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Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3!, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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- A profile likelihood analysis favors a 
WIMP+background hypothesis over 
the known background estimate as the 
source of our signal at the 99.81% C.L. 
(~3!, p-value: 0.19%)

- Does not rise to level of discovery, but 
does call for further investigation.

- The maximum likelihood occurs at a 
WIMP mass of 8.6 GeV/c2 and WIMP-
nucleon cross section of 1.9 x 10-41.

- Three events observed in the signal 
region.
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In the last year, several Direct Detection experiments have claim possible 
evidence of light Dark Matter.

Evidence is weak, due to 
the apparent incompatibility       
of the results of different 
experiments.

If DM would be light and DD 
cross sections would be as large 
as suggested, the minimal 
supersymmetric model would 
have a hard time to explain it
(light sbottoms may be an 
exception).

I present here an NMSSM 
scenario that may lead to such
properties, without being in 
conflict with other experiments. 

A. Chavarria, this workshop
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NMSSM

• It shares all the good properties of the MSSM, but allows the determination 
of the Higgsino mass parameter μ from the vacuum expectation value of a 
singlet field

• Apart from the five Higgs physical degrees of freedom of the MSSM, there 
are one extra neutral CP-odd and one extra CP-even scalar.  Moreover, 
there are five neutralinos in the spectrum, one more than in the MSSM.

• In this work, we shall consider a limit in which these extra particles are 
naturally light, with masses lower than about 10 to 20 GeV, and a strong  
singlet component.  The neutralino is the LSP and a dark matter candidate.

• Direct Dark Matter cross section may be large in these mode and a strong 
electroweak phase transition may be obtained

• Model can be probed by collider and also “intensity frontier” constraints

• Searches for electroweakinos at the LHC start to constrain this scenario
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WNMSSM = YUQHuU
c − YDQHdD

c − YELHdE
c + λNHuHd +

1

3
κN3

µ = λ�N�

The superpotential of the NMSSM is given by

and, therefore

Vsoft = m
2
Hd

|Hd|2 +m
2
Hu

|Hu|2 +m
2
N
|N |2 − (λAλHuHdN + h.c.) +

�κ
3
AκN

3 + h.c.
�

The corresponding soft supersymmetry breaking parameters in the Higgs sector are 

When            , there is a new global U(1) symmetry!κ → 0

Hu → Hu exp(iφPQ), Hd → Hd exp(iφPQ), N → N exp(−2iφPQ)

, a PQ symmetry  defined by

Therefore, when the Higgs bosons acquire vacuum expectation values,

a massless CP-odd scalar appears in this limit. For small κ, the CP-odd

state becomes light.
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Dark Light Higgs Scenario

• Close to the PQ limit, the CP-odd scalar acquires a mass

•

m2
a1

� −3κAκµ

λ

While for moderate or large tanβ, the CP-even scalar mass
is governed by how far Aλ/µ tanβ is from 1.

� =
λµ

MZ

�
Aλ

µ tanβ
− 1

�
Defining
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We study a limit of the nearly-Peccei-Quinn-symmetric Next-to-Minimal Supersymmetric Stan-

dard Model possessing novel Higgs and dark matter (DM) properties. In this scenario, there nat-

urally co-exist three light singlet-like particles: a scalar, a pseudoscalar, and a singlino-like DM

candidate, all with masses of order 0.1-10 GeV. The decay of a Standard Model-like Higgs boson to

pairs of the light scalars or pseudoscalars is generically suppressed, avoiding constraints from collider

searches for these channels. For a certain parameter window annihilation into the light pseudoscalar

and exchange of the light scalar with nucleons allow the singlino to achieve the correct relic density

and a large direct detection cross section consistent with the CoGeNT and DAMA/LIBRA preferred

region simultaneously. This parameter space is consistent with experimental constraints from LEP,

the Tevatron, Υ and flavor physics, and cosmic rays.

The Next-to-Minimal Supersymmetric Standard
Model (NMSSM) is a well-motivated extension of the
Minimal Supersymmetric Standard Model (MSSM)
by a gauge-singlet chiral superfield N, designed to
solve the µ-problem of the MSSM by providing a
vacuum expectation value to its scalar component.
The NMSSM superpotential and soft supersymmetry
(SUSY)-breaking terms in the Higgs sector are

W = λNHuHd +
1
3
κN

3
,

Vsoft = m
2
Hd

|Hd|2 + m
2
Hu

|Hu|2 + m
2
N

|N |2

− (λAλHuHdN + h.c.) +
�κ

3
AκN

3 + h.c.

�
. (1)

Here Hd, Hu and N denote the neutral Higgs bosons
corresponding to Hd, Hu and N, respectively.

In this work, we examine an NMSSM limit given by
two conditions, the first of which is the well-studied limit
κ � λ, in which an approximate Peccei-Quinn (PQ) sym-
metry emerges. The phenomenology and implications of
the light pseudoscalar a1 generated by the spontaneous
breaking of approximate U(1) symmetries in the NMSSM
has been thoroughly studied [1, 2]. As noted in [3], at
tree level the PQ limit also implies an upper bound on
the lightest scalar mass mh1 approximately proportional
to λ2. Here we address the further limit of mildly small λ
(10−2

< λ <∼ 0.1), leading to the simultaneous emergence
of a light singlet-like scalar h1 and a light singlino-like
lightest superpartner χ1. We stress that this scenario
differs from the light a1 case of [1, 2], in that h1, a1, and
χ1 are all of order 0.1 − 10 GeV. It also differs in that
decays of the Standard Model (SM)-like Higgs boson to
h1h1 and a1a1 pairs are generically suppressed. Thus h1

and a1 are hidden from four-fermion searches at LEP [4]
and the Tevatron [5] designed to test the typical light a1

scenario. Meanwhile, due to annihilation into a1 and ex-
change of h1, for a certain window of the parameters, the

correct relic density and a large spin-independent (SI) di-
rect detection cross section consistent with the CoGeNT
and DAMA/LIBRA preferred region can be achieved for
the DM candidate χ1. Therefore, we refer to this limit
as the “Dark Light Higgs” (DLH) scenario.

We begin with an analysis of the light spectrum in the
DLH scenario. For convenience we define two parameters

ε ≡ λµ

mZ

ε�, ε� ≡ Aλ

µ tanβ
− 1 (2)

where µ ≡ λ�N�. ε has a relevant impact on Higgs
physics, as exhibited in FIG. 1. In the first column of
FIG. 1 we plot mh1,a1,χ1 against ε for a random scan
over parameter points as defined in the figure caption.
NMSSMTools 2.3.1 and MicrOMEGAS 2.4.Q [6, 7] are
our analysis tools used in this letter.

The scan results in FIG. 1 can be understood analyti-
cally as follows. Because of the spontaneous breaking of
the approximate PQ symmetry, a1 is a pseudo-Goldstone
boson and its small mass m

2
a1
≈ −3κAκµ/λ is protected

by the symmetry. For χ1, κ � λ � 1 implies that the
lightest neutralino is dominantly singlino and its mass is
mχ1 ≈ v

2λ2 sin 2β/µ + 2κµ/λ, where v = 174 GeV and
tanβ ≡ �Hu�/�Hd�. For λ � 0.1, µ of order a few hun-
dred GeV, and κ/λ on the order of a few percent, mχ1

drops below 10 GeV.
More interesting is the CP-even spectrum. For analytic

convenience we consider moderate tanβ, although the
qualitative properties of the figures are also present for
lower tanβ. Then in the small λ + PQ limit the mass of
the lightest state is approximately

m
2
h1
≈ −4v

2ε2 +
4v

2λ2

tan2 β
+

κAκµ

λ
+

4κ2
µ

2

λ2
. (3)

The heaviest state is strongly down-type, with a mass
m

2
h3
� m

2
Hd

� A
2
λ (where the minimization condition for

vd is used), and the middle state is SM-like.

at tree level, for small epsilon,  the scalar mass contributions are small 
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FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into

h1h1 (top-right) and a1a1 (middle-right), and correlation be-

tween ε and ε� (bottom-right). Points are taken randomly

from the ranges 5 ≤ tan β ≤ 50, 0.05 ≤ λ ≤ 0.5, 0.0005 ≤
κ ≤ 0.05, −0.8 ≤ ε� ≤ 0.8, −40 GeV ≤ Aκ ≤ 0, and

0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3

m2
Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
max ≈

1
4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+ ∆m2

h1

�
. (5)

Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ

�
λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)

At loop level,
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Aλ → µ tanβ, κ � λ < 1and taking
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• The positive loop correction can cancel the tree level negative contribution 
of the lightest CP-even Higgs mass square.

• Small     is not a result of the fine-tuning, but a result of the vacuum stability.

The Dark Light Higgs Scenario

Ε

mh1
2

tachyon

Physical vacuum

loop correction 0
Ε

mh1
2

0

ε

• The upper bound of the     is ε

ε2max ≈ 1

4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+

λ2µ2

2π2
log

µ2 tan3 β

m3
Z

�
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The Dark Light Higgs Scenario

• Some numerical results (using NMSSMTools 2.3.1and MicrOMEGAS 2.4.Q)

λ < 0.15, κ/λ < 0.03, µ < 250GeVλ < 0.30, κ/λ < 0.05, µ < 400GeV

5 � tanβ � 50, 0.05 � λ � 0.5, 0.0005 � κ � 0.05,−0.8 � ε� � 0.8, − 40GeV � Aκ � 0, 0.1TeV � µ � 1TeV

ε� =
Aλ

µ tanβ
− 1

DLH:
Blue Points

Values of � � 0.05 are obtained
Saturday, September 21, 2013



• How about other new 
particles in the DLH scenario?

• A singlino-like light neutralino 
~ 1-10 GeV

• A light CP-odd Higgs (due to 
the PQ limit) ~ 10 GeV

• A SM-like Higgs ~ 125 GeV

• Others ...

The Dark Light Higgs Scenario

m2
a1

≈ −3κAκµ

λ

h2 ∼ hu + hd cotβ − 2εvmZ

m2
Z + µ2

hn

mχ1 ≈ λ2v2

µ
sin 2β +

2κµ

λ

•  CP-odd and a CP-even                 
non-standard Higgs Bosons

m2
h3

� A2
λ � m2

h1,2

DLH: Blue Points
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Phenomenological Constraints
• Dictated by mixing of mainly singlet state with MSSM Higgs bosons

• One should consider the possible decays of the SM-like Higgs, which is mainly 
up-type, into the light states

• The effective coupling                                           

It is suppressed both by small values of lambda and epsilon. The coupling to 
fermions is easily extracted from the above mixing values.         

2

FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into

h1h1 (top-right) and a1a1 (middle-right), and correlation be-

tween ε and ε� (bottom-right). Points are taken randomly

from the ranges 5 ≤ tan β ≤ 50, 0.05 ≤ λ ≤ 0.5, 0.0005 ≤
κ ≤ 0.05, −0.8 ≤ ε� ≤ 0.8, −40 GeV ≤ Aκ ≤ 0, and

0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3

m2
Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
max ≈

1
4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+ ∆m2

h1

�
. (5)

Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ

�
λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)
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FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into

h1h1 (top-right) and a1a1 (middle-right), and correlation be-

tween ε and ε� (bottom-right). Points are taken randomly

from the ranges 5 ≤ tan β ≤ 50, 0.05 ≤ λ ≤ 0.5, 0.0005 ≤
κ ≤ 0.05, −0.8 ≤ ε� ≤ 0.8, −40 GeV ≤ Aκ ≤ 0, and

0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3

m2
Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
max ≈

1
4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+ ∆m2

h1

�
. (5)

Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ

�
λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)
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FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into

h1h1 (top-right) and a1a1 (middle-right), and correlation be-

tween ε and ε� (bottom-right). Points are taken randomly

from the ranges 5 ≤ tan β ≤ 50, 0.05 ≤ λ ≤ 0.5, 0.0005 ≤
κ ≤ 0.05, −0.8 ≤ ε� ≤ 0.8, −40 GeV ≤ Aκ ≤ 0, and

0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3

m2
Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
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�
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4κ2µ2

λ2
+ ∆m2

h1

�
. (5)

Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ
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λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)
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• We consider squark masses of a few TeV, and values of the trilinear soft 
terms of similar magnitude.

• There are powerful limits from the Tevatron in its possible gluon fusion 
production   and possible decay into light boson states.  This puts a very 
tight upper bound on the rate of these decays.

• These bounds are therefore easily fulfilled in these models

2

FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into
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0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3
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Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
max ≈

1
4v2
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4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2
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Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ
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λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)

Higgs Decay Bounds
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TABLE I: The e!ciency for MC signal events within the
2 s.d. window around each Ma, numbers of events ex-
pected from background (with statistical uncertainty) and
observed in data, and the expected and observed limits on
the !(pp!h+X)"BR(h!aa!4µ), for Mh=100 GeV. Limits
for other Ma, up to 2m! , are interpolated from these simu-
lated MC samples. No events are observed in a window for
any interpolated Ma.

Ma Window E". Nbckg Nobs !"BR

(GeV) (MeV) [exp] obs (fb)

0.2143 ±15 17% 0.001±0.001 0 [10.0] 10.0

0.3 ±50 16% 0.006±0.002 0 [9.5] 9.5

0.5 ±70 12% 0.012±0.004 0 [7.3] 7.3

1 ±100 13% 0.022±0.005 0 [6.1] 6.1

3 ±230 14% 0.005±0.002 0 [5.6] 5.6

the total background of 2.2±0.5 events. Neither has a
third muon identified, compared to about 50% of the sig-
nal MC events. We fit a Gaussian distribution to the
m1(µ, track) distribution, and the number of events with
both m1(µ, track) and m2(µ, track) within a ±2 s.d. win-
dow around the mean from the fit are determined for
data, signal, and background (Tab. I). No events are ob-
served within any window, in agreement with the back-
ground prediction. Upper limits on the h!aa!4µ signal
rate are computed at 95% C.L. using a Bayesian tech-
nique [16] and vary slightly with Mh, decreasing by "10%
when Mh increases from 80 to 150 GeV.

For the 2µ2! channel, the muon pair is selected in each
event with the largest scalar sum of muon pT (!pT

µ ), with
muon pT >10 GeV, "R(µ, µ)<1, and M(µµ)<20 GeV.
This is the “pre-selection” (Tab. II). Next, !pT

µ >35 GeV
is required, to reduce background, and the same muon
pair calorimeter and track isolation cuts are applied as
for the 4µ channel. This is the “isolated” selection.

Standard D0 ! identification [17] is severely degraded
and complicated by the topology of the two overlapping
! leptons. Instead, we require significant E/T from the
collinear ! decays to neutrinos. The E/T is computed from
calorimeter cell energies and corrected for the pT of the
muons. To ensure that this correction is as accurate as
possible, the following additional muon selection criteria
are applied. The muons’ tracks in the inner tracker are
required to have fits to their hits with "2/dof<4, trans-
verse impact parameter from the PV less than 0.01 cm,
and at least three hits in the silicon detector. The match
between the track reconstructed from muon system hits
and the track in the inner tracker must have "2<40, and
the muon system track must have pT >8 GeV. Hits are
required for both muons in all three layers of the muon
system. Also, less than 10 GeV of calorimeter energy
is allowed within "R<0.1 of either muon, to exclude
muons with showers in the calorimeter. Finally, the lead-
ing muon pT must be less than 80 GeV, to remove muons

with mismeasured pT . To improve the E/T measurement
in the calorimeter, the number of jets reconstructed [18]
with cone radius 0.5, pT >15 GeV (corrected for jet en-
ergy scale), and |#|<2.5 must be less than five. Events
with E/T >80 GeV are also rejected to remove rare events
where the E/T is grossly mismeasured, since signal is not
expected to have such large E/T . These are the “refining”
cuts. Then an event must pass one of three mutually
exclusive subselections. The first subselection, for when
no jet is reconstructed from the tau pair, requires zero
jets with pT >15 GeV, "$(µµ,E/T )>2.5, the highest-pT

track with "z(track, PV)<3 cm and not matching either
of the two selected muon tracks in the dimuon candidate
to have pT >4 GeV and "$(track, E/T )<0.7. The second
subselection, for when at least one of the tau decays is 1-
prong, requires at least one jet, where the leading-pT jet
(jet1) has no more than four (non-muon) tracks associ-
ated with it with pT >0.5 GeV, "z(track,jet1)<3 cm, and
"R(track,jet1)<0.5, "$(jet1,E/T )<0.7, and E/T >20 GeV.
The third subselection, for when both tau decays are
3-prong (or more) and thus most jet-like, requires at
least one jet, where jet1 has either more than four (non-
muon) tracks associated with it or "$(jet1,E/T )>0.7 and
E/T >35 GeV. Events passing one of these three subselec-
tions are called the “E/T ” selection.

To gain acceptance, we also select events not passing
the “E/T ” selection, but with either an additional muon
(not necessarily isolated) or loosely-isolated electron. For
the “Muon” selection, a (third) muon is required, with
pT >4 GeV and "$(µ,E/T )<0.7. The “EM” selection re-
jects events in the “Muon” selection and then requires
an electron with pT >4 GeV, "$(e,E/T )<0.7, fewer than
three jets, E/T >10 GeV, and pe

T +E/T >35 GeV.
The dimuon invariant mass shape of the multijet and

%! background to the “E/T ” selection is estimated from
the low E/T data which passes the “refining” cuts but fails
the “E/T ” selection cuts. For the “Muon” and “EM” se-
lections, it is taken from the “isolated” data sample. The
requirements of the “Muon” and “EM” selections have
no significant e#ect on the dimuon invariant mass shape
for a data sample with loosened isolation requirements.
These background shapes are summed and normalized to
the data passing all selections, but excluding data events
within a 2 s.d. dimuon mass window for each Ma (see
below). Background from diboson, tt, and W+jets pro-
duction, containing true E/T from neutrinos, is estimated
using MC and found to contribute <10% of the back-
ground from multijet and %!.

Signal acceptance uncertainty for the 2µ2! channel is
dominated by the ability of the simulation to model the
e$ciency of the “refining” muon cuts and final selections.
It is found to be 20% per-event based on studies of the
muon and event quantities used, comparing data and MC
events in the Z boson mass region. Comparing the J/&
and Z boson yields gives a 10% trigger e$ciency uncer-
tainty. The background uncertainty is less than 20% and
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• The most important bounds for a light scalar come from radiative decays

• The effective coupling

• In addition for masses below the Kaon decay threshold

Upsilon Decay Bounds
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• When                     , the perturbative spectator model is used to estimate the 
decay branching ratio of the Higgs.

• Finally, the decay branching ratio of the lightest CP-even Higgs is

Upsilon decay

David McKeen,  Phys Rev D 79, 015007 (2009) 
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FIG. 1: Masses of h1 (top-left), a1 (middle-left), and χ1

(bottom-left); branching ratios of the SM-like Higgs h2 into

h1h1 (top-right) and a1a1 (middle-right), and correlation be-

tween ε and ε� (bottom-right). Points are taken randomly

from the ranges 5 ≤ tan β ≤ 50, 0.05 ≤ λ ≤ 0.5, 0.0005 ≤
κ ≤ 0.05, −0.8 ≤ ε� ≤ 0.8, −40 GeV ≤ Aκ ≤ 0, and

0.1 TeV ≤ µ ≤ 1 TeV. (In this letter we assume soft squark

masses of 1 TeV, slepton masses of 200 GeV, Au,d,e parame-

ters of 750 GeV, and bino, wino and gluino masses of 100, 200

and 660 GeV, respectively, for all numerical analyses.) Green

points cover the whole scan range, red points correspond to

λ < 0.30, κ/λ < 0.05 and µ < 400 GeV, and blue points

correspond to λ < 0.15, κ/λ < 0.03 and µ < 250 GeV.

The h1 mass is also lifted by quantum corrections, and
the strong singlet-like nature of h1 suppresses contribu-
tions from all particles running in the loop except Higgs
bosons and Higgsinos. Setting ε → 0 for these loop dia-
grams, we find an uplifted singlet mass in the MS scheme

∆m2
h1
≈ λ2µ2

2π2
log

µ2 tanβ3

m2
Z

. (4)

Fixing all other parameters, the upper bound on m2
h1

is
achieved for ε→ 0 and is lowered to the order of 10 GeV
in the small λ + PQ limit.

On the other hand, increasing ε rapidly decreases mh1 .
Including both tree and loop corrections, vacuum stabil-
ity indicates an upper bound on ε2 given by

ε2
max ≈

1
4v2

�
4λ2v2

tan2 β
+

κAκµ

λ
+

4κ2µ2

λ2
+ ∆m2

h1

�
. (5)

Due to the steepness of the mh1(ε) curve near εmax, the
negative parabolic dependence on ε suggested by Eq. (3)
is not fully apparent for boundary of the blue points in
the upper-left panel of FIG. 1. However, the boundary
observed in FIG. 1 is still a reasonable estimate of the
limits on ε implied by vacuum stability. In particular, it
is clear that in the small λ + PQ limit and for natural

values of µ, |εmax| is small. The right-bottom panel of
FIG. 1 shows that Aλ is close to µ tanβ for blue points,
so we will take a smaller range of �� in our DM analysis.

The tree-level mixing parameters of the light scalar are

S1d ≈
v

µ tanβ

�
λ +

2εµ

mZ

�
, S1u ≈

2vε

mZ
, (6)

indicating a mostly singlet/down admixture in the limit
ε → 0 and an approximately pure singlet in the further
limit of small λ or large tanβ.

There are three main processes by which present ex-
periments potentially constrain this scenario: (1) decays
of the SM-like Higgs h2 through h1h1 and a1a1, (2) Υ(ns)
decays to γh1 or γa1, and (3) flavor physics.

FIG. 2: Constraints from the decays h2 → h1h1 → 4f (top)

and from the decays Υ → γh1(h1 → µµ, ππ, KK) (bottom).

σ4µ ≡ σh2Br(h2 → h1h1 → 4µ). To show the constraint

from the 2µ2τ channel on the same plot we convert it into

an effective constraint on 4µ by rescaling it with
Br(h1→µµ)
Br(h1→ττ)

(a model-independent quantity). λd is a tree-level coupling

of the down-type interaction −λdmfd√
2v

h1f̄dfd. Gray and blue

points correspond to the gray and blue points in FIG. 3. Pur-

ple points correspond to the points in the scan of FIG. 4.

Similarly to the light a1 scenario of [2], relevant con-
straints may come from the searches for [4, 5]

h2 → h1h1, a1a1 → 4b, 4τ, 2b2τ (LEP),
h2 → h1h1, a1a1 → 4µ, 2µ2τ (Tevatron).

However, in our case the tree-level couplings of h2 to h1h1

and a1a1 are suppressed. This can be seen as follows.
Since h1 is strongly singlet-like and h2 is up-type, the
coupling yh2h1h1 is (for a complete formula, see [10])

yh2h1h1 ≈ −
λvmZε√

2µ
. (7)

Here we use the mixing parameters at lowest order in ε

S2d ≈ cot β, S2s ≈ −
2εvmZ

m2
Z + µ2

(8)

Upsilon Decay :  CLEO Bounds

For masses below 2GeV, bounds are satisfied even for relatively 
large values of the effective  down fermion coupling.
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FIG. 5: 90% CL upper limits on product branching fractions
(BF) (left axis) B(! (3S) ! "A0) · B(A0

! hadrons) and
(right axis) B(! (2S) ! "A0) · B(A0

! hadrons), for (a) CP-
all analysis, and (b) CP-odd analysis. The overlaid curves in
red are the limits expected from simulated experiments, while
the blue curves are the limits from statistical errors only. The
! (2S) limits do not include the phase space factor, which is
at most a 3.5% correction.

each of gg and ss above the cc threshold. The resulting
systematic errors are 8% for CP-all or 4% for CP-odd
below the cc threshold, and 21% above. The resulting
90% CL upper limits are shown in Fig. 5.
In conclusion, we have searched for hadronic final

states of a light Higgs boson produced in radiative de-
cays of the ! (2S) or ! (3S) and find no evidence of a
signal. Upper limits on the product branching fraction
B(! (nS) ! "A0) ·B(A0 ! hadrons) range from 1"10!6

at 0.3 GeV/c2 to 8" 10!5 at 7 GeV/c2 at the 90% CL.
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BF (Y → γ + s) � 2× 10−4 λ2
d FQCD

FQCD � 0.3

Bound on λd larger than 0.25 may be obtained
from these considerations.

Typical value of λd � 0.1 in this model,
so it comfortably satisfies the bound.

New BABAR Bounds
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Other constraints from lepton, Higgs and flavor physics

Constraints on this model also come from g − 2 of the muon at the one and
two-loop level, from rare B decays and from the Zh1 production at LEP2.

The first ones put constraints on λd and the two-loop g − 2 as well as the
last one on λu. Bounds depend also on the SUSY spectrum.

Values of λd and λu smaller than 10−1 tend to satisfy these constraints.

How about the implications for cosmology? 
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Dark Matter in the DLH Scenario
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SI Direct Dark Matter Cross Section
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for moderate tanβ. Similarly, one can derive that

yh2a1a1 = yh2h1h1 at this order, and thus Br(h2 → h1h1)

and Br(h2 → a1a1) are both suppressed by λε � 1.

The right column of Fig. 1 presents the full numerical

evaluations for Br(h2 → h1h1, a1a1). As expected, the

branching fractions are typically small. The asymmetry

in Br(h2 → h1h1) w.r.t. ε is caused by an O(ε2
) correc-

tion with the opposite sign of the linear term in Eq. (7).

The Tevatron constraints from the search for h2 →
h1h1 → 4f are illustrated in the upper panel of FIG. 2.

Essentially all points survive. Similar limits from LEP

are avoided by default, because mh2 is above the kine-

matic threshold
1
.

Υ physics constrains models with light states through

the decays Υ → γ(h1, a1) → γ(µµ, ππ, KK). In Fig. 2

we show the constraints from searches for these decays on

the effective coupling λd of the light state to down-type

fermions [8, 9]. At tree level in our limit, λd ≈ v
µ

�
λ+

2εµ
mZ

�
,

and the scan points typically approach the constrained

region only for λ � 0.15.

B-physics may also add non-trivial constraints with a

light a1 (e.g., see [10]) or h1, because flavor-violating ver-

tices b(d, s)(a1, h1) can be generated at loop level. These

vertices, however, depend strongly on the structure of

soft breaking parameters and the SUSY breaking scale

(e.g., see [11]). For the input parameters to NMSSM-

Tools used in the scan, the points in the figures are con-

sistent with all B-physics constraints including Bs → µµ,

Bd → Xsµµ, b → sγ, etc. In addition, though not in-

cluded in NMSSMTools, we also check the constraints

from D meson decays (e.g., D → l+l−). Because of the

singlet-like nature of h1 and a1, D-physics constraints are

very weak and can be satisfied easily.

The DLH scenario possesses interesting implications

for DM physics. To see this, we perform a second ran-

dom scan over all parameters. FIG. 3 shows that the χ1

DM candidate is characterized by a relatively large spin-

independent direct-detection cross section σSI, compared

with typical supersymmetric scenarios. For certain pa-

rameter window, the correct relic density and a large σSI

consistent with the CoGeNT and DAMA/LIBRA pre-

ferred region [13] can be simultaneously achieved, and

the scenario remains consistent with current experimen-

tal bounds (particularly from flavor physics and Higgs

searches). This has usually been considered difficult or

1
The LEP and Tevatron constraints from the channel h2 → a1a1

are included in NMSSMTools and in our code, respectively.

Points are omitted if the limit is violated. Similarly, the con-

straint from Υ→ γa1 is checked by NMSSMTools, so we present

only the limit from Υ → γh1 in FIG. 2. For the numerical

results presented in this letter we incorporate all built-in checks

in NMSSMTools 2.3.1 (including those from LEP Higgs searches,

superpartner searches, gµ−2, flavor physics, Z-decay, ηb physics,

etc.), except the DM relic density. The difference between FIG. 1

and FIG. 3-4 is that in the latter, Ωh2 ≤ 0.13 is also required.

impossible in supersymmetric models [14–16].

FIG. 3: Cross section of SI direct detection for χ1. The

scan is over all parameters, in the ranges 0.05 ≤ λ ≤ 0.15,
0.001 ≤ κ ≤ 0.005, |ε�| ≤ 0.25, −30 ≤ Aκ ≤ −15 GeV,

5 ≤ tan β ≤ 50 and 100 ≤ µ ≤ 250 GeV. The dark blue

(dark) points have a relic density 0.09 ≤ Ωh2 ≤ 0.13. The red

contour is the CoGeNT favored region presented in [12] and

the two blue circles above the red one are the most recent

interpretations of fitting CoGeNT + DAMA/LIBRA [13].

Note that all contours assume a local density which may

be sensitive to the relic density. The purple, brown, and

black lines are the limits from CDMS [17], CoGeNT [12], and

XENON100 [18], respectively.

The relatively large σSI is mainly due to the

h1−mediated t−channel scattering χ1q → χ1q, and

σSI ≈

��
ε

0.04

�
+ 0.46

�
λ

0.1

� �
v
µ

��2 �yh1χ1χ1
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�2
10
−40

cm
2

� mh1
1GeV

�4 .

(9)

The h1χ1χ1 coupling is reduced to yh1χ1χ1 ≈ −
√

2κ for

a singlino-like χ1 and singlet-like h1. The dependence

of σSI on m−4
h1

is illustrated in the left panels of FIG. 4.

For the fixed parameter values given in the caption, the

LEP search for h2 → bb sets the lower boundary of the

contoured region, flavor constraints control the upper-

right, vacuum stability sets the upper-left limit, and the

upper bound on the relic density controls the left and

right contour limits (the threshold for a1 creation causes

a rapid increase in Ωh2
on the right side). The sensitivity

to tanβ enters mainly via mh1 .

The χ1 relic density is largely controlled by the a1-

mediated s-channel process χ1χ1 → ff̄ . The annihila-

tion cross section is

σff̄vχ1 ≈
3| ya1χ1χ1 ya1ff |

2
(1−m2

f/m2
χ1

)
1/2

32πm2
χ1

�
δ2 +

���Γa1ma1
4m2

χ1

���
2
� (10)

where ya1χ1χ1 ≈ −i
√

2κ and δ ≡
����

1
1−v2

χ1
/4 −

m2
a1

4m2
χ1

����, with

vχ1 denoting the relative velocity of the two χ1s. δvχ1→0
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h1
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For the fixed parameter values given in the caption, the

LEP search for h2 → bb sets the lower boundary of the

contoured region, flavor constraints control the upper-

right, vacuum stability sets the upper-left limit, and the

upper bound on the relic density controls the left and

right contour limits (the threshold for a1 creation causes

a rapid increase in Ωh2
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to tanβ enters mainly via mh1 .

The χ1 relic density is largely controlled by the a1-

mediated s-channel process χ1χ1 → ff̄ . The annihila-

tion cross section is

σff̄vχ1 ≈
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Simple correlation between light scalar
mass and SI Cross Section
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• Channel I
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• Channel II
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Ñ

Ñ
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Ñ

Ñ
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Ñ

h1

f

f̄

Ñ
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p-wave suppression

Dark Matter Relic Density

Dominant Annihilation Cross Sections

S-channel annihilation from light pseudoscalar dominant annihilation channel

Resonant effects at finite T should be properly taken into account while computing the 
thermal average cross section.
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• The annihilation cross section is given by

 

 

• Due to the resonance effect, we have

4

FIG. 4: Contours of σSI (top-left), Ωh
2 (top-right), mh1 (left-

bottom) and δvχ1→0 (right-bottom) from scans over µ and

tanβ, with λ = 0.12, κ = 2.7×10−3, ε� = 0.15 and Aκ = −24
GeV.

The χ1 relic density is largely controlled by the a1-
mediated s-channel process χ1χ1 → ff̄ . The annihila-
tion cross section is

σff̄vχ1 ≈
3| ya1χ1χ1 ya1ff |2(1−m2

f/m
2
χ1
)1/2

32πm2
χ1
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δ2 +

���Γa1ma1
4m2
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2
� (10)

where ya1χ1χ1 ≈ −i
√
2κ and δ ≡

����
1

1−v2
χ1

/4 − m2
a1

4m2
χ1

����, with

vχ1 denoting the relative velocity of the two χ1s. δvχ1→0

reflects the deviation of 2mχ1 from the a1 resonance. In
the typical case ma1 > 2mχ1 > 2mb, the relic density is

Ωh2 ≈
0.1

� ma1
15GeV

� � Γa1
10−5GeV

� �µ
v

�2 � 0.003
ya1χ1χ1

�2 �
0.1
λ

�2

erfc
�

2mχ1
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�
xfδvχ1→0

�
/erfc (2.2)

(11)

where xf = mχ1/Tf is the freeze-out point. As a measure
of thermal suppression, δvχ1→0 enters the complementary
error function obtained from the integral over the Boltz-
mann distribution. The inverse dependence of Ωh2 on
δvχ1→0 is shown in the right panels of FIG. 4. Its sensi-
tivity to µ is mainly through δvχ1→0, as mχ1/ma1 ∝ √

µ
for tanβ >∼ 5. As µ increases, 2mχ1 approaches ma1

from below, and δvχ1→0 decreases rapidly. Our scenario
requires δvχ1→0 ≈ 0.30− 0.35 to achieve the correct relic
density, which can be controlled by Aκ through ma1 . For
the required range of δvχ1→0, Aκ ≈ −3.5mχ1 .

Finally, a benchmark point corresponding to the
starred point in FIG. 2 and FIG. 3 is given in Table I.

Note added: While this work was in preparation, [15]
and [16] appeared. [15] considers a more general super-

λ κ(10−3) Aλ(10
3) Aκ µ tanβ mh1

0.1205 2.720 2.661 -24.03 168.0 13.77 0.811
ma1 mχ1 mh2 Brhh Braa Ωh2 σSI(10

−40)
16.7 7.20 116 0.158% 0.310% 0.112 2.34

TABLE I: Benchmark point. We use the units cm2 for σSI and
GeV for dimensionful input parameters, and denote Br(h2 →
h1h1) as Brhh and Br(h2 → a1a1) as Braa. Soft sfermion and
gaugino parameters are as given in the caption of FIG. 1.

potential, sacrificing the solution to the µ-problem, and
they also work far from the PQ-limit. They report that
at least some of their parameter space is ruled out al-
ready at the 2.5σ level by Tevatron Higgs searches. In
this letter, we found that in a parameter space different
from the one studied in [15, 16], the NMSSM can realize
the CoGeNT + DAMA/LIBRA favored regions [12, 13]
for light singlino DM, and need not violate current limits
from LEP, the Tevatron, and Υ- and flavor physics.

Acknowledgments

Work at ANL is supported in part by the U.S. DOE
Grant DE-AC02-06CH11357. Work at EFI is supported
in part by the DOE Grant DE-FG02- 90ER40560. T.L.
is supported by the Fermi-McCormick Fellowship and
the DOE Grant DE-FG02-91ER40618 at U. California,
Santa Barbara. L.-T.W. is supported by the NSF under
grant PHY-0756966 and the DOE OJI award under grant
DE-FG02-90ER40542. H.Z. is supported by the National
NSF of China under Grants 10975004 and the CSC File
No. 2009601282. T.L. thanks Princeton U. and Shang-
hai Jiaotong U. for hospitality during preparation of this
work. T.L. thanks Z.-W. Liu for useful discussions.

[1] B. A. Dobrescu et al., Phys. Rev. D 63, 075003 (2001)
[2] R. Dermisek et al., Phys. Rev. Lett. 95, 041801 (2005).
[3] D. J. Miller et al., arXiv:hep-ph/0501139.
[4] S. Schael et al. [ALEPH, DELPHI, L3, and OPAL Col-

laborations], Eur. Phys. J. C 47, 547 (2006); S. Schael et
al. [ALEPH Collaboration], JHEP 1005, 049 (2010).

[5] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett.
103, 061801 (2009).

[6] U. Ellwanger et al., JHEP 0502, 066 (2005)
[7] G. Belanger et al., arXiv:1004.1092 [hep-ph].
[8] D. McKeen, Phys. Rev. D 79, 114001 (2009); Phys. Rev.

D 79, 015007 (2009).
[9] B. Aubert et al. [BABAR Collaboration], Phys. Rev.

Lett. 103, 081803 (2009).
[10] U. Ellwanger et al., arXiv:0910.1785 [hep-ph].
[11] M. Carena et al., Phys. Rev. D 79, 075025 (2009).
[12] C. E. Aalseth et al. [CoGeNT collaboration],

arXiv:1002.4703 [astro-ph.CO].
[13] D. Hooper et al., arXiv:1007.1005 [hep-ph].
[14] D. Feldman et al., Phys. Rev. D 81, 117701 (2010);

E. Kuflik et al., Phys. Rev. D 81, 111701 (2010);
K. J. Bae et al., arXiv:1005.5131 [hep-ph]; D. Das et
al., arXiv:1007.1151 [hep-ph].

[15] A. V. Belikov et al., arXiv:1009.0549 [hep-ph].
[16] J. F. Gunion et al., arXiv:1009.2555 [hep-ph].
[17] Z. Ahmed et al., Science 327, 1619 (2010)
[18] E. Aprile et al., arXiv:1005.0380 [astro-ph.CO].

Ωh2 ≈
0.1

� ma1
15GeV

� � Γa1
10−5GeV

� �µ
v

�2 � 0.003
κ

�2 � 0.1
λ

�2

erfc
�

2mχ1
ma1

�
xfδvχ1→0

�
/erfc(2.2)

δ ≡ |(1− v2χ1
/4)−1 −m2

a1
/(4m2

χ1
)|

Dark Matter Relic Density

• The numerical result shows a                       
is needed to give a correct relic abundance.

δvχ1→0 � 0.3− 0.35

• This will constrain the soft parameter        
since

Aκ

δvχ1→0 ≈ −3λAκ

16κµ
1-

λ = 0.12, κ = 2.7 10−3, Aκ = −24 GeV

Higgs too light

DM

DM

h1 tachyonic
flavor

Saturday, September 21, 2013



the spectrometer. For each track the maximum detectable
rigidity (MDR) was evaluated on an event-by-event basis
by propagating the estimated coordinate errors and taking
into account the track topology. The MDR was required to
be 6 times larger than the measured rigidity. This allowed
the antiproton measurement to be extended up to
180 GV=c with acceptable contamination from spillover
protons. The contamination was estimated using the
GPAMELA detector simulation which is based on the
GEANT3 package [17]. The simulation contains an accurate
representation of the geometry and performance of
the PAMELA detectors. For the spectrometer [18] the
measured noise of each silicon plane and performance
variations over the duration of the measurement were
accounted for. The simulation code was validated by com-
paring the distributions of several significant variables
(e.g., coordinate residuals, !2 and the covariance matrix
from the track fitting) with those obtained from real data.
The high-energy region of the deflection distribution was
studied before applying the MDR selection and agreement
within 20% was found between data and simulation. This
difference was taken as a systematic uncertainty on the
spillover contamination which was estimated to be ’ 30%
for the rigidity interval 100–180 GV=c.

The efficiencies were carefully studied using both ex-
perimental and simulated data [16,19,20]. The time depen-
dence of the detector performance (and therefore also
efficiency) was studied using proton samples collected
during 2 month long periods. The average global selection
efficiency was measured to be ’ 30%. The number of
(anti)protons rejected by the selection criteria due to inter-
actions and energy loss within the detector systems was
estimated using the simulation. The number of antiprotons
lost due to this selection is energy dependent and varies
from ’ 10% below 1 GeV to ’ 6% above 50 GeV. The
antiproton flux was obtained by considering the geometri-
cal factor (estimated both analytically and with simula-
tions) and the total live time which is provided by an
on-board clock that times the periods during which the
apparatus is waiting for a trigger.

The energy-binned antiproton fluxes and antiproton-to-
proton flux ratios are given in Table I. The spectrometer
resolution has not been unfolded and a systematic uncer-
tainty is included to account for this. Contamination from
pions and spillover protons has been subtracted from the
results. The first and second errors in the table represent
the statistical and systematic uncertainties, respectively.
The total systematic uncertainty was obtained quadrati-
cally summing the various systematic errors considered:
acceptance, contamination, efficiency estimation, energy
losses, interactions and spectrum unfolding.

Figure 1 shows the antiproton energy spectrum and
Fig. 2 shows the antiproton-to-proton flux ratio measured
by PAMELA along with other recent experimental data
[21–26] and theoretical calculations assuming pure

secondary production of antiprotons during the propaga-
tion of cosmic rays in the Galaxy. The curves were calcu-
lated for solar minimum, which is appropriate for the
PAMELA data taking period, using the force field approxi-
mation [27,28].
The PAMELA results reproduce the expected peak

around 2 GeV in the antiproton flux and are in overall
agreement with pure secondary calculations. The experi-
mental uncertainties are smaller than the spread in the
different theoretical curves and, therefore, provide impor-
tant constrains on parameters relevant for secondary pro-
duction calculations. For example, the antiproton flux
bands from Donato et al. [31] presented in Fig. 1 show
uncertainties on the propagation parameters (dotted lines)
and antiproton production cross sections (dashed lines) and
indicate larger uncertainties than those present in the
PAMELA measurements. Figure 3 shows the PAMELA
antiproton-to-proton flux ratio compared with a calculation
[14] (dashed line) including both a primary antiproton
component from the annihilation of 180 GeV winolike
neutralinos and secondary antiprotons. This model, based
on the nonthermal production of dark matter in the early
Universe, was proposed to explain the high-energy rise in
the PAMELA positron fraction [8]. As shown by the
dashed line in Fig. 3, a reasonable choice of GALPROP

[32] propagation parameters (dashed-dotted line) allows a
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FIG. 1 (color). The antiproton energy spectrum at the top of
the payload obtained in this work compared with contemporary
measurements [21–25] and theoretical calculations for a pure
secondary production of antiprotons during the propagation of
cosmic rays in the Galaxy. The dotted and dashed lines indicate
the upper and lower limits calculated by Donato et al. [31] for
different diffusion models, including uncertainties on propaga-
tion parameters and antiproton production cross sections, re-
spectively. The solid line shows the calculation by Ptuskin et al.
[36] for the case of a plain diffusion model.
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FIG. 21: Cosmic ray electron spectrum as measured by Fermi LAT for one year of observations - shown by filled circles, along
with other recent high energy results. The le spectrum is used to extend the he analysis at low energy. Systematic errors
are shown by the grey band. The range of the spectrum rigid shift implied by a shift of the absolute energy is shown by the
arrow in the upper right corner. Dashed line shows the model based on pre-Fermi results [32]. Data from other experiments
are: Kobayashi [33], CAPRICE [34], HEAT [35], BETS [36], AMS [19], ATIC [7], PPB-BETS [8], H.E.S.S. [9, 10]. Note that
the AMS and CAPRICE data are for e! only.

The CR electron spectrum reported in this paper and
shown in figure 21 is essentially the same as that pub-
lished in [2] for the energy above 20 GeV, but with twice
the data volume. Within the systematic errors (shown by
the grey band in fig 21) the entire spectrum from 7 GeV
to 1 TeV can be fitted by a power law with spectral index
in the interval 3.03 – 3.13 (best fit 3.08), similar to that
given in [2]. The spectrum is significantly harder (flat-
ter) than that reported by previous experiments. The
cross-check analysis using events with long paths in the
instrument confirms the absence of any evident feature in
the e++e! spectrum from 50 GeV to 1 TeV, as originally
reported in [2].

Below ! 50 GeV the electron spectrum is consistent
with previous experiments and does not indicate any flat-
tening at low energies. This may be compared with pre-
vious experiments that made measurements over the last
solar cycle with an opposite polarity of the solar magnetic
field (e.g. [19, 34]), and which indicate that a significant

flattening occurs only below ! 6 GeV.

To fit the high energy part of the Fermi LAT spec-
trum and to agree with the H.E.S.S. data, a conventional
propagation model requires an injection power law index
! " 2.5 above ! 4 GeV and a cuto! at ! 2 TeV. How-
ever, while providing good agreement with the high en-
ergy part of the spectrum, a model with a single power
law injection index fails to reproduce the low-energy data.
To obtain an agreement with all the available data at low
energies we need the injection spectrum ! ! 1.5#2.0 be-
low ! 4 GeV and a modulation parameter in the range
" = 400# 600 MV. The latter was set to match proton
spectrum at low energy during the first year of Fermi
LAT operation [38]. An example of such a calculation
using GALPROP code [39] is shown in figure 22. This
model includes spatial Kolmogorov di!usion with spec-
tral index " = 0.33 and di!usive reacceleration charac-
terized by an Alfven speed vA = 30 km/s; the halo height
was 4 kpc. Energy losses by inverse Compton scattering

tensities are fit to the LAT data via scale factors. We use the
GALPROP sky maps as templates with the component nor-
malizations per energy bin as fit parameters. The subdo-
minant high-latitude DGE components, bremsstrahlung
and !0 decay from H2, as well as HI and HII outside the
local region defined above, are taken from GALPROP pre-
dictions and do not vary in the fit. All sources with test
statistic above 200 (i.e., larger than !14") found in the
internal LAT 9-month source list are included with the flux
per energy band per source as a fit parameter. Weaker
sources are included with fluxes derived from the LAT
catalogue analysis. In addition, templates for the intensity

of the #-ray emission from CRs interacting in the solar disk
and radiation field [8–10] that take into account the relative
exposure as the Sun transits the celestial sphere are in-
cluded with their normalizations as fit parameters.
Results.—Figure 3 shows the #-ray intensity measured

by the LATand the fit results for the Galactic latitude range
jbj " 10#. Table I summarizes the numerical values and
uncertainties, including the intensity values for the indi-
vidually fitted DGE components that are not distinguished
in Fig. 3 for clarity. The residual intensity obtained after
fitting the DGE model components, solar emission, and
sources is the sum of CR background and EGB. The
simulation is used to estimate the CR background and
uncertainty, as described earlier. The CR background is
isotropic when averaged over the data taking period in this
Letter and is subtracted to obtain the EGB intensity.
Additional figures for different latitude bands and regions
of the sky can be found online [22].
Our formal uncertainty on the EGB comes from the fit

using the nominal model. However, the rms of the residual
count fraction between LAT data and our model for ener-
gies above 200 MeV is 8.2%, when averaged over regions
of 13:4 deg2 to ensure sufficient statistics. This is larger
than the 3.3% value expected solely from statistical fluc-
tuations. We also see correlation of the residual count
fraction with structures in the DGE model sky maps.
This suggests a limitation in the accuracy of the description
of the DGE model. We investigated the uncertainty on the
EGB flux related to the DGE components by varying the
relevant parameters in the model and reevaluating the fits
for jbj> 10#. At high latitudes, the model parameters
principally affecting the DGE are the following: the change
of the IC emission with different halo sizes and the calcu-
lation of the IC emission using the anisotropic-isotropic
formalism [23] (IC$ halo in Table I), variations of the CR
source distribution and XCO gradient (CR propagation
model), and how assumptions used to derive HI column
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FIG. 3 (color). LAT-measured #-ray intensity with fit results
for jbj " 10# including statistical and systematic errors. Fit
results by component are given in Table I. Note LAT data are
dominated by systematic uncertainties for the energy range
shown in the figure.

TABLE I. Fit results and uncertainties for the EGB and other components for jbj " 10#.

Intensity integrated over energy band (cm%2 s%1 sr%1)

Energy in GeV 0:2–0:4 0:4–0:8 0:8–1:6 1:6–3:2 3:2–6:4 6:4–12:8 12:8–25:6 25:6–51:2 51:2–102:4
Intensity scale factor &10%6 &10%7 &10%7 &10%8 &10%8 &10%9 &10%9 &10%9 &10%10

EGB 2:4' 0:6 9:3' 1:8 3:5' 0:6 12:7' 2:1 5:0' 1:0 14:3' 4:0 6:3' 1:5 2:6' 0:7 11:1' 2:9
Galactic diffuse (fit) 4:9' 0:4 25:9' 1:8 12:6' 1:3 50:7' 7:2 17:0' 3:0 50:0' 10 17:1' 3:6 6:1' 1:4 19:1' 5:2
Galactic diffuse (model) 5.0 26.0 11.5 43.3 14.7 47.9 15.7 5.2 17.0

IC (fit) 1:5' 0:1 6:8' 0:5 3:5' 0:4 16:1' 2:3 6:6' 1:2 23:3' 4:9 9:3' 2:1 3:9' 1:0 10:6' 3:7
IC (model) 1.2 5.3 2.3 9.7 4.0 16.2 6.3 2.4 8.7

local HI (fit) 2:7' 0:2 15:4' 1:1 7:4' 0:8 28:3' 4:0 8:3' 1:5 20:6' 4:2 5:9' 1:2 1:6' 0:4 7:0' 2:2
local HI (model) 3.1 17.0 7.6 27.6 8.7 26.0 7.7 2.3 6.8

Sources 0:8' 0:1 3:8' 0:2 1:7' 0:1 7:2' 0:8 2:7' 0:4 9:0' 1:3 3:4' 0:5 1:5' 0:2 6:3' 1:0
CR background 1:4' 0:6 4:2' 1:7 1:0' 0:4 2:8' 1:2 0:8' 0:4 6:3' 3:0 1:4' 0:8 0:6' 0:4 0:9' 0:9
Solar 0:1' 0:01 0:4' 0:04 0:2' 0:02 1:0' 0:2 0:4' 0:2 1:7' 0:4 0:7' 1:6 0:1' 0:04 0:8' 0:5
LAT 9:6' 0:8 44:0' 3:0 18:8' 2:0 72:9' 10 25:3' 4:5 81:3' 16 28:3' 5:7 10:6' 2:1 37:9' 7:7

Foreground modeling related uncertainty in cm%2 s%1 sr%1

HI column density $0:1=%0:3 $0:1=%1:7 $0:1=%0:9 $0:1=%3:6 $0:1=%1:1 $0:1=%2:4 $0:1=%0:9 $0:1=%0:2 $0:1=%1:1
IC$ halo size $0:1=%0:2 $0:1=%0:8 $0:1=%0:5 $0:1=%1:8 $0:1=%0:5 $0:1=%0:7 $0:3=%0:3 $0:4=%0:1 $2:9=%0:5
CR propagation model $0:1=%0:3 $0:1=%1:1 $0:1=%0:6 $0:1=%0:8 $0:1=%0:3 $0:1=%1:2 $1:4=%0:1 $0:4=%0:1 $3:0=%0:1
Subregions

of jbj> 10# sky

$0:2=%0:3 $0:8=%1:5 $0:4=%0:9 $1:9=%2:1 $0:7=%0:5 $2:5=%1:9 $1:0=%1:5 $0:5=%0:3 $2:7=%0:9
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account when interpreting potential dark matter signals. A pulsar
magnetosphere is awell knowncosmicparticle accelerator. Thedetails
of the acceleration processes are as yet unclear, but electrons are
expected to be accelerated in the magnetosphere, where they induce
an electromagnetic cascade. This process results in electrons and
positrons that can escape into the interstellar medium, contributing
to the cosmic-ray electron and positron components. As the energy
spectrum of these particles is expected to be harder than that of the
secondary positrons, such pulsar-originated positrons may dominate
the high energy end of the cosmic-ray positron spectrum. But because
of the energy losses of electrons and positrons during their propaga-
tion, just oneor a fewnearby pulsars can contribute significantly to the
positron energy spectrum (see, for example, refs 28, 29).

The PAMELA positron data presented here are insufficient to distin-
guish between astrophysical primary sources and dark matter annihila-
tion.However, PAMELAwill soonpresent results concerning the energy
spectra of primary cosmic rays—such as electrons, protons and higher
mass nuclei—that will significantly constrain the secondary production
models, thereby lessening the uncertainties on the high energy beha-
viour of the positron fraction. Furthermore, the experiment is continu-
ously taking data and the increased statistics will allow themeasurement
of the positron fraction to be extended up to an energy of about
300GeV. The combination of these efforts will help in discriminating
between various dark matter and pulsar models put forward to explain
both our results and the ATIC8 results. New important information will
soon come also from the FERMI satellite that is studying the diffuse
Galactic cosmic c-ray spectrum. Pulsars are predominantly distributed
along the Galactic plane, while dark matter is expected to be spherically
distributed as an extended halo and highly concentrated at the Galactic
Centre. The diffuse c-ray spectrum is sensitive to these different geo-
metries. Furthermore, PAMELA ismeasuring the energy spectra of both
electrons (up to ,500GeV) and positrons (up to ,300GeV). These
data will clarify if the ATIC results8 are due to a significantly large
component of pair-produced electrons and positrons (to explain the
high energy ATIC data, the positron fraction should exceed 0.3 above

300GeV), hencepointing toprimary positron sources, or to ahardening
of the electron spectrum with a more mundane explanation.
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Figure 2 | PAMELA positron fraction with other experimental data and
with secondary production model. The positron fraction measured by the
PAMELA experiment compared with other recent experimental data (see
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calculation1 for pure secondary production of positrons during the
propagation of cosmic rays in the Galaxy without reacceleration processes.
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Indirect Dark Matter Detection Constraints
• We cannot explain the Pamela or Fermi “excesses”, that should come from 

other sources.

• Since dominant annihilation channel is into bottom quarks, then the antiproton 
flux constraints could be important.

• However, these signals become weak, orders of magnitude smaller than the 
current bounds.

• The reason is that the cross section is considerably suppressed with respect to 
the thermal average one, since masses are away from resonance

�σv�today � �σv�freezing out
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Figure 8: Same as Fig. 7 but for values of mh1 vs. m2

s for Baryogenesis. Interpolating lines join points
with the same values of mh2 , varying from about 115 GeV to 130 GeV (bottom left to top
right) for Set a and from 110 GeV to 130 GeV (bottom left to top right) for Set b.

Model, EWSB and Baryogenesis maybe achieved in two ranges of the singlet soft susy

breaking parameter, m2
s. We concentrate on the small m2

s region which opens up EWSB

and baroyogenesis solutions for values of the lightest CP-even Higgs mass less than about

10 GeV (see Fig. 3).

Fig. 7 shows the dependence of φc/Tc on m2
s, for both sets a (blue dots) and b (red

triangles), consistent with a strong first order phase transition. We scan the parameter

∆λ̃t̃, so that mh2 varies in the range 100–130 GeV, and the interpolating lines join points
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Figure 9: Same as Fig. 7, but for the values of φc/Tc as a function of mh1 .
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Light Dark Matter and the Electroweak Phase Transition

M. Carena, N. Shah, C.W.’11

Interesting correlation between the mass of
lightest CP-even Higgs mass and phase

transition strength

A strong electroweak phase transition allows the 
realization of the mechanism of electroweak baryogenesis

Kuzmin, Rubakov and Shaposhnikov, ʼ85—ʼ87

Saturday, September 21, 2013



!"!#

!"#

#

!"
#$
%

&%
'(

) *

!"!!!#

!"!!#

# $ % & ' ##

'+,'

()*)+,-,* .,- )

()*)+,-,* .,- /

Figure 11: Same as Fig. 7, but showing the correlation between φc/Tc and the spin independent cross
section. Lower values of mh2 appear on top in this Figure.

fourth power of m−1
h1
. Additionally, as we showed in the previous section, small values

of mh1 tend to be associated with a strong first order phase transition. These two ob-

servations lead us to note an interesting correlation between a large spin independent

direct detection dark matter cross section and a strong first order phase transition. This

is shown in Fig. 11.

As shown in the previous section, very small values of mh1 in sets a and b are obtained
for values of mh2 close to the LEP SM Higgs bound. For parameter set a, as shown
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crosses) for Parameter Set a.
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Correlation between SI cross section and phase transition strength

Correlation induced by the dependence of the 
SI cross section on the lightest CP-even Higgs mass

M. Carena, N. Shah, C.W.’11
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M. Carena, N. Shah, C.W.’11

SM-Like Higgs and SI cross section

Large SI cross sections can be obtained for
acceptable SM-like Higgs masses
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LHC  Tests : Search for Electroweakinos

One important feature of this model is that μ cannot be too large, since it is 
related to                            .  The Higgsino mass parameter should be smaller 
than a few hundred GeV.  

Small values of μ implies light Higgsinos.

Light Higgsinos may be tested at the LHC, mainly in the trilepton channel

Exact gaugino masses have an impact on this scenario, with lighter gauginos 
leading to more decays of the lightest neutralino into Higgs bosons.

M. Carena, S. Gori, N. Shah, C.W., to appear

Aλ � µ tanβ
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Searches for “Natural” SUSY scenarios 

Electroweak production of SUSY: 1 lepton + bb + MET 
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-  Scenarios where N2 dominantly decays to 
Higgs have not been covered by ATLAS 
searches so far 
-  New analysis to address this 
-  bb from Higgs (first analysis to try to 
reconstruct a Higgs decay!)  
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- Very difficult due to huge background from 
top 
- mCT variable used to suppress top, mT used 
to suppress W+jets 
- Small parameter space exclusion 
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Searches for “Natural” SUSY scenarios 

Electroweak neutralino & chargino and, possibly, slepton pair production 

Electroweak SUSY particle production occurs through intermediate W and Drell-Yan processes 

Search strategy depends on slepton masses and gauge mixture: 2/3/4 leptons + MET searches 
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or via Higgs 

Relevant production channels

Trileptons coming from gauge bosons constitute
the most important search channel, but Higgs

channel is starting to be explored. 
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Searches for “Natural” SUSY scenarios 

Electroweak production of SUSY: 3-lepton + 0 b-jets + MET  
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- b-jet veto to reject top 

-6 SRs targeting C
1
N

2
 production 

(including Z enriched/depleted) 

-Main background WZ 
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Searches for “Natural” SUSY scenarios 

Electroweak production of SUSY: 1 lepton + bb + MET 
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-  Scenarios where N2 dominantly decays to 
Higgs have not been covered by ATLAS 
searches so far 
-  New analysis to address this 
-  bb from Higgs (first analysis to try to 
reconstruct a Higgs decay!)  
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- Very difficult due to huge background from 
top 
- mCT variable used to suppress top, mT used 
to suppress W+jets 
- Small parameter space exclusion 
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ATLAS results in trileptons and Higgs + W searches
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CMS Results. Impact of light sleptons
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Higgsino Cross Sections

Bounds before relevant for charginos and second 
lightest neutralinos with dominant wino component.  
Higgsino production cross section a factor 4 smaller 

(per neutral Higgsino) !
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• In this model, the lightest chargino decays one hundred percent of the time 
into a W  and a light neutralino

• The second lightest neutralinos, instead, tend to decay in average about 60 
percent of the time into a neutralino and a Z, and 40 percent of the time 
into a Higgs and a neutralino

• The bounds are therefore further weakened with respect to the ones found 
by ATLAS and CMS.

Decay Branching Ratios

We found that the current bound on the Higgsino mass parameter is of about  
μ > 250 GeV at both ATLAS and CMS

Bounds tend to be  weakened for lighter binos (keeping the winos heavy)      
due to an increase of decays into Higgs bosons. 
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• Dark Light Higgs scenario is a region of parameters in the MSSM, where one finds 

• A light, mostly singlet scalar Higgs, with mass below about 10 GeV

• A light, mostly singlet pseudoscalar Higgs with mass below about 20 GeV

• A light, mostly singlet, neutralino, with mass below about 10 GeV

• This scenario is in agreement with all experimental constraints coming from high energy 
collider as well as flavor experiments.  It can lead to the proper relic density, with 
indirect dark matter annihilation signatures well within current bounds.

• Furthermore, for a sufficiently light scalar Higgs it can lead to a large direct dark matter 
cross section, consistent with values suggested by COGENT,  DAMA and  CMDS (Si) 
(but challenged by XENON).

• Strength of the electroweak phase transition correlated with the SI cross section one. 

• This scenario is being probed by LHC searches for Higgsinos in trilepton final states. 
Higgs states abundantly produced from SUSY particle decays.

Conclusions
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