SuperIso-
v3.4 [56], which was used for the theoretical evaluation of these observables. Additionally, the
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= (0.507 ± 0.004) ps−1, which is
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Ωχh2 < 0.131, assuming a +10% theoretical error on the central value of 0.119 measured by the
PLANCK collaboration [59], were retained.

Finally, we used the public package HiggsBounds-v4.1.3 [60] to test the neutral Higgs bosons
other than the Hobs in a given case for each model against the exclusion limits from the Large
Electron–Positron (LEP) collider, the Tevatron and the LHC. This program also takes care of the
exclusion constraints on H± from the various LHC searches mentioned in the Introduction. Finally,
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X µX(CMS) [40] µX(ATLAS) Allowed RX
obs range

Observed RX
obs range

Hobs = H1 Hobs = H2

γγ 1.13 ± 0.24 1.17 ± 0.27 [41] 0.89 – 1.37 0.91 – 1.1 0.89 – 1.12
ZZ 1.0± 0.29 1.44+0.40

−0.35 [42]
0.71 – 1.31 0.95 – 1.05 0.88 – 1.05

WW 0.83 ± 0.21 1.09+0.23
−0.21 [43]

ττ 0.91 ± 0.28 1.4+0.5
−0.4 [42] 0.63 – 1.9 0.9 – 1.01 0.63 – 1.06

Table 1: Higgs boson signal rates measured by the CMS and ATLAS collaborations, their
ranges enforced in the scans and those observed for the good points from the scans corre-
sponding to the Hobs = H1 and Hobs = H2 cases.

The most recent measurements µX from the ATLAS and CMS collaborations are given
in Table 1. Instead of considering the two sets of experimental measurements of the same
observables separately in two scans for the given Hobs case, we delineate an ‘optimal allowed
range’ of each RX

obs. This range spans min[µX − |1σ|∨ (ATLAS), µX − |1σ|∨ (CMS)] to
max[µX + |1σ|∧ (ATLAS), µX + |1σ|∧ (CMS)], where µX denotes the central value of the
measurement and |1σ|∧ and |1σ|∨ imply, respectively, the positive and negative error on it, as
long as µX− |1σ|∧ for one experiment is not higher than µX− |1σ|∨ for the other. This range
is also given in the last column of Table 1 for each X. One can notice in the table that while
µγγ from the two collaborations are mutually consistent, the ATLAS measurement of µZZ is
considerably higher than the CMS one. Note also that since the WW and ZZ decays of a
given Hi depend on the same V V Hi reduced coupling, NMSSMTools computes a unique
value, RV V

obs , of the signal rates for both these channels. Therefore, our defined optimal range
of RV V

obs covers µZZ − |1σ|∨ from CMS to µWW + |1σ|∧ from ATLAS. We ignore the µbb

measurement here since, aside from the fact that the error on it is very large, it does not
take into account the gluon fusion mode for the production of Hobs.

During our scans the b-physics observables were subject to the following constraints.

• 2.63 × 10−4 ≤ BR
(
B → Xsγ

)
≤ 4.23 × 10−4,

• 0.71 × 10−4 < BR(Bu → τν) < 2.57× 10−4,

• 1.3 × 10−9 < BR(Bs → µ+µ−) < 4.5× 10−9.

The theoretical evaluation of these observable was carried out using the package SuperIso-
v3.4 [44] and the above ranges are the ones allowed at 95% confidence level, as suggested in
the manual of the package. Each SUSY point was also required to be consistent with the LEP
and LHC exclusion limits, applicable on the other, non-SM-like, Higgs bosons of the model
and tested using HiggsBounds-v4.1.3 [45–48]. Finally, we enforced an upper limit on the
χ̃0
1 thermal relic density, Ωχ̃0

1
h2 < 0.131, thus allowing up to +10% error in the theoretical

calculation of the neutralino relic density, performed by the package MicrOMEGAs, given
the measured value of of 0.119 from the Planck telescope [49, 50]. No lower limit is imposed
on Ωχ̃0

1
h2 in view of the possibility that χ̃0

1 can make up 100% of the DM in the universe via,

e.g., non-thermal production [51], despite not yielding under abundant thermal relic density.
0.107 < Ωχ̃0

1
h2 < 0.131

Our scans showed that the NNUHM serves as a good approximation for the general
NMSSM for the Hobs = H2 scenario, since we obtained a sufficiently large number of points
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Partially GUT-constrained `C’NMSSM                    EW-scale (p)NMSSM 	


NNUHM parameter Scanned range
m0 (GeV) 200 – 2000
m1/2 (GeV) 100 – 1000
A0 (GeV) −3000 – 0

tan β 1 – 6
λ 0.4 – 0.7
κ 0.01 – 0.7

µeff (GeV) 100 – 200
Aλ (GeV) −500 – 500
Aκ (GeV) −500 – 500

NMSSM-14 parameter Scanned range
MQ̃3

(GeV) 200 – 10000

MŨ3
(GeV) 200 – 10000

MD̃3
(GeV) 200 – 10000

MQ̃ (GeV) 200 –10000

ML̃ (GeV) 200 – 10000
M1 (GeV) 100 – 10000
M2 (GeV) 100 – 10000
A0 (GeV) −25000 – 0
µeff (GeV) 100 – 2000

tan β 1 – 70
λ 0.001 – 0.7
κ 0.001 – 0.7

Aλ (GeV) 0 – 25000
Aκ (GeV) −25000 – 0

(a) (b)

Table 2: Scanned ranges of the input parameters for (a) the NNUHM with Hobs = H2 and
(b) the NMSSM-14 with a Hobs = H1.

with the desired neutralino composition. We point out here that in this Hobs scenario, the
H2 gains a large tree-level mass in a natural way, with large λ and small tan β []. Thus no
large corrections from the SUSY sector, and hence large sparticle masses, are necessary in
order to achieve a H2 mass near 125GeV. We therefore scanned only the relevant ranges of
these input parameters, which are listed in Table 2(a). Also in this scenario the χ̃0

1, typically
a singlino-higgsino mixture, is generally light and can still give the correct relic abundance.
The singlino and the higgsino masses are pushed towards smaller values for two main reasons:
a) λ is generally large and b) the masses of singlet-like H1 and A1, which scale with κs, are
smaller than the Hobs mass, thus forbidding κ and s from taking very large values.

The H1 can play the role of Hobs over the complementary, and hence comparatively
much larger, NMSSM parameter space, where tan β is not small simultaneously with large
λ. However, in the NNUHM case, an adaptive sampling of the NNUHM parameter space
tends to direct the scans towards regions yielding H1 solutions which are very SM-like, owing
to the fact that the collider constraints imposed are more frequently satisfied there, given
sufficiently large SUSY-breaking masses. In such regions, it is much harder to obtain a χ̃0

1

with Zs ≥ 0.05, since λ is typically small and also since the relic density constraint is more
readily satisfied by a gauginos or a higgsino or their admixture. In our scans of the NNUHM
for Hobs = H1 scenario, we found only a handful of points with a non-vanishing singlino
component. We therefore carried out numerical scans of the NMSSM-14 in order to obtain
a larger number of points for which χ̃0

1 had a varying but sizeable singlino component. The
scanned ranges of the NMSSM-14 parameters are given in Table 2(b).

In Fig. 1(a) we show Ωχ̃0
1
h2 as a function of the the χ̃0

1 mass, mχ̃0
1
, for the good points

obtained from our scan for the NNUHM with Hobs = H2. The heat map in the figure shows
the distribution of Zs. The maximum Ωχ̃0

1
h2 seen for the points is 0.131, which assumes,

as noted earlier, a +10% error on the Planck relic density measurement of 0.119. A line
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that the matrices for the sfermion masses and for the trilinear scalar couplings are diagonal.
Furthermore, the soft SUSY-breaking parameters are taken to be real and those correspond-
ing to the first two generations are unified. Thus, with only about 25 or so parameters in
total, one can study the most important low-energy characteristics of the model. In our
analysis, as noted earlier, our main focus is on a χ̃0

1 with Zs ≥ 0.05. At the same time we
also want to take into account all possible annihilation and co-annihilation channels of such
a χ̃0

1 that can lead to correct relic abundance. Some of these co-annihilation channels require
the existence of a sfermion not much heavier than the χ̃0

1 itself. However, in order that the
model candidate for the SM-like Higgs boson, Hobs, observed at the LHC [31–33] has a mass
near 125GeV, large corrections from the SUSY sector are necessary, implying sufficiently
large masses of the sfermions. Crucially though, these corrections are almost entirely domi-
nated by the stops. In view of all these considerations, we impose the following universality
conditions on the parameters of the general NMSSM:

MQ̃ ≡ MQ̃1,2
= MŨ1,2

= MD̃1,2
,

ML̃ ≡ ML̃1,2,3
= MẼ1,2,3

,

M2 =
1

3
M3 ,

A0 ≡ At = Ab = Aτ .

This leaves us with a total of 14 free parameters to scan over.1 In the following we will refer
to this model as NMSSM-14.

In order to obtain maximum possible configurations of the free parameters that yield the
desired neutralino composition while satisfying important constraints coming from various
experimental sources, these parameters need to be scanned numerically. We first carried out
scans for the NNUHM, using the MultiNest-v2.18 [34] package, which is linked to the public
code NMSSMTools-v4.2.1 [35–39] to calculate the SUSY mass spectra and branching ratios
(BR) as well as the Higgs boson signal rates. The signal rate is defined, for the X decay
channel of a given NMSSM Higgs boson, Hi, as

RX
i ≡

σ(gg → Hi)× BR(Hi → X)

σ(gg → hSM)× BR(hSM → X)
, (3.1)

where hSM is the SM Higgs boson with the same mass as Hi.
Two separate scans were performed for the NNUHM, requiring the role of Hobs to be

played by H1 in one of them and by H2 in the other, since both these scenarios are easily
realisable in significant portions of the model parameter space []. A Hi is identified with Hobs

by requiring it to have a mass lying in the 122GeV – 128GeV range 2 and RX
obs consistent

with the experimentally measured µX ≡ σ(pp → Hobs → X)/σ(pp → hSM → X) within ±1σ
error, for each X. This condition assumes that the inclusive pp cross section for Higgs boson
production at the LHC can be approximated by the dominant gluon fusion channel. Note,
however, that in the rare cases when σ(gg → Hobs → X)/σ(gg → hSM → X) for a given X
is also provided by the experimental collaboration, we use it as µX for comparing RX

obs with.

1Note in particular that a unique soft slepton mass has been used for all three generations of the sleptons.
This is not the case for the squarks, for which the soft mass parameter for the first two generations is disunified
from that for the third generation.

2The extended mass range is to allow up to 3GeV uncertainty in the theoretical prediction of the mass of
the assumed Hobs.

– 5 –
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m0 (GeV) 200 – 2000
m1/2 (GeV) 100 – 1000
A0 (GeV) −3000 – 0
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(GeV) 200 – 10000
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(GeV) 200 – 10000
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(GeV) 200 – 10000

MQ̃ (GeV) 200 –10000
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µeff (GeV) 100 – 2000

tan β 1 – 70
λ 0.001 – 0.7
κ 0.001 – 0.7

Aλ (GeV) 0 – 25000
Aκ (GeV) −25000 – 0

(a) (b)

Table 2: Scanned ranges of the input parameters for (a) the NNUHM with Hobs = H2 and
(b) the NMSSM-14 with a Hobs = H1.

with the desired neutralino composition. We point out here that in this Hobs scenario, the
H2 gains a large tree-level mass in a natural way, with large λ and small tan β []. Thus no
large corrections from the SUSY sector, and hence large sparticle masses, are necessary in
order to achieve a H2 mass near 125GeV. We therefore scanned only the relevant ranges of
these input parameters, which are listed in Table 2(a). Also in this scenario the χ̃0

1, typically
a singlino-higgsino mixture, is generally light and can still give the correct relic abundance.
The singlino and the higgsino masses are pushed towards smaller values for two main reasons:
a) λ is generally large and b) the masses of singlet-like H1 and A1, which scale with κs, are
smaller than the Hobs mass, thus forbidding κ and s from taking very large values.

The H1 can play the role of Hobs over the complementary, and hence comparatively
much larger, NMSSM parameter space, where tan β is not small simultaneously with large
λ. However, in the NNUHM case, an adaptive sampling of the NNUHM parameter space
tends to direct the scans towards regions yielding H1 solutions which are very SM-like, owing
to the fact that the collider constraints imposed are more frequently satisfied there, given
sufficiently large SUSY-breaking masses. In such regions, it is much harder to obtain a χ̃0

1

with Zs ≥ 0.05, since λ is typically small and also since the relic density constraint is more
readily satisfied by a gauginos or a higgsino or their admixture. In our scans of the NNUHM
for Hobs = H1 scenario, we found only a handful of points with a non-vanishing singlino
component. We therefore carried out numerical scans of the NMSSM-14 in order to obtain
a larger number of points for which χ̃0

1 had a varying but sizeable singlino component. The
scanned ranges of the NMSSM-14 parameters are given in Table 2(b).

In Fig. 1(a) we show Ωχ̃0
1
h2 as a function of the the χ̃0

1 mass, mχ̃0
1
, for the good points

obtained from our scan for the NNUHM with Hobs = H2. The heat map in the figure shows
the distribution of Zs. The maximum Ωχ̃0

1
h2 seen for the points is 0.131, which assumes,

as noted earlier, a +10% error on the Planck relic density measurement of 0.119. A line
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Parameter space(s) 
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Interesting mass regions: < 10 GeV, ~ 60 – 100 GeV and ~ 500 – 1000 GeV 
where the relic density is insufficient in the MSSM 

 χ1 ~ 35 GeV can explain the Fermi-LAT γ-ray excess from the galactic centre 
[C Cheung et al, 1406.6372, J Cao et al, 1410.3239] 
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Figure 1: Relic density due to the e�0

1

as a function of its mass for (a) the H
obs

= H
2

case
and (b) the H

obs

= H
1

case. The colour code corresponds to the singlino fraction.

is owing to the fact that a highly higgsino-dominated neutralino can easily satisfy the ⌦e�0

1

h2

constraint for such masses. In fact none of the points with me�0

1

& 1.4TeV had Zs larger than
0.05, which is also evident from the figure.

Overall, one notices in the two figures the trend that, for a given me�0

1

, a larger singlino

fraction results in larger ⌦e�0

1

h2. This is expected, since a e�0

1

with a small Zs (implying

a large higgsino fraction) has a higher interaction strength and hence a higher annihilation
rate compared to one with the same mass but a comparatively larger singlino fraction. There
are thus some discrete e�0

1

mass ranges for which the ⌦e�0

1

h2 obtained is consistent with the
Planck observation. In between these regions no Planck-consistent neutralino solutions were
obtained due to the fact that for the corresponding masses the non-singlino fraction becomes
too small to obtain su�cient DM (co-)annihilation.

In the following, we shall not distinguish between points belonging to the NNUHM or
to the NMSSM-14, since we are only concerned with the composition and the mass of a given
e�0

1

. Whether a e�0

1

corresponds to the H
obs

= H
1

scenario or to the H
obs

= H
2

scenario can
be easily inferred from its mass.

4 Dark matter in the Sun

The description in this section follows the notation of [79]. The number of neutralinos in the
Sun as a function of time, N�(t), is given by an evolution equation [85]

dN�(t)

dt
= C� �A��N�(t)

2 � E�N�(t) , (4.1)

where C� is the neutralino capture rate (assumed to be constant), E�N�(t) is the evaporation
rate, and A��N�(t)2 is the annihilation rate of a pair of neutralinos. Here A�� is defined as

A�� =
h�vi
V DM
e↵

, (4.2)
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Singlino LSP and the relic density  
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ICECUBE AND PINGU 
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Precision IceCube Next Generation Upgrade (PINGU)  
- Proposed 40-string extension of DeepCore [M Aartsen et al, 1401.2046] 

 [http://icecube.wisc.edu] 
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Effective area/volume: 100% detection efficiency at a detector                                                                

 

DM annihilation in the Sun results in a neutrino flux at the Earth  

 

 

 - µ (from νµ) vs. e, τ: poorer energy resolution but better angular resolution 

4.1 Event generators 45

Table 4.3: Signal simulation dataset details, listed by annihilation channel and WIMP
mass (mWIMP). The number of generated files (Nfile) and number of generated annihi-
lations per file (Ngen) are shown, along with simulation propagator details.

mWIMP Channel Nfile Ngen ice-model photon
(GeV) (1⇥106) prop.

20 t+t� 100 1 SPICE-MIE clsim

35 t+t�, bb̄ 100, 200 1 SPICE-MIE clsim

50 t+t�, bb̄ 100, 200 1 SPICE-MIE clsim

100 W+W�, bb̄ 50, 200 1 SPICE-MIE clsim

250 W+W�, bb̄ 20, 100 1 SPICE-MIE clsim

500 W+W�, bb̄ 20, 100 1 SPICE-MIE clsim

1000 W+W�, bb̄ 20, 50 1 SPICE-MIE clsim

3000 W+W�, bb̄ 20, 20 1 SPICE-MIE clsim

5000 W+W�, bb̄ 20, 20 1 SPICE-MIE clsim

250 LKP 20 1 SPICE-MIE clsim

500 LKP 20 1 SPICE-MIE clsim

700 LKP 20 1 SPICE-MIE clsim

900 LKP 20 1 SPICE-MIE clsim

1100 LKP 20 1 SPICE-MIE clsim

1500 LKP 20 1 SPICE-MIE clsim

3000 LKP 20 1 SPICE-MIE clsim

The WimpSim output is a physical event corresponding to one annihilation
process that results in a neutrino. It contains directional and energy informa-
tion for the incoming neutrino, the created lepton and the resulting hadronic
shower. The interaction vertices of all events are randomly placed inside an
energy dependent cylindrical Volume (Vi), where the size is determined by the
muon range. The number of corresponding physical events, Nphys, from Ngen

generated annihilations, is given by Nphys = ÂNgen
i Viwi, where wi is the energy

dependent simulation weight, given per annihilation and unit volume.

In order to determine detection efficiencies, we can calculate the effective
volume, Veff, corresponding to an equivalent volume of 100% detection effi-
ciency, which is defined for WIMP signal simulation using:

Veff =
ÂNgen

i wiVidi

ÂNgen
i wi

, where di =

(
0 event not observed
1 event observed

(4.1)

Vi: cylindrical volume,  wi: simulation weight, ρice: 0.92g/cm3, Aice: 18 g/mole   
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Table 4.3: Signal simulation dataset details, listed by annihilation channel and WIMP
mass (mWIMP). The number of generated files (Nfile) and number of generated annihi-
lations per file (Ngen) are shown, along with simulation propagator details.

mWIMP Channel Nfile Ngen ice-model photon
(GeV) (1⇥106) prop.

20 t+t� 100 1 SPICE-MIE clsim

35 t+t�, bb̄ 100, 200 1 SPICE-MIE clsim

50 t+t�, bb̄ 100, 200 1 SPICE-MIE clsim

100 W+W�, bb̄ 50, 200 1 SPICE-MIE clsim

250 W+W�, bb̄ 20, 100 1 SPICE-MIE clsim
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1000 W+W�, bb̄ 20, 50 1 SPICE-MIE clsim
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700 LKP 20 1 SPICE-MIE clsim

900 LKP 20 1 SPICE-MIE clsim

1100 LKP 20 1 SPICE-MIE clsim

1500 LKP 20 1 SPICE-MIE clsim

3000 LKP 20 1 SPICE-MIE clsim

The WimpSim output is a physical event corresponding to one annihilation
process that results in a neutrino. It contains directional and energy informa-
tion for the incoming neutrino, the created lepton and the resulting hadronic
shower. The interaction vertices of all events are randomly placed inside an
energy dependent cylindrical Volume (Vi), where the size is determined by the
muon range. The number of corresponding physical events, Nphys, from Ngen

generated annihilations, is given by Nphys = ÂNgen
i Viwi, where wi is the energy

dependent simulation weight, given per annihilation and unit volume.

In order to determine detection efficiencies, we can calculate the effective
volume, Veff, corresponding to an equivalent volume of 100% detection effi-
ciency, which is defined for WIMP signal simulation using:

Veff =
ÂNgen

i wiVidi

ÂNgen
i wi

, where di =

(
0 event not observed
1 event observed

(4.1)
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✓ = 0� in the direction of the Sun. For a given detector, the total number of events observed
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⌫µ is the e↵ective area of the detector. The integral over t is done over the live time
of the detector, as will be specified later. In our case of a search for DM annihilation in the
Sun, the angular integral is performed over a cone that points to the Sun’s position with
a cut on the maximum polar angle ✓
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to take into account the angular resolution of the
detector. � at the detector location (Earth) will be modified by neutrino energy losses as
well as oscillations on their way from the Sun. MicrOMEGAs takes care of these e↵ects,
providing the expected neutrino flux at the Earth for each signal model point considered.

In the case of PINGU, for which the detector e↵ective volume is available instead of the
area, the e↵ective area is obtained via
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ice

, (6.3)

where ⇢
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and A
ice

are the density and molar mass of ice, NA is the Avogadro’s number, and
�⌫N is the cross section for charged current deep inelastic scattering of the incident neutrinos
with nucleons in the ice. We use the cross sections from [91, 92] and take the density of ice
at the South Pole to be 0.92 g/cm3, with a molar mass of 18.015 g/mol.
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Figure 2: Examples of the ⌫µ spectra (left axis) from some selected model points which
result in a large statistical significance. The non-smooth features in some of the spectra
originate from DM annihilation into WW or ZZ. Also shown is the energy dependence of
the PINGU (orange), IceCube (blue) and DeepCore (violet) e↵ective areas (right axis).

7 Results and discussion

The predicted ⌫µ spectra from DM annihilations in the Sun are obtained from the NMSSM
model points via MicrOMEGAs, and the expected signal is calculated using the e↵ective
areas of the detectors as indicated in eq. (6.2). We consider the three independent detectors
IceCube, DeepCore and PINGU, as noted above and illustrated in figure 2, each covering a
di↵erent range in neutrino energy. Figure 2 also contains examples of the ⌫µ spectra resulting
from DM annihilation in the Sun. A few spectra with the largest signal were selected to
illustrate the general features of the distributions. The irregular structure of some of the
spectra around 30GeV is due to the annihilation channel e�0

1

e�0

1

! W+W�, which can result
in such characteristic features if the DM is heavy enough so that this channel is possible, but
light enough for the spectrum to not get smoothed out [87].

For a predicted number of signal events Ns from a model and a given number of back-
ground events Nb, we estimate the significance S by the formula [99]

S =

s

2

✓
(Ns +Nb) ln

✓
1 +

Ns

Nb

◆
�Ns

◆
⇡ Nsp

Nb
, (7.1)

where the last approximation is valid for Ns ⌧ Nb. The complete expression above yields a
lower S compared to the approximate one in the case of large Ns and the di↵erence between
the two amounts in our case to a maximum correction of 20%.

We integrate the signal and background over the actual live times of the detectors during
one calendar year. As pointed out earlier, PINGU is assumed to take data during the whole
year, since we assume that IceCube can be used as an e�cient veto. IceCube and DeepCore
are assumed to take data only during 152 days of the winter time as specified in table 7.1
of [89]. This lets us compare the performance of the di↵erent detectors more easily.
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Figure 5: Expected significances at the IceCube (left), DeepCore (centre) and PINGU
(right) detectors. We note that DeepCore has ruled out plenty of parameter space points
with me�0

1

⇠ 100GeV after one calendar year of data-taking (cf. figure 4). All points shown
pass the XENON100 limits.

lower panels contain the complementary set, i.e., models disfavoured by XENON100. One
sees in the figures a high sensitivity to a large number of points with me�0

1

⇠ 100GeV, which

can partly be traced back to the DM annihilation channel e�0

1

e�0

1

! W+W� yielding a harder
⌫µ spectrum for such a e�0

1

mass [87]. In fact, a large fraction of the me�0

1

⇠ 100GeV points
in each panel lie above the 2� line shown. The top panels are of particular interest in this
regard, since they indicate that many of these points, potentially ruled out by IceCube after
just one calendar year of data-taking, were not probed by the XENON100 experiment.

Figure 5, on the other hand, shows the performance of each detector individually, but for
model points that satisfy only the upper limit on ⌦e�0

1

h2 and are allowed by XENON100. We

see that it is DeepCore (central panel) which contributes more strongly to rejecting a large
number of the me�0

1

⇠ 100GeV points. As can be seen in figures 2 and 3, the e�0

1

e�0

1

! W+W�

annihilation channel is well covered by the DeepCore detector for this me�0

1

range. Almost
all the model points belonging in the 200GeV . me�0

1

. 1400GeV strip noted in the left

panel (for IceCube) of figure 1(b) lie just below the line corresponding to 2� significance
after 10 years and will thus not be accessible within this timescale. Note that the inclusion
of PINGU in our analysis was mainly to estimate its sensitivity to the model points with
me�0

1

. 10GeV. However, with our current analysis such points seem to be beyond the reach
of PINGU in any reasonable timescale, according to the right panel in the figure. While
a dedicated event-based likelihood analysis, on the lines of the one presented in [109], may
improve the prospects for reaching such points, it is beyond the scope of this paper.

In figure 6 we show again the S
Best

for the same selection of model points as in figure 5,
but with the singlino fraction now on the x-axis and the DM mass given by the colour code.
The figure further illustrates that the IceCube experiment can have a reasonable sensitivity
to an abundance of points with a wide range of singlino fractions.

Finally, in figure 7 we highlight the complementarity of DeepCore and the XENON

– 17 –

Figure 2: Examples of the ⌫µ spectra (left axis) from some selected model points which
result in a large statistical significance. The non-smooth features in some of the spectra
originate from DM annihilation into WW or ZZ. Also shown is the energy dependence of
the PINGU (orange), IceCube (blue) and DeepCore (violet) e↵ective areas (right axis).

7 Results and discussion

The predicted ⌫µ spectra from DM annihilations in the Sun are obtained from the NMSSM
model points via MicrOMEGAs, and the expected signal is calculated using the e↵ective
areas of the detectors as indicated in eq. (6.2). We consider the three independent detectors
IceCube, DeepCore and PINGU, as noted above and illustrated in figure 2, each covering a
di↵erent range in neutrino energy. Figure 2 also contains examples of the ⌫µ spectra resulting
from DM annihilation in the Sun. A few spectra with the largest signal were selected to
illustrate the general features of the distributions. The irregular structure of some of the
spectra around 30GeV is due to the annihilation channel e�0
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! W+W�, which can result
in such characteristic features if the DM is heavy enough so that this channel is possible, but
light enough for the spectrum to not get smoothed out [87].

For a predicted number of signal events Ns from a model and a given number of back-
ground events Nb, we estimate the significance S by the formula [99]

S =
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where the last approximation is valid for Ns ⌧ Nb. The complete expression above yields a
lower S compared to the approximate one in the case of large Ns and the di↵erence between
the two amounts in our case to a maximum correction of 20%.

We integrate the signal and background over the actual live times of the detectors during
one calendar year. As pointed out earlier, PINGU is assumed to take data during the whole
year, since we assume that IceCube can be used as an e�cient veto. IceCube and DeepCore
are assumed to take data only during 152 days of the winter time as specified in table 7.1
of [89]. This lets us compare the performance of the di↵erent detectors more easily.
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More points testable with each year of data! 
 
 
 
 
 

 

Years for achieving 2σ significance 
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Figure 3: Scatter plots of the model points showing �p,SI (left) and �p,SD (right) in terms
of the e�0

1

mass, with the colour code corresponding to ⌦�̄0

1

h2. The top panels contain all the
points from the scans, while the lower panels show only the model points with the predicted
⌦�̄0

1

h2 lying within ±10% of the Planck measurement.
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Figure 7: Number of calendar years required to reach S = 2�, optimised over the set of
IceCube, DeepCore or PINGU, as a function of the e�0

1

mass. The number of years has been
extrapolated from the averaged 1-year significance, implying that non-integer values on the
y-axis do not reflect the precise online/o✏ine time of IceCube and DeepCore during winter
and summer seasons. Points not reachable by XENON1T with the projected sensitivity are
shown in a lighter shade on top of the remaining points.
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Figure 2: (a) The distribution of the χ̃0
1 mass vs. that of the A1 mass, with the heat

map corresponding to the relic abundance. (b) The dependence of mχ̃0
1
on the parameter

κ. The heat map shows the singlino fraction in χ̃0
1.

the PLANCK telescope [4]. Similarly an error of ±3GeV is allowed in the theoretical

estimation of the H2 mass, given the Hobs mass measurement of 125GeV at the LHC.

Consistency with the LEP and LHC exclusion limits on the non-SM-like Higgs bosons,

including A1, was further ensured by testing each point that passed the above constraints

with the program HiggsBounds-v4.2.0 [62–65].

In Fig. 2(a) we show the ranges of the A1 and χ̃0
1 masses obtained for the good points

from our scan. The heat map corresponds to the χ̃0
1 relic density. One can see a strong

correlation between mχ̃0
1
and mA1

, with the former almost always being half of the latter

in order for the resonant annihilation of χ̃0
1 via A1. The tiny χ̃0

1 masses are a result of

vanishing κ as seen in Fig. 2(b), implying an almost PQ-symmetric model. The heat

map in the figure shows the distribution of the singlino fraction in χ̃0
1 which increases as

κ decreases and is always larger than 0.88. A large singlino component implies a small

higgsino fraction, which is necessary to prevent an under abundance of χ̃0
1 due to too much

annihilation. Fig. 3(a) illustrates that A1 is restricted to a lower mass, needed for satisfying

the relic density constraint, by adjusting Aκ to a narrow range of low negative values. This

is in agreement with eq. (2.4), along with the fact that λ, illustrated by the heat map in

the figure, also generally tends to be small. In Fig. 3(b) the distributions of the parameters

Aλ and µeff are shown against the H1 mass range obtained in the scan. We see that when

both Aλ and tanβ are small mH1
is low, while its maximum value, ∼ 45GeV, is obtained

for the largest allowed values of Aλ, with tanβ ! 10.

Fig. 4(a) shows that the mass of χ̃0
2 is almost equal to the parameter µeff as long the

parameter M1/2, given by the color map, approaches its maximum allowed value. As the

splitting between M1/2 and µeff decreases, the gaugino-higgsino mixing increases, which

results in somewhat lowering mχ̃0
2
relative to µeff . Fig. 4(b) similarly shows that, since χ̃0

3

and χ̃±

1 are higgsino-like as well, their masses are also proportional to µeff . Moreover, χ̃±

1

is always almost mass-degenerate with χ̃0
2, while χ̃

0
3 is generally heavier than both of them,
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Figure 2: (a) The distribution of the χ̃0
1 mass vs. that of the A1 mass, with the heat

map corresponding to the relic abundance. (b) The dependence of mχ̃0
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on the parameter

κ. The heat map shows the singlino fraction in χ̃0
1.

the PLANCK telescope [4]. Similarly an error of ±3GeV is allowed in the theoretical

estimation of the H2 mass, given the Hobs mass measurement of 125GeV at the LHC.

Consistency with the LEP and LHC exclusion limits on the non-SM-like Higgs bosons,

including A1, was further ensured by testing each point that passed the above constraints

with the program HiggsBounds-v4.2.0 [62–65].

In Fig. 2(a) we show the ranges of the A1 and χ̃0
1 masses obtained for the good points

from our scan. The heat map corresponds to the χ̃0
1 relic density. One can see a strong

correlation between mχ̃0
1
and mA1

, with the former almost always being half of the latter

in order for the resonant annihilation of χ̃0
1 via A1. The tiny χ̃0

1 masses are a result of

vanishing κ as seen in Fig. 2(b), implying an almost PQ-symmetric model. The heat

map in the figure shows the distribution of the singlino fraction in χ̃0
1 which increases as

κ decreases and is always larger than 0.88. A large singlino component implies a small

higgsino fraction, which is necessary to prevent an under abundance of χ̃0
1 due to too much

annihilation. Fig. 3(a) illustrates that A1 is restricted to a lower mass, needed for satisfying

the relic density constraint, by adjusting Aκ to a narrow range of low negative values. This

is in agreement with eq. (2.4), along with the fact that λ, illustrated by the heat map in

the figure, also generally tends to be small. In Fig. 3(b) the distributions of the parameters

Aλ and µeff are shown against the H1 mass range obtained in the scan. We see that when

both Aλ and tanβ are small mH1
is low, while its maximum value, ∼ 45GeV, is obtained

for the largest allowed values of Aλ, with tanβ ! 10.

Fig. 4(a) shows that the mass of χ̃0
2 is almost equal to the parameter µeff as long the

parameter M1/2, given by the color map, approaches its maximum allowed value. As the

splitting between M1/2 and µeff decreases, the gaugino-higgsino mixing increases, which

results in somewhat lowering mχ̃0
2
relative to µeff . Fig. 4(b) similarly shows that, since χ̃0

3

and χ̃±

1 are higgsino-like as well, their masses are also proportional to µeff . Moreover, χ̃±

1

is always almost mass-degenerate with χ̃0
2, while χ̃

0
3 is generally heavier than both of them,
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Figure 4: (a) The χ̃0
2 mass as a function of the parameter µeff . The color map shows the

dependence on M1/2. (b) The distribution of the χ̃0
3 and χ̃±

1 masses vs. µeff , shown by the

heat map.
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Figure 5: (a) BR(χ̃0
2 → Zχ̃0

1) and BR(χ̃0
2 → A1χ̃0

1) as functions of the parameter λ. (b)

BR(χ̃0
3 → Zχ̃0

1) vs. BR(χ̃0
3 → A1χ̃0

1), with the heat map corresponding to the BR(A1 →
µ+µ−).

fine-tuning is necessary in this model for the scan to find the right combinations of these

parameters at MSUSY that yield both H2 and A1 with the desired masses.

As noted above in Fig. 3(a), Aκ at MSUSY is restricted to a narrow range of values,

which would imply an even smaller set of its possible values at the GUT scale. Furthermore,

the SUSY-preserving parameter κ is also very small due to our requirement of mχ̃0
1
∼

1.5GeV, though the approximate PQ symmetry this results in still avoids the cosmological

constraints on the PQ axion [66]. Keeping µeff around the EW scale, κ is typically smaller

than 0.01λ. Despite all these limiting conditions, some points with the right masses of χ̃0
1

and A1 were indeed found. However, they did not cover, for example, the wide range of
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Figure 4: (a) The χ̃0
2 mass as a function of the parameter µeff . The color map shows the

dependence on M1/2. (b) The distribution of the χ̃0
3 and χ̃±

1 masses vs. µeff , shown by the

heat map.
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Figure 5: (a) BR(χ̃0
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1) as functions of the parameter λ. (b)
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1) vs. BR(χ̃0
3 → A1χ̃0

1), with the heat map corresponding to the BR(A1 →
µ+µ−).

fine-tuning is necessary in this model for the scan to find the right combinations of these

parameters at MSUSY that yield both H2 and A1 with the desired masses.

As noted above in Fig. 3(a), Aκ at MSUSY is restricted to a narrow range of values,

which would imply an even smaller set of its possible values at the GUT scale. Furthermore,

the SUSY-preserving parameter κ is also very small due to our requirement of mχ̃0
1
∼

1.5GeV, though the approximate PQ symmetry this results in still avoids the cosmological

constraints on the PQ axion [66]. Keeping µeff around the EW scale, κ is typically smaller

than 0.01λ. Despite all these limiting conditions, some points with the right masses of χ̃0
1

and A1 were indeed found. However, they did not cover, for example, the wide range of
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Figure 1: Production process for χ̃0
2,3χ̃

±

1 pair, with the χ̃0
2,3 decaying via (a) Z + χ̃0

1 and

(b) A1 + χ̃0
1.

can be overcome, the two observations above imply that the A1 + χ̃0
1 search channel can

possibly complement the Zχ̃0
1 channel for certain specific NMSSM parameter space points.

In the following sections we will analyze such parameter combinations and also introduce

our method for reconstructing the very light A1 from two collinear muons. We should point

out here that while in principle the same method can alternatively be used to probe these

A1 in the decays of the heavy CP-even Higgses, our requirement of the presence of /ET in

the final state, as an indication of light DM, renders these channels irrelevant here.

3 Parameter space scan and constraints

Due to the presence of the additional singlet superfield, the NMSSM contains several new

parameters besides the 150 or so of the MSSM at the electroweak (EW) scale. However,

assuming the sfermion mass matrices and the scalar trilinear coupling matrices to be di-

agonal reduces the parameter space of the model considerably. In this study, since our

main focus is the the higgsino-singlino sector, we further assume the following universality

conditions.

M0 ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML1,2,3 = ME1,2,3 ,

M1/2 ≡ 2M1 = M2 =
1

3
M3 , (3.1)

A0 ≡ At = Ab = Aτ ,

where MQ1,2,3 , MU1,2,3 , MD1,2,3 , ML1,2,3 and ME1,2,3 are the soft masses of the sfermions,

M1,2,3 those of the gauginos and At,b,τ the trilinear Higgs-sfermion couplings. Along with

M0, M1/2 and A0, the model then contains λ, κ, µeff , tanβ, Aλ and Aκ as the only free

parameters, which are input at the SUSY-breaking scale, MSUSY = √mt̃1mt̃2 , with mt̃1,2

being the physical masses of the two stops.

We performed a scan of the above mentioned nine parameters using the nested sampling

package MultiNest-v2.18 [54], which was interfaced with NMSSMTools-v4.5.0 [55–58]
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can be overcome, the two observations above imply that the A1 + χ̃0
1 search channel can

possibly complement the Zχ̃0
1 channel for certain specific NMSSM parameter space points.

In the following sections we will analyze such parameter combinations and also introduce

our method for reconstructing the very light A1 from two collinear muons. We should point

out here that while in principle the same method can alternatively be used to probe these

A1 in the decays of the heavy CP-even Higgses, our requirement of the presence of /ET in

the final state, as an indication of light DM, renders these channels irrelevant here.

3 Parameter space scan and constraints

Due to the presence of the additional singlet superfield, the NMSSM contains several new

parameters besides the 150 or so of the MSSM at the electroweak (EW) scale. However,

assuming the sfermion mass matrices and the scalar trilinear coupling matrices to be di-

agonal reduces the parameter space of the model considerably. In this study, since our

main focus is the the higgsino-singlino sector, we further assume the following universality

conditions.

M0 ≡ MQ1,2,3 = MU1,2,3 = MD1,2,3 = ML1,2,3 = ME1,2,3 ,

M1/2 ≡ 2M1 = M2 =
1

3
M3 , (3.1)

A0 ≡ At = Ab = Aτ ,

where MQ1,2,3 , MU1,2,3 , MD1,2,3 , ML1,2,3 and ME1,2,3 are the soft masses of the sfermions,

M1,2,3 those of the gauginos and At,b,τ the trilinear Higgs-sfermion couplings. Along with

M0, M1/2 and A0, the model then contains λ, κ, µeff , tanβ, Aλ and Aκ as the only free

parameters, which are input at the SUSY-breaking scale, MSUSY = √mt̃1mt̃2 , with mt̃1,2

being the physical masses of the two stops.

We performed a scan of the above mentioned nine parameters using the nested sampling

package MultiNest-v2.18 [54], which was interfaced with NMSSMTools-v4.5.0 [55–58]
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Figure 4: (a) The χ̃0
2 mass as a function of the parameter µeff . The color map shows the

dependence on M1/2. (b) The distribution of the χ̃0
3 and χ̃±

1 masses vs. µeff , shown by the

heat map.
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Figure 5: (a) BR(χ̃0
2 → Zχ̃0

1) and BR(χ̃0
2 → A1χ̃0

1) as functions of the parameter λ. (b)

BR(χ̃0
3 → Zχ̃0

1) vs. BR(χ̃0
3 → A1χ̃0

1), with the heat map corresponding to the BR(A1 →
µ+µ−).

fine-tuning is necessary in this model for the scan to find the right combinations of these

parameters at MSUSY that yield both H2 and A1 with the desired masses.

As noted above in Fig. 3(a), Aκ at MSUSY is restricted to a narrow range of values,

which would imply an even smaller set of its possible values at the GUT scale. Furthermore,

the SUSY-preserving parameter κ is also very small due to our requirement of mχ̃0
1
∼

1.5GeV, though the approximate PQ symmetry this results in still avoids the cosmological

constraints on the PQ axion [66]. Keeping µeff around the EW scale, κ is typically smaller

than 0.01λ. Despite all these limiting conditions, some points with the right masses of χ̃0
1

and A1 were indeed found. However, they did not cover, for example, the wide range of
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Figure 4: (a) The χ̃0
2 mass as a function of the parameter µeff . The color map shows the

dependence on M1/2. (b) The distribution of the χ̃0
3 and χ̃±

1 masses vs. µeff , shown by the

heat map.
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Figure 5: (a) BR(χ̃0
2 → Zχ̃0

1) and BR(χ̃0
2 → A1χ̃0

1) as functions of the parameter λ. (b)

BR(χ̃0
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1), with the heat map corresponding to the BR(A1 →
µ+µ−).

fine-tuning is necessary in this model for the scan to find the right combinations of these

parameters at MSUSY that yield both H2 and A1 with the desired masses.

As noted above in Fig. 3(a), Aκ at MSUSY is restricted to a narrow range of values,

which would imply an even smaller set of its possible values at the GUT scale. Furthermore,

the SUSY-preserving parameter κ is also very small due to our requirement of mχ̃0
1
∼

1.5GeV, though the approximate PQ symmetry this results in still avoids the cosmological

constraints on the PQ axion [66]. Keeping µeff around the EW scale, κ is typically smaller

than 0.01λ. Despite all these limiting conditions, some points with the right masses of χ̃0
1

and A1 were indeed found. However, they did not cover, for example, the wide range of
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- 3l search: di-boson and tri-boson production 
(irreducible) and      production (reducible)  

- μcol  search: 	
 	
 	
 	
       ,                                                      
	
production 
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Model parameters

M0 (GeV) 1951.1 1826.0

M1/2 (GeV) 892.24 929.2

A0 (GeV) 2462.2 2626.2

µeff (GeV) 191.34 164.52

tanβ 14.056 19.785

λ 0.0814 0.3102

κ 0.0002 0.0008

Aλ (GeV) 4080.2 3596.7

Aκ (GeV) −3.6681 −6.8466

Masses

mχ̃0
1
(GeV) 1.0025 1.4081

mχ̃0
2
(GeV) 189.09 170.13

mχ̃0
3
(GeV) −201.67 −182.27

mχ̃±
1

(GeV) 194.97 167.72

mA1
(GeV) 2.1776 2.9856

mH2
(GeV) 124.12 125.79

Branching Ratios

BR(χ̃0
2 → Zχ̃0

1) 0.634 0.603

BR(χ̃0
2 → A1χ̃0

1) 0.004 0.089

BR(χ̃0
3 → Zχ̃0

1) 0.736 0.704

BR(χ̃0
3 → A1χ̃0

1) 0.004 0.081

BR(A1 → µ+µ−) 0.039 0.087

H2 signal rates

Rγγ 0.998 0.901

RV V 0.996 0.885

Rττ 1.003 0.847

Table 3: Properties of the two benchmark points used for the signal-to-background anal-

yses.

takes over as the most dominant background. The corresponding quantities for the BP2

are listed in table 6. Due to the different masses of the A1 and χ̃0
1 obtained for the two

BPs, different sets of cuts need to be implemented for each of them.

We quantify the strengths of the two analyses in terms of S/B for comparing them

against each other. This quantity is listed in table 7 for the two BPs in each of the search

channel. For the 3ℓ analysis the S/B is slightly higher for the BP1 compared to that for

the BP2. On the other hand, S/B for the BP2 in the µcol analysis is considerably larger

than the S/B obtained for the BP1 in each of the two analyses. This is due, evidently, to

the sizable BR(χ̃0
2 → A1χ̃0

1) as well as BR(A1 → µ+µ−), as noted in table 3. In addition,

the cut efficiency for the signal is much higher while that for the Wγ∗ background is much
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searches. In CheckMATE the signal regions given in table 2 have been defined and the

corresponding backgrounds from the ATLAS experiment implemented. For testing a model

point it therefore calculates the signal efficiency for each region, after ATLAS detector sim-

ulation with DELPHES 3 [71].

After confirming that the given BP is not excluded by the available data, we proceeded

to the future 3ℓ search at the 14TeV LHC. We generated the signal event files for
√
s =

14TeV and passed these to CheckMATE again. In this way we obtained the signal

efficiencies, after multiplying the NLO cross section with an assumed integrated luminosity,

L, of 300 fb−1 (i.e., design luminosity of the LHC) to get the number of signal events in

each signal region.

As for the backgrounds, we only simulated the three dominant ones, ZZ, ZW± and tt,

for the 14TeV LHC. We used MadGraph to generate the background events and passed

these to CheckMATE to get the cut efficiencies for all the backgrounds in each signal

region. After multiplying the NLO cross section [72, 73] and the luminosity, we got the

number of background events in each signal region.

4.2 Collimated muons from A1

Due to the smallness of the A1 mass of our interest here, the muons it decays into are

highly collinear. In order to isolate such muons, we employ the technique of clustering

them together into one object, µcol. This method, similar in concept to the construction

of a ‘lepton-jet’ [74], has recently been shown in [75] to be very effective for probing highly

mass-degenerate higgsinos.

For using this method the signal events generated for BP1 and BP2 were passed to

Pythia 6.4 for hadronization and subsequently to DELPHES 3 for jet-clustering via the

anti-kT [76] algorithm using FastJet-v3.0.6 [77]. The object µcol is constructed as follows.

1. Require the transverse momentum, pT , larger than 10GeV for each muon in the

signal. In addition, impose the cut mµµ̄ < 5GeV on the invariant mass of the muon

pair.

2. Define Isum as the scalar sum of the transverse momenta of all additional charged

tracks, each with pT > 0.5GeV, within a cone centered along the momentum vector

of µcol and satisfying ∆R = 0.4. Impose Isum < 3GeV.

The main backgrounds, containing two collinear muons along with a third lepton and
/ET , include W (→ ℓ±v)γ∗ and Z(→ ℓ+ℓ−)γ∗, wherein the µcol comes from the photon,

and Wbb̄, when one of the b-jets produces the µcol. In case of the Zγ∗ background, one

of the two leptons can escape undetected then fake the signal events. Note that while the

tt̄ background mentioned above for the 3ℓ search is also relevant for this signal process,

it becomes negligible here owing to the requirement of two final state muons being highly

collinear. In order to isolate these backgrounds, we implement the following cuts.

1. Since the A1 resulting from the higgsino decay is highly boosted, we expect the µcol

from its subsequent decay to have a large pT . We therefore require pT (µcol) > 50GeV.

We also require pT (ℓ3) > 20GeV.
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1. Since the A1 resulting from the higgsino decay is highly boosted, we expect the µcol from its
subsequent decay to have a large pT . We therefore require pT (µcol) > 50GeV. We also require
pT (ℓ3) > 20GeV.

2. In order to reduce the background a large /ET is required, so we add a cut, /ET > 50GeV.

3. In the Wγ∗ background the MT distribution has an end point around the W boson mass,
which leads us to impose MT > 80GeV.

4. Our signal would appear as a narrow peak in the mµcol
distribution. Hence, we impose a

narrow cut width, 5×σA1
, around mA1

, where σA1
= 0.26+0.0013mA1

. This parametrization
of σA1

follows the mass resolution study of the J/Ψ resonance in [77]. We also remove the
J/ψ resonance region (3.0GeV < mµcol

< 3.2GeV).

To get a sufficient number of Monte Carlo events in the kinematic regime of our interest, we require
mµµ̄ > 1.5GeV and pT (ℓ3) > 10GeV at the parton level for the Wγ∗ and Zγ∗ backgrounds. For
the Wbb̄ background, we additionally require the pT of the b-jet to be larger than 30GeV.

5 Results and discussion

In table 3 are recorded some specifics of the two BPs used for the signal-to-background analyses.
The consistency of each of the H2 signal rates given in the last three rows of the table is to be
checked against the experimental quantity µX ≡ σ(pp→Hobs→X)

σ(pp→hSM→X) for each corresponding channel X.
Note that this comparison assumes that the inclusive pp cross section for H2 production can be
approximated by the dominant gluon-fusion production cross section. Note also that, since the
WW and ZZ decays of H2 are proportional to the same coupling, NMSSMTools provides a
unique value of the signal rates for these two channels, which we denote by RV V in the table. The
most recent measurements of µX by the CMS (ATLAS) collaboration(s) [78, 79, 80, 81] read

µγγ = 1.13± 0.24 (1.17 ± 0.27) ,

µZZ(WW ) = 1.0± 0.29 (1.09+0.23
−0.21) , (10)

µττ = 0.91± 0.28 (1.4+0.5
−0.4) .

Using each of the two analysis methods described in the previous section we calculated the
number of signal events, S, and that of background events, B, for each BP at the LHC with√
s = 14TeV and L = 300 fb−1. In table 4 we provide the S and B corresponding to each of the

six signal regions in the ATLAS 3ℓ search. The total signal cross sections obtained are 24.3 fb and
3.93 fb for BP1 and BP2, respectively. In the Z-enriched region, ZW± production dominates the
total background. In the Z-depleted region, a comparable contribution is obtained from the tt̄
background. One can notice in the table that for both the BPs, the highest sensitivity is obtained
in the signal region SRZc.

12

Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

mSFOS < 60 60− 81.2 < 81.2 or > 101.2 81.2 − 101.2 81.2 − 101.2 81.2− 101.2

/ET > 50 > 75 > 75 75− 120 75− 120 > 120

MT − − > 110 < 110 > 110 > 110

pT (ℓ3) > 10 > 10 > 30 > 10 > 10 > 10

SR veto SRnoZc SRnoZc − − − −

Table 2: Selection requirements for the six signal regions defined for the trilepton searches by the
ATLAS collaboration. All the dimensionful parameters in rows 2− 5 are in units of GeV.

far dominant over the tt̄W/Z one [51]. Among the reducible backgrounds are included top quarks
produced singly or in pairs, WW and W or Z bosons produced in association with jets or photons.
Among these the tt̄ background is highly dominant. For each BP, the cross section for the signal
process was calculated at next-to-leading order (NLO) using Prospino-v2.1 [68]. We then first
generated the event files corresponding to

√
s = 8TeV for the signal process and passed these to

the public package CheckMATE-v1.2.0 [69] for testing against the current LHC limits from the
trilepton searches. In CheckMATE the signal regions given in table 2 have been defined and the
corresponding backgrounds from the ATLAS experiment implemented. For testing a model point
it therefore calculates the signal efficiency for each region, after ATLAS detector simulation with
DELPHES 3 [70].

After confirming that the given BP is not excluded by the available data, we proceeded to the
future 3ℓ search at the 14TeV LHC. We generated the signal event files for

√
s = 14TeV and passed

these to CheckMATE again. In this way we obtained the signal efficiencies, after multiplying the
NLO cross section with an assumed integrated luminosity, L, of 300 fb−1 (i.e., design luminosity of
the LHC) to get the number of signal events in each signal region.

As for the backgrounds, we only simulated the three dominant ones, ZZ, ZW± and tt, for
the 14TeV LHC. We used MadGraph to generate the background events and passed these to
CheckMATE to get the cut efficiencies for all the backgrounds in each signal region. After
multiplying the NLO cross section [71, 72] and the luminosity, we got the number of background
events in each signal region.

4.2 Collimated muons from A1

Due to the smallness of the A1 mass of our interest here, the muons it decays into are highly
collinear. In order to isolate such muons, we employ the technique of clustering them together
into one object, µcol. This method, similar in concept to the construction of a ‘lepton-jet’ [73], has
recently been shown in [74] to be very effective for probing highly mass-degenerate higgsinos.

For using this method the signal events generated for BP1 and BP2 were passed to Pythia 6.4
for hadronization and subsequently to DELPHES 3 for jet-clustering via the anti-kT [75] algorithm
using FastJet-v3.0.6 [76]. The object µcol is constructed as follows.

1. Require the transverse momentum, pT , larger than 10GeV for each muon in the signal. In
addition, impose the cut mµµ̄ < 5GeV on the invariant mass of the muon pair.

2. Define Isum as the scalar sum of the transverse momenta of all additional charged tracks, each
with pT > 0.5GeV, within a cone centered along the momentum vector of µcol and satisfying
∆R = 0.4. Impose Isum < 3GeV.
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Background or signal SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

ZZ events 410 59 10 280 39 12

ZW± events 1391 595 71 6850 661 189

tt̄ events 1715 401 62 272 178 19

All background events 3516 1055 143 7402 878 220

BP1 signal events 12 37 19 191 134 130

BP2 signal events 20 46 18 270 144 96

Table 4: The number of background and signal events at the 14TeV LHC for L = 300 fb−1

in each of the signal regions of the ATLAS 3ℓ search.

BP1 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 0.178 246.9 10.0 3770.0

Cut efficiency 0.123 2.15× 10−4 6× 10−5 1× 10−6

Effective cross section (fb) 0.022 0.053 0.0006 0.003

No. of events 6.6 15.9 0.18 0.9

Table 5: The backgrounds and the signal for the BP1 in the µcol search channel at the

14TeV LHC for L = 300 fb−1.

lower in the case of the BP1.

For a more realistic analysis of the prospects of a signal process though, the statistical

and systematic uncertainties in it also need to be taken into account. Hence, for each

BP we have also provided in table 7 the statistical significance, given by the approximate

formula,

Z ≡
S√

B + (εB)2
, (5.2)

where the systematic uncertainty is given by the fraction ε of the background. From the

ATLAS 3ℓ search [51], we note that the systematic uncertainty is 21% for the SRZc signal

region, where the highest sensitivity is achieved, as seen above. We expect this number

not to vary considerably at the 14TeV LHC and hence use ε = 0.21 in our estimation

of Z for the 3ℓ channel. For the W + µcol + /ET channel, since there is no experimental

analysis available, the systematic uncertainty has to be estimated roughly. There are two

major sources of this uncertainty: the reconstruction of the µcol, in which case it is around

5% [42], and that of the ℓ3, where it is less than 2% [83]. As a conservative estimate, which

also allows a direct comparison between the 3ℓ channel and this channel, we set ε = 0.21

here also. This results in Z = 27σ in this channel for the BP2, as seen in table 7, which

is much higher than the estimated Z for the same point in the 3ℓ channel.

There is, however, a caveat here. As noted from table 6, B for the BP2 is much

smaller than S, resulting in a large S/B. In such a case, the approximate expression for Z,

which assumes S ≪ B, is in principle not valid [84]. While, for a consistent treatment of

the systematic uncertainties between the two search channels, we retain this approximate
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Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

mSFOS < 60 60− 81.2 < 81.2 or > 101.2 81.2 − 101.2 81.2 − 101.2 81.2− 101.2

/ET > 50 > 75 > 75 75− 120 75− 120 > 120

MT − − > 110 < 110 > 110 > 110

pT (ℓ3) > 10 > 10 > 30 > 10 > 10 > 10

SR veto SRnoZc SRnoZc − − − −

Table 2: Selection requirements for the six signal regions defined for the trilepton searches by the
ATLAS collaboration. All the dimensionful parameters in rows 2− 5 are in units of GeV.

far dominant over the tt̄W/Z one [51]. Among the reducible backgrounds are included top quarks
produced singly or in pairs, WW and W or Z bosons produced in association with jets or photons.
Among these the tt̄ background is highly dominant. For each BP, the cross section for the signal
process was calculated at next-to-leading order (NLO) using Prospino-v2.1 [68]. We then first
generated the event files corresponding to

√
s = 8TeV for the signal process and passed these to

the public package CheckMATE-v1.2.0 [69] for testing against the current LHC limits from the
trilepton searches. In CheckMATE the signal regions given in table 2 have been defined and the
corresponding backgrounds from the ATLAS experiment implemented. For testing a model point
it therefore calculates the signal efficiency for each region, after ATLAS detector simulation with
DELPHES 3 [70].

After confirming that the given BP is not excluded by the available data, we proceeded to the
future 3ℓ search at the 14TeV LHC. We generated the signal event files for

√
s = 14TeV and passed

these to CheckMATE again. In this way we obtained the signal efficiencies, after multiplying the
NLO cross section with an assumed integrated luminosity, L, of 300 fb−1 (i.e., design luminosity of
the LHC) to get the number of signal events in each signal region.

As for the backgrounds, we only simulated the three dominant ones, ZZ, ZW± and tt, for
the 14TeV LHC. We used MadGraph to generate the background events and passed these to
CheckMATE to get the cut efficiencies for all the backgrounds in each signal region. After
multiplying the NLO cross section [71, 72] and the luminosity, we got the number of background
events in each signal region.

4.2 Collimated muons from A1

Due to the smallness of the A1 mass of our interest here, the muons it decays into are highly
collinear. In order to isolate such muons, we employ the technique of clustering them together
into one object, µcol. This method, similar in concept to the construction of a ‘lepton-jet’ [73], has
recently been shown in [74] to be very effective for probing highly mass-degenerate higgsinos.

For using this method the signal events generated for BP1 and BP2 were passed to Pythia 6.4
for hadronization and subsequently to DELPHES 3 for jet-clustering via the anti-kT [75] algorithm
using FastJet-v3.0.6 [76]. The object µcol is constructed as follows.

1. Require the transverse momentum, pT , larger than 10GeV for each muon in the signal. In
addition, impose the cut mµµ̄ < 5GeV on the invariant mass of the muon pair.

2. Define Isum as the scalar sum of the transverse momenta of all additional charged tracks, each
with pT > 0.5GeV, within a cone centered along the momentum vector of µcol and satisfying
∆R = 0.4. Impose Isum < 3GeV.
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- Event generation with Pythia 6.4, detector simulation with DELPHES 3 

 

Background or signal SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

ZZ events 410 59 10 280 39 12

ZW± events 1391 595 71 6850 661 189

tt̄ events 1715 401 62 272 178 19

All background events 3516 1055 143 7402 878 220

BP1 signal events 20 46 18 270 144 96

BP2 signal events 12 37 19 191 134 130

Table 4: The number of background and signal events at the 14TeV LHC for L = 300 fb−1 in each
of the signal regions of the ATLAS 3ℓ search.

BP1 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 0.178 246.9 10.0 3770.0

Cut efficiency 0.123 2.15 × 10−4 6× 10−5 1× 10−6

Effective cross section (fb) 0.022 0.053 0.0006 0.003

No. of events 6.6 15.9 0.18 0.9

Table 5: The backgrounds and the signal for the BP1 in the µcol search channel at the 14TeV LHC
for L = 300 fb−1.

hand, S/B for the BP2 in the µcol analysis is considerably larger than the S/B obtained for the
BP1 in each of the two analyses. This is due, evidently, to the sizable BR(χ̃0

2 → A1χ̃0
1) as well as

BR(A1 → µ+µ−), as noted in table 3. In addition, the cut efficiency for the signal is much higher
while that for the Wγ∗ background is much lower in the case of the BP1.

For a more realistic analysis of the prospects of a signal process though, the statistical and
systematic uncertainties in it also need to be taken into account. Hence, for each BP we have also
provided in table 7 the statistical significance, given by the approximate formula,

Z ≡
S√

B + (εB)2
, (11)

where the systematic uncertainty is given by the fraction ε of the background. From the ATLAS
3ℓ search [51], we note that the systematic uncertainty is 21% for the SRZc signal region, where
the highest sensitivity is achieved, as seen above. We expect this number not to vary considerably
at the 14TeV LHC and hence use ε = 0.21 in our estimation of Z for the 3ℓ channel. For the
W +µcol+ /ET channel, since there is no experimental analysis available, the systematic uncertainty
has to be estimated roughly. There are two major sources of this uncertainty: the reconstruction
of the µcol, in which case it is around 5% [42], and that of the ℓ3, where it is less than 2% [82].
As a conservative estimate, which also allows a direct comparison between the 3ℓ channel and this
channel, we set ε = 0.21 here also. This results in Z = 27σ in this channel for the BP2, as seen in
table 7, which is much higher than the estimated Z for the same point in the 3ℓ channel.

There is, however, a caveat here. As noted from table 6, B for the BP2 is much smaller than S,
resulting in a large S/B. In such a case, the approximate expression for Z, which assumes S ≪ B,
is in principle not valid [83]. While, for a consistent treatment of the systematic uncertainties
between the two search channels, we retain this approximate expression for the µcol channel also,
we emphasize that the given S/B values be considered a much more accurate estimate of the
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BP2 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 3.93 246.9 10.0 3770.0

Cut efficiency 0.050 5.3× 10−5 3× 10−5 1× 10−6

Effective cross section (fb) 0.197 0.013 0.0003 0.003

No. of events 59.1 3.9 0.09 0.9

Table 6: The backgrounds and the signal for the BP2 in the µcol search channel at the 14TeV LHC
for L = 300 fb−1.

Point S/B in analysis Z (σ) in analysis

3ℓ (SRZc region) µcol 3ℓ (SRZc region) µcol

BP1 0.591 0.42 2.7 1.2

BP2 0.436 15 2.0 27

Table 7: Results in the two analyses methods for the benchmark points.

strength of each channel at the 14TeV LHC.

6 Conclusions

In this article we have discussed an O(1)GeV neutralino DM in the NMSSM and its detectability
at the LHC. Despite being very light, such a singlino-like DM can generate thermal relic abundance
of the universe consistent with the PLANCK measurement, owing to the presence also of a singlet-
like pseudoscalar, A1, with a mass around twice the DM mass. A very light DM giving the correct
relic abundance is impossible to obtain in the MSSM, and thus its detection will provide a clear
indication of physics beyond minimal SUSY. We have noted that the current direct and indirect
detection facilities have very poor detection prospects for such a light DM with and hence its
dedicated searches at the LHC can prove very crucial. We have therefore studied in depth the
prospects for its observation at the 14 TeV LHC.

By performing a through scan of the NMSSM parameter space, chosen taking into account the
analytical structure of the neutralino mass matrix, we found a variety of its configurations where
an O(1)GeV DM can be obtained. We then carried out detector-level analyses of two of the main
production modes of such a DM. In both these modes, the DM is produced in the decays of a
higgsino-like heavier neutralino, χ̃0

2,3, which itself is produced in pair with the lightest chargino.

The χ̃0
2,3 then decays into either Z + DM or A1 + DM. The former channel, combined with the

chargino decay, results in a trilepton+ /ET final state, for which dedicated searches are already being
performed by the CMS and ATLAS collaborations. In the latter channel the final state comprises
of a pair of muons and a third lepton along with the DM.

In the χ̃0
2,3 → DM + A1 channel, the two muons that the very light A1 decays into are highly

collinear. Therefore, this channel can not be probed using the usual muon identification criteria.
For this reason, we have adopted the technique of grouping the two muons together into a single
jet-like object by applying certain unconventional rigorous cuts. By implementing this method on
two benchmark points from our scan, we have found that this channel can have a signal strength
comparable to that of the trilepton channel at the 14TeV LHC with L = 300 fb−1. In fact, for
one of the two points, wherein the BR(χ̃0

2,3 → DM+A1) is significant and the BR(A1 → µ+µ−) is
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The μcol search channel gives a much larger S/B for BP2! 
 

BP2 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 3.93 246.9 10.0 3770.0

Cut efficiency 0.050 5.3× 10−5 3× 10−5 1× 10−6

Effective cross section (fb) 0.197 0.013 0.0003 0.003

No. of events 59.1 3.9 0.09 0.9

Table 6: The backgrounds and the signal for the BP2 in the µcol search channel at the 14TeV LHC
for L = 300 fb−1.

Point S/B in analysis Z (σ) in analysis

3ℓ (SRZc region) µcol 3ℓ (SRZc region) µcol

BP1 0.591 0.42 2.7 1.2

BP2 0.436 15 2.0 27

Table 7: Results in the two analyses methods for the benchmark points.

strength of each channel at the 14TeV LHC.

6 Conclusions

In this article we have discussed an O(1)GeV neutralino DM in the NMSSM and its detectability
at the LHC. Despite being very light, such a singlino-like DM can generate thermal relic abundance
of the universe consistent with the PLANCK measurement, owing to the presence also of a singlet-
like pseudoscalar, A1, with a mass around twice the DM mass. A very light DM giving the correct
relic abundance is impossible to obtain in the MSSM, and thus its detection will provide a clear
indication of physics beyond minimal SUSY. We have noted that the current direct and indirect
detection facilities have very poor detection prospects for such a light DM with and hence its
dedicated searches at the LHC can prove very crucial. We have therefore studied in depth the
prospects for its observation at the 14 TeV LHC.

By performing a through scan of the NMSSM parameter space, chosen taking into account the
analytical structure of the neutralino mass matrix, we found a variety of its configurations where
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ZW± events 1391 595 71 6850 661 189

tt̄ events 1715 401 62 272 178 19

All background events 3516 1055 143 7402 878 220

BP1 signal events 20 46 18 270 144 96

BP2 signal events 12 37 19 191 134 130

Table 4: The number of background and signal events at the 14TeV LHC for L = 300 fb−1 in each
of the signal regions of the ATLAS 3ℓ search.

BP1 Wγ∗ Zγ∗ Wbb̄

Cross section (fb) 0.178 246.9 10.0 3770.0

Cut efficiency 0.123 2.15 × 10−4 6× 10−5 1× 10−6

Effective cross section (fb) 0.022 0.053 0.0006 0.003

No. of events 6.6 15.9 0.18 0.9

Table 5: The backgrounds and the signal for the BP1 in the µcol search channel at the 14TeV LHC
for L = 300 fb−1.

hand, S/B for the BP2 in the µcol analysis is considerably larger than the S/B obtained for the
BP1 in each of the two analyses. This is due, evidently, to the sizable BR(χ̃0

2 → A1χ̃0
1) as well as

BR(A1 → µ+µ−), as noted in table 3. In addition, the cut efficiency for the signal is much higher
while that for the Wγ∗ background is much lower in the case of the BP1.

For a more realistic analysis of the prospects of a signal process though, the statistical and
systematic uncertainties in it also need to be taken into account. Hence, for each BP we have also
provided in table 7 the statistical significance, given by the approximate formula,

Z ≡
S√

B + (εB)2
, (11)

where the systematic uncertainty is given by the fraction ε of the background. From the ATLAS
3ℓ search [51], we note that the systematic uncertainty is 21% for the SRZc signal region, where
the highest sensitivity is achieved, as seen above. We expect this number not to vary considerably
at the 14TeV LHC and hence use ε = 0.21 in our estimation of Z for the 3ℓ channel. For the
W +µcol+ /ET channel, since there is no experimental analysis available, the systematic uncertainty
has to be estimated roughly. There are two major sources of this uncertainty: the reconstruction
of the µcol, in which case it is around 5% [42], and that of the ℓ3, where it is less than 2% [82].
As a conservative estimate, which also allows a direct comparison between the 3ℓ channel and this
channel, we set ε = 0.21 here also. This results in Z = 27σ in this channel for the BP2, as seen in
table 7, which is much higher than the estimated Z for the same point in the 3ℓ channel.

There is, however, a caveat here. As noted from table 6, B for the BP2 is much smaller than S,
resulting in a large S/B. In such a case, the approximate expression for Z, which assumes S ≪ B,
is in principle not valid [83]. While, for a consistent treatment of the systematic uncertainties
between the two search channels, we retain this approximate expression for the µcol channel also,
we emphasize that the given S/B values be considered a much more accurate estimate of the
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CONCLUSIONS 
 
Ø  The singlino-higgsino DM in the NMSSM is consistent with the      

PLANCK relic density measurement over some specific mass 
ranges where the MSSM DM is not 

 
Ø  The IceCube neutrino telescope has shown sensitivity to such 

a DM – can already exclude some points after one year of data-
taking  

Ø  The LHC has a very important role to play when such a DM is 
O(1 GeV) 

Ø  While the trilepton channel can cover large portions of the 
NMSSM parameter space, our proposed μcol search channel can 
prove crucial for some specific parameter configurations 
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Figure 4: Overview of the maximum significance, i.e., S optimised, for a given model point,
over the set of the IceCube, DeepCore and PINGU detectors as well as over the cut on the
angle ✓ between the tracks and the direction of the Sun, after 1 calendar year of data-taking.
PINGU is assumed to take data during the whole year, whereas IceCube and DeepCore are
assumed to operate only during 152 days of winter, as described in the text. The colour code
indicates the singlino fraction.

to the NMSSM e�0

1

as well. Such points are thus in principle already ruled out. The colour
code in both the figures shows Zs, and the model points have been sorted in such a way that
a point with larger Zs lies on top of another one with the same me�0

1

and S.
Figure 4 shows the best significance, S

Best

, obtained for a given model point by any
of the detectors (IceCube, DeepCore or PINGU). The left panels contain only the Planck-
consistent points while the right panels contain the Planck-inconsistent ones, i.e, for which
⌦e�0

1

h2 < 0.107. The top panels show points that are not excluded by XENON100, while the
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Figure 6: Significance S of the model points as a function of Zs and me�0

1

, for points allowed

(left) or excluded (right) by XENON100.

direct detection experiment. We show in the the figure the me�0

1

⇠ 100GeV model points

which can not be excluded by the projected XENON1T 90% CL limits in a light shade on
top of the the ones that can be excluded, shown in darker points. As seen earlier, a subset of
the points is already excluded by the available DeepCore one-year data. We note that more
parameter space points, some of which will not be probed by XENON1T, will be testable
with each subsequent year of data-taking by the DeepCore detector.

8 Summary and conclusions

In this article we have analysed in depth the potential of the IceCube experiment to probe
the higgsino-singlino sector of the NMSSM. We have presented our findings from the NMSSM
parameter space scans, which concentrated on model points predicting a lightest neutralino
with a non-vanishing singlino fraction, and hence a non-MSSM-like dark matter candidate.
In these scans we required such points to survive the most important experimental constrains
from Higgs boson searches as well as from b-physics and relic density measurements.

We have then discussed, through an analysis of the ⌫µ spectra resulting from DM an-
nihilation in the Sun for the model points of our interest, the reconstruction of the resulting
signal as well as the atmospheric background by the IceCube experiment. After specifying
three di↵erent detector configurations, corresponding to IceCube, DeepCore and the pro-
posed PINGU, based on their respective reaches in neutrino energy, we have estimated the
statistical significances that can be obtained for each of them. We have found that a subset
of the model points obtained from our scans have already been ruled out by the one-year
data from the IceCube experiment, and more points will be accessible with each subsequent
year of data-taking. We have also emphasised the complementarity of IceCube searches to
the ton-scale direct detection experiments, by highlighting parameter space regions that may
not be probed by the latter but will be accessible at the former.
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Figure 3: Scatter plots of the model points showing �p,SI (left) and �p,SD (right) in terms
of the e�0

1

mass, with the colour code corresponding to ⌦�̄0

1

h2. The top panels contain all the
points from the scans, while the lower panels show only the model points with the predicted
⌦�̄0

1

h2 lying within ±10% of the Planck measurement.
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Figure 5: (a) BR(χ̃0
2 → Zχ̃0

1) and BR(χ̃0
2 → A1χ̃0

1) as functions of the parameter λ. (b) BR(χ̃0
3 →

Zχ̃0
1) vs. BR(χ̃

0
3 → A1χ̃0

1), with the heat map corresponding to the BR(A1 → µ+µ−).

parameter κ is also very small due to our requirement of mχ̃0
1
∼ 1.5GeV, though the approximate

PQ symmetry this results in still avoids the cosmological constraints on the PQ axion [65]. Keeping
µeff around the EW scale, κ is typically smaller than 0.01λ. Despite all these limiting conditions,
some points with the right masses of χ̃0

1 and A1 were indeed found. However, they did not cover,
for example, the wide range of the BR(χ̃0

2 → A1χ̃0
1) seen in fig. 5(a), which stretches beyond 0.1.

We therefore opted for the 9-parameter EW-scale NMSSM for this study.

4 Very light DM via higgsino decays at the LHC

For our signal-to-background analyses, we selected two benchmark points, BP1 and BP2, out of the
good points from the NMSSM parameter space scan. BP1 is chosen such that the BR(χ̃0

2,3 → Zχ̃0
1)

is sufficiently large, while BP2 has a relatively enhanced BR(χ̃0
2,3 → A1χ̃0

1). The parton-level
signal and background events for these points were generated with MadGraph aMC@NLO [66]
and passed to Pythia 6.4 [67] for hadronization.

4.1 The trilepton channel

As noted earlier, the ATLAS and CMS experiments have separately performed searches for trilep-
tons (3ℓ) [51, 52, 53] resulting from the χ̃0

2,3χ̃
±

1 pair production. In the ATLAS 3ℓ search [51], which
is the one we will consider in the following, six signal regions (SRs) are defined in terms of the invari-
ant mass of two same flavor leptons with opposite sign (SFOS), mSFOS. These regions also depend
on the momentum, pT (ℓ3), of the third lepton, ℓ3, that is left after requiring two SFOS leptons

to reconstruct mSFOS, /ET and the transverse mass, MT =
√
2 /ET pT (ℓ3) (1− cos∆φℓ3, /ET

), where

∆φℓ3, /ET
is the azimuthal angle and ℓ3. The signal regions are divided into three ‘Z-enriched’ ones,

SRZ{a,b,c}, where mSFOS lies within 10GeV of mZ , and three ‘Z-depleted’ ones, SRnoZ{a,b,c},
where mSFOS lies outside this mass window. Table 2 further shows the selection requirements for
each of these six regions.

The irreducible backgrounds include di-boson, tri-boson and tt̄W/Z productions, all of which
can have three or more leptons and /ET in the final states. The ZZ and ZW± backgrounds are by
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Figure 3: The separation �Rµµ̄ between the two muons coming from the Z⇤. The dotted

vertical line shows that with the conventional cut, �Rmax = 0.3, the muons in the signal

process can not be isolated.

In figure 3 we show the separation, �Rµµ̄ ⌘
p

�⌘2 + ��2 (with ⌘ being the pseudo-

rapidity and � being the azimuthal angle), between the two final-state muons (pT (µ) >

5 GeV), for �m = 3, 4, 5 GeV. Evidently, the usual isolation criteria for a single lepton,

�Rmax = 0.3, will remove a large number of the signal events. Thus we need to use an

unconventional reconstruction method for probing such collimated muons and establishing

our signal over the SM backgrounds.

3 Reconstructing collimated muons

In order to probe the highly collinear muons produced for a very small �m, we cluster

them together into one object, µ
col

, during our simulation of the higgsino pair-production

process. This method is similar in concept to the identification of a ‘lepton-jet’ [66–71] and

has already been used recently in analyses of the decays of a light dark photon or of a light

scalar or pseudoscalar ( 3 GeV) [72] into two or more soft leptons. Instead of imposing

the conventional criterion of �Rmax = 0.1 in order to identify the two muons coming from

the Z⇤ as a lepton-jet, we use a modification of the criteria described in the CMS analyses

[72, 73] for probing collimated muons. Our method is explained below.

• Capturing µ
col

: We require pT > 5 GeV for each muon in the signal, before isolation.

In addition to this, we impose the cut mµµ̄ < 5 GeV on the invariant mass of the

muon pair, since we are only interested in �m < 5 GeV.

• Isolation: To suppress the backgrounds containing muon pairs from meson decays, we

apply an isolation criterion, I
sum

< 3 GeV, on µ
col

. The isolation parameter I
sum

is

defined as the scalar sum of the transverse momenta of all additional charged tracks,

each with pT > 0.5 GeV, within a cone centered along the momentum vector of µ
col

and satisfying �Rmax = 0.5.
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