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Motivation Bottom-Up

Bottom-Up Motivation
Dark Matter

Several astrophysical and terrestrial observations
that might originate from Dark Matter

PAMELA: rise of positron-fraction with energy[talk Sparvoli]

FERMI: deviation from power-law in e+ + e− spectrum[talk Strigari]

but: PAMELA: no excess in anti-protons

DAMA: annual modulation in nuclear recoil event rate[talk Cerulli]

CoGeNT: excess of events in low energy nuclear recoils

but: CDMS & XENON: no signal observed[talk Balakishiyeva, Oberlack]
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Motivation Bottom-Up

DM Observations
Difficulties for standard WIMPs

PAMELA & FERMI

larger annihilation cross section required than
needed for correct relic abundance: σvann � σv Ωh2

ann

dominant annihilation into leptons (leptophil): χχ→ l+l−

high mass scale: m ∼ O(TeV)

DAMA & GoGeNT vs. CDMS & XENON

light DM candidate: m ∼ 5− 10 GeV

inelastic heavy DM with excited states: ∆m ∼ 100 keV

⇒ non-standard WIMP?
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Motivation Bottom-Up

Alternative Scenarios

Hidden Sector with light messenger particle

Sommerfeld effect ⇒ enhanced annihilation cross section

kinematics ⇒ decay into light leptons

inelastic scattering on nuclei
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Motivation Bottom-Up

Alternative Scenarios

Hidden Sector with light messenger particle

Sommerfeld effect ⇒ enhanced annihilation cross section

kinematics ⇒ decay into light leptons

inelastic scattering on nuclei

Example

Axion-like Particle

I NMSSM CP-odd Higgs[Hooper & Tait 2009]

hidden U(1) Photon

I Hidden Sector[Arkani−Hamed et al. 2009]

I Asymmetric Mirror World[An et al. 2010]
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Motivation Top-Down

Top-Down Motivation
String compactifications

Hidden Sectors (HS)

appear naturally in various supersymmetric models descending

from string theory

I mediators are weakly coupled to visible sector

I mediators can be light

Sector
Hidden

Model
SU(3)×SU(2)×U(1)

Standard

Messenger
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Motivation Top-Down

String compactifications

heterotic string can reproduce the NMSSM[Lebedev&Ramos−Sanchez]

I in a Peccei-Quinn limit

I with a light Pseudo-Goldstone boson, an axion-like particle (ALP)

breaking of larger groups down to the SM gauge group can yield

hidden U(1) symmetries

I may remain unbroken down to small energy scales

I hidden Photon may be light

I weak coupling to visible sector via kinetic mixing
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NMSSM CP-odd Higgs
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NMSSM CP-odd Higgs Introduction

Why NMSSM?

µ-problem: Why is µ� MGUT?

solution: replace mass term µ by coupling to scalar field S

W = λSHuHd

+
1

3
κS3

⇒ µ = λ〈S〉

Z3-symmetric NMSSM

⇒ new particles: additional CP-odd Higgs A0 (ALP)

little hierarchy problem/fine-tuning:

tree-level prediction mh ≤ mZ vs. LEP bound mh ≥ 114 GeV

solution: additional decay h→ 2A0 for light A0 reduces LEP limit
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NMSSM CP-odd Higgs Introduction

The Z3-symmetric NMSSM

Higgs potential with approximate Peccei-Quinn symmetry in limit

κ→ 0

naturally light pseudoscalar A0 with m2
A0 ' −3κAκs

where κ� 1 and Aκ, s ∼ EW scale

from string theory κ & 10−6

⇒ mA0 ∼ 100 MeV

coupling of A0 to fermions

∆L = −i
g

2mW
CAff

(
md d̄γ5d +

1

tan2 β
mu ūγ5u + ml l̄γ5l

)
A0

avoid violation of perturbativity and/or finetuning

⇒ 10−2 . CAff . 102
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NMSSM CP-odd Higgs Constraints

Constraints

2mµ < mA0 < 3mπ: CAff < O(10−2) from K- and B-decays

mA0 ∼ 3mπ −mΥ: CAff < O(10−1 − 1) from Υ-decays

mA0 & 12 GeV: CAff < O(10) from e+e− → bb̄A0 → bb̄bb̄

mA0 < 2mµ: not well studied

mA0 < 2mµ:

Γtot = Γ(A0 → γγ) + Γ(A0 → e+e−)

I mA0 :

I Meson-decays (visible & invisible)

I Pion-decay

I Muon g − 2

I Beam dump experiments

I Reactor experiments
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NMSSM CP-odd Higgs Constraints

Meson-decays

invisible

X → Y + A0 → Y + inv.

A0 sufficiently long lived to escape

detector

ΓX→Y +A0
/Γtot < Bexp

visible

X → Y + A0 → Y + e+e−

A0 decays within detector

BRX→Y+A0 ∗BRA0→e+e− < Bexp

K+ → π+ + X

peak in π+ momentum spectrum
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NMSSM CP-odd Higgs Constraints

Pion-decay & Muon g − 2

π0 → e+e−

in SM through loop diagrams

tree level channel through A0

Γπ
0 A0
→e+e−/Γtot < Bexp

aµ

currently aexpµ > aSMµ
several NMSSM contributions

negative A0 loop contribution

not worsen discrepancy beyond 5σ

K+ → π+ + X

peak in π+ momentum spectrum
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NMSSM CP-odd Higgs Constraints

Beam-dump & Reactor Experiments

search for decay A0 → e+e−

beam-dump experiments

ALP emitted via bremsstrahlung
from e- or p-beam

e−
A0

e−

e+

∼ 40 cm
target + shield

∼ 120 cm
decay volume

reactor experiments

ALP emitted in place of photons
from excited nuclear levels

NMSSM results published in: S.A., O. Lebedev, S. Ramos-
Sánchez, and A. Ringwald, arXiv:1005.3978

Fermilab E774

SLAC E141

Orsay

CHARM

10-4 10-3 10-2 10-1

10-3

10-2

10-1

1

10

102

103

mA0 @GeVD

C
A

ff
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Hidden U(1) gauge boson

Outline

1 Motivation for sub-GeV Dark Sector

2 NMSSM CP-odd Higgs

3 Hidden U(1) gauge boson
Introduction
Constraints

4 Conclusions
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Hidden U(1) gauge boson Introduction

Hidden Photon and Kinetic Mixing [talk Redondo]

additional U(1)h-symmetry in HS

⇒ hidden photon γ′

SM not charged under HS and vice versa

dominant interaction: kinetic mixing of γ′ and γ

most general Lagrangian

L = −1

4
FµνFµν − 1

4
BµνBµν +

χ

2
BµνFµν +

m2
γ′

2
BµBµ

χ ∼ α
4π ∼ O(10−4 − 10−3)

generated by loops of heavy particles charged under both U(1) groups

γ′ couples and can decay to SM fermions through kinetic mixing
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Hidden U(1) gauge boson Constraints

Constraints

Muon & Electron g − 2

one-loop contribution from hidden

photon[Pospelov 2009]

past beam-dump experiments

γ′ emitted via bremsstrahlung

from e-beam[Bjorken et al. 2009]

search for decay γ′ → e+e−

sensitivity of future experiments

JLab experiments e.g. APEX

thick target at DESY: HIPS

e−

γ′
e−

e+

target + shield decay volume
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Conclusions

Summary

HS well motivated: DM, SM extensions, string theory

possibly light particles in HS with very weak couplings to SM

constraints from various experiments

NMSSM: A0 heavier than 210 MeV or with 10 000 times weaker

couplings to fermion than SM Higgs

Hidden U(1): γ′ can be searched for at future beam dump

experiments

complementary searches at

I JLab ⇒ see next talk by A. Afanasev

I DESY HIPS ⇒ talk tomorrow by J. Mnich
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Asymmetric Mirror DM with hidden photon[An et al. 2010]

Hidden Sector with hidden photon[Bjorken et al. 2009]
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NMSSM and PAMELA[Hooper & Tait 2009]

χ0χ0 → A0h followed by h→ A0A0 and A0 → e+e− (top) or µ+µ−

(bottom)

normalized to PAMELA, boost from Sommerfeld enhancement

and s-channel a exchange, with a low velocity cross sec-
tion given (in the limit of m�0 � ma;mh) by

�ð�0�0 ! ahÞv � 1

64�m2
�0

�
1

16m2
�0

g2haaT
2
a�� þ T2

h��T
2
a��

� 1

2m�0

ghaaTh��T
2
a��

�
; (3)

where Th�� and Ta�� are the Higgs couplings to the

neutralino, ghaa is the coupling between the Higgs bosons,
and v is the relative velocity between the weakly interact-
ing massive particles. In the limit of singletlike Higgs
bosons and a singlinolike neutralino, these couplings re-

duce to Ta�� � Th�� � � ffiffiffi
2

p
�, and ghaa � �ð3A� �

�S � �hSiÞ. Singlinos can also annihilate to hh or aa final
states, but the rates for these processes are suppressed by
v2. In the regime ghaa=m�0 & 1, the cross section depends

only on � andm�0 , and results in a thermal relic abundance

of approximately

��0h2 � 0:1�
�
0:5

�

�
4
�

m�0

200 GeV

�
2
: (4)

If mh > 2ma, the scalar Higgs bosons produced in the
annihilations will decay dominantly to a pair of the pseu-
doscalar Higgs bosons, leading to a 3a final state. The
pseudoscalar Higgs bosons decay via a small mixing angle
with MSSM Higgs bosons, and may be somewhat long-
lived. Typically, these decays proceed to the heaviest kine-
matically available fermions. As we are interested in sce-
narios in which neutralino annihilations yield mostly
charged leptons, we focus on the case ma & GeV, which
leads to the production of either muon pairs (2m� <ma <

2m�) or electron-positron pairs (2m� >ma).

To calculate the spectrum of positrons and electrons in
the cosmic ray spectrum, we model the diffusion and
energy losses of such particles. This is done by solving
the steady-state propagation equation [25]:

0 ¼ ~5 �
�
KðEeÞ ~5 dne

dEe

�
þ @

@Ee

�
bðEeÞ dnedEe

�
þQðEe; ~xÞ;

(5)

where dne=dEe is the number density of electrons/posi-
trons per unit energy,KðEeÞ is the diffusion coefficient, and
bðEe; ~xÞ is the energy loss rate. The source term, QðEe; ~xÞ,
reflects the mass, annihilation cross section, dominant
annihilation modes, and distribution of dark matter in the
Galaxy. We adopt a diffusion coefficient of KðEeÞ ¼
6:04� 1028ðEe=4 GeVÞ0:41 cm2=s, and boundary condi-
tions corresponding to a disk of 5 kiloparsecs half-
thickness, which yields the best fit to the current body of
cosmic ray data (stable and unstable primary-to-secondary
nuclei ratios) [26] and an energy loss rate of bðEeÞ ¼
10�16ðEe=1 GeVÞ2 GeV=s, resulting from inverse
Compton and synchrotron processes. For the source term,

we adopt a Navarro-Frenk-White halo profile [27] to de-
scribe the dark matter distribution in the Milky Way. To
convert the positron/electron spectrum to a positron frac-
tion, we use the primary and secondary cosmic ray spectra
as described in Ref. [2].
In Fig. 1, we show the cosmic ray positron fraction

resulting from neutralino annihilations for several choices
of the neutralino and pseudoscalar Higgs masses. In the top
frame, we consider Higgs decays that produce electron-
positron pairs (ma < 2m�), whereas in the lower frame, the

decays proceed to muon pairs (ma > 2m�). The mass of

the scalar Higgs only mildly impacts the resulting spec-
trum of positrons.

FIG. 1 (color online). The cosmic ray positron fraction result-
ing from neutralino annihilations in several selected scenarios. In
each case, we consider the channel �0�0 ! ah, followed by
h ! aa, and a ! eþe� (top) or �þ�� (bottom). In the upper
(lower) frame, we have used mh ¼ 3 GeV (10 GeV), although
the precise value of this mass has only a small effect of the shape
of the electron/positron spectrum. In each case, we have nor-
malized the annihilation rate to accommodate the PAMELA
data. The dot-dashed line denotes the prediction from astrophys-
ical secondary production alone.

DAN HOOPER AND TIM M. P. TAIT PHYSICAL REVIEW D 80, 055028 (2009)
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