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Hidden Sectors Hidden Sector (HS)

• set of SM-neutral particles

• charged under additional gauge group

here: extra U(1)h

• in many SM extensions

breaking of large gauge groups yields extra U(1)s

e.g. compactifications of heterotic or type II string theory

• good hideout for Dark Matter (DM)

Messenger

• mediates interaction

• here: hidden photon γ′

Visible Sector

• Standard Model (SM) particles and interactions

HS
SM singlets

SM
SU(3)C × SU(2)L × U(1)Y
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Dark Matter

evidence different observations

• rotation curves of spiral galaxies

• “Bullet cluster” (colliding galaxy clusters)

• Cosmic Microwave Background (CMB)[Planck ’13]

particle candidates from SM extensions

• prominent candidates: WIMPs

try to detect non-gravitational interaction

• indirect detection

• direct detection

• colliders

Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are
the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫
ρ(r)r2dr, and ρ(r) is the mass density profile,

and should be falling ∝ 1/
√
r beyond the optical disc. The fact that v(r) is

approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of

16

[Bertone, Hooper, Silk ’05]
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3.  Dark Matter Candidates 
Although the evidence for dark matter presented in Sec. 2 is overwhelming, the 
constraints on its microscopic properties are weak.  The particle or particles that make up 
the bulk of dark matter must be non-baryonic, cold or warm, and stable or metastable on 
10 Gyr time scales.  Such constraints leave open many possibilities, and there are 
numerous plausible dark matter candidates that have been discussed in the literature.  The 
masses and interaction cross sections of these candidates span many orders of magnitude, 
as shown in Figure 20.  Of the candidate dark matter particles displayed, axions and 
WIMPs are especially well-motivated from a particle physics perspective.  
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-
section plot35

3.1 Axion 
The axion36 is motivated by the strong CP problem, an unnatural property of the SM.  
The theory of the strong interactions allows a term μν

μνπθ GG ~)32/( 2 , which is explicitly 
CP-violating.  A priori, one would assume θ  to be ~1. However, current bounds from the 
electric dipole moment of the neutron impose the tight constraint that .  The 
axion solution to this problem is to make 

1010−<θ
θ  a dynamical field, which rolls to a potential 

                                                 
34 Figure courtesy of E.-K. Park. 
36 For a review, see e.g. P. Sikivie, astro-ph/0610440 (2006). 
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Dark Matter in Hidden Sectors

interaction via a messenger e.g. γ′

⇒ phenomenologically interesting features:

• signals in DAMA, CoGeNT, CRESST, CDMS

� scattering mediated by messenger

� elastic, inelastic or isospin violating interactions

• rise in e+ fraction in PAMELA, Fermi, AMS

� requires large annihilation cross section

� Sommerfeld enhancement from light mediator

• but: no corresponding p̄-excess in PAMELA

� requires dominant annihilation to leptons

� decay of light messenger naturally leptophilic

[Fayet ’07; Pospelov, Ritz, Voloshin ’08; Arkani-Hamed, Finkbeiner, Slatyer,
Weiner ’08; Chun, Park ’08; Cheung, Ruderman, Wang, Yavin ’09; Morrissey,
Poland, Zurek ’09; Essig, Kaplan, Schuster, Toro ’10; Mambrini ’10; Cline,
Frey ’12; SA, Goodsell, Ringwald ’11; Hooper, Weiner, Xue ’12;...]

⇒ MeV to GeV scale hidden photon

HS
DM
U(1)h

SM

γ′
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Hidden Photon

and Kinetic Mixing

• low energy effective Lagrangian

• dominant interaction: kinetic mixing of hidden & visible U(1)

� renormalisable term with dimensionless kinetic mixing parameter χ

� integrating out heavy particles charged under both U(1)s

� χ generated at loop level: χ ∼ 10−3 − 10−4

• diagonalize kinetic terms: Ãµ = Aµ + χ√
1−χ2

Xµ , X̃µ = 1√
1−χ2

Xµ

Leff ⊃ −
1

4
FµνF

µν −
1

4
XµνX

µν +
1

2
m2
γ′XµX

µ + ejµemAµ + eχjµemXµ +O(χ2)

• broken by Higgs or Stückelberg mechanism

light hidden photon with mγ′ ∼ MeV − GeV

⇒ γ′ decays into e+e− and can solve discrepancy in aµ [Pospelov ’09]

HS
U(1)h

SM

γ′

Leff ⊃ −
1

4
F̃µν F̃

µν −
1

4
X̃µν X̃

µν +
χ

2
X̃µν F̃

µν +
1

2
m̃2
γ′ X̃µX̃

µ + ejµemÃµ

Dark Matter in a Hidden Sector 6 Sarah Andreas (IAP), 04.11.2013



Hidden Photon and Kinetic Mixing

• low energy effective Lagrangian

• dominant interaction: kinetic mixing of hidden & visible U(1)

� renormalisable term with dimensionless kinetic mixing parameter χ

� integrating out heavy particles charged under both U(1)s

� χ generated at loop level: χ ∼ 10−3 − 10−4

• diagonalize kinetic terms: Ãµ = Aµ + χ√
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Parameter Space

wide range of hidden photon masses mγ′ and kinetic mixing values χ

focus of this talk: MeV to GeV range

⇒ constraints from electron beam dump experiments
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e− Beam Dump Experiments: γ′ Production

• e−-beam dumped onto target

• γ′ emitted from e−-beam

process similar to ordinary bremsstrahlung

γ′ highly boosted in forward direction

• production cross section

σγ′ ∝ α3Z2 χ2

m2
γ′
∼ O(pb)

compared to e+e− collider case:

σγ′ ∝ α2χ2

E2 ∼ O(fb)

bremsstrahlung decay

dump

e−
E0

γ′

Eγ′

e−

e+

target + shield

decay volume
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e− Beam Dump Experiments: γ′ Decay & Detection

• γ′ can traverse the shield

no SM background (if shield long enough)

• γ′ decays to SM particles with decay length

lγ′ ∼ 10cm
Eγ′

1GeV

(
10−4

χ

)2(
10MeV

mγ′

)2

∼ O(mm− km)

• detect decay products (mostly e+e−)

• number of expected events:

Nevents ∼
∫
dEγ′

∫
dEe

∫
dl

dσγ′

dEγ′
e
−Lsh/lγ′

(
1− e

−Ldec/lγ′
)

Ne Ie(E0, Ee , l) BRe+e−

Aexp

energy distribution Ie(E0,Ee , l) of electrons in dump

experimental acceptance Aexp from Monte Carlo simulations

bremsstrahlung

decay

dump

e−
E0 γ′

Eγ′

e−

e+

target + shield
Lsh

decay volume
Ldec

Dark Matter in a Hidden Sector 9 Sarah Andreas (IAP), 04.11.2013



e− Beam Dump Experiments: γ′ Decay & Detection

• γ′ can traverse the shield

no SM background (if shield long enough)

• γ′ decays to SM particles with decay length

lγ′ ∼ 10cm
Eγ′

1GeV

(
10−4

χ

)2(
10MeV

mγ′

)2

∼ O(mm− km)

• detect decay products (mostly e+e−)

• number of expected events:

Nevents ∼
∫
dEγ′

∫
dEe

∫
dl

dσγ′

dEγ′
e
−Lsh/lγ′

(
1− e

−Ldec/lγ′
)

Ne Ie(E0, Ee , l) BRe+e−

Aexp

energy distribution Ie(E0,Ee , l) of electrons in dump

experimental acceptance Aexp from Monte Carlo simulations

bremsstrahlung decay

dump

e−
E0 γ′

Eγ′

e−

e+

target + shield
Lsh

decay volume
Ldec

Dark Matter in a Hidden Sector 9 Sarah Andreas (IAP), 04.11.2013



e− Beam Dump Experiments: γ′ Decay & Detection

• γ′ can traverse the shield

no SM background (if shield long enough)

• γ′ decays to SM particles with decay length

lγ′ ∼ 10cm
Eγ′

1GeV

(
10−4

χ

)2(
10MeV

mγ′

)2

∼ O(mm− km)

• detect decay products (mostly e+e−)

• number of expected events:

Nevents ∼
∫
dEγ′

∫
dEe

∫
dl

dσγ′

dEγ′
e
−Lsh/lγ′

(
1− e

−Ldec/lγ′
)

Ne Ie(E0, Ee , l) BRe+e−

Aexp

energy distribution Ie(E0,Ee , l) of electrons in dump

experimental acceptance Aexp from Monte Carlo simulations

bremsstrahlung decay

dump

e−
E0 γ′

Eγ′

e−

e+

target + shield
Lsh

decay volume
Ldec

Dark Matter in a Hidden Sector 9 Sarah Andreas (IAP), 04.11.2013



e− Beam Dump Experiments: γ′ Decay & Detection

• γ′ can traverse the shield

no SM background (if shield long enough)

• γ′ decays to SM particles with decay length

lγ′ ∼ 10cm
Eγ′

1GeV

(
10−4

χ

)2(
10MeV

mγ′

)2

∼ O(mm− km)

• detect decay products (mostly e+e−)

• number of expected events:

Nevents ∼
∫
dEγ′

∫
dEe

∫
dl

dσγ′

dEγ′
e
−Lsh/lγ′

(
1− e

−Ldec/lγ′
)

Ne Ie(E0, Ee , l) BRe+e− Aexp

energy distribution Ie(E0,Ee , l) of electrons in dump

experimental acceptance Aexp from Monte Carlo simulations

bremsstrahlung decay

dump

e−
E0 γ′

Eγ′

e−

e+

target + shield
Lsh

decay volume
Ldec

y
@c

m
D

x @cmD

z @cmD

0
100

200

-5 0 5

-5

0

5

Ldec

Dark Matter in a Hidden Sector 9 Sarah Andreas (IAP), 04.11.2013



Experimental Constraints

γ′ has to traverse shield

for small lγ′ � Lsh: Nevents ∝ Ne e−Lsh/lγ′

lγ′ ∝ Eγ′/(χ2 m2
γ′ )

enough decays within decay volume

for small χ: Nevents ∝ Ne χ
4 Ldec

⇒ independent of mγ′

I KEK Japan (1986) [Konaka et al. ’86]

I Orsay France (1989) [Davier, Nguyen Ngoc ’89]

I SLAC E141 (1987) [Riordan et al. ’87]

I SLAC E137 (1988) [Bjorken et al. ’88]

I Fermilab E774 (1991) [Bross et al. ’91]

[Bjorken, Essig, Schuster, Toro ’09; SA, Niebuhr, Ringwald ’12]
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Toy Model: Dirac fermion DM

simplest hidden sector with DM

• hidden photon γ′

• Dirac fermion ψ

⇒ extra parameter mψ

Relic abundance Ωh2

⇒ ψ total DM or subdominant component

• annihilation of ψ through and into γ′

• t-channel only when mψ > mγ′

• s-channel: resonance for mγ′ = 2 mψ
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Leff ⊃ −
1

4
X̃µν X̃

µν+
χ

Y

2
X̃µν B̃

µν+
m̃2
γ′

2
X̃µX̃

µ+ghψ̄γ
µ
ψX̃µ+mψψ̄ψ

χ = gh
gY cW
16π2 × κ (0.1 ≤ κ ≤ 10)

[SA, Goodsell, Ringwald ’11, ’13]
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Toy Model: Dirac fermion DM

Direct Detection

• mediated by γ′

• elastic scattering essentially on p

• spin-independent vector-like interaction

DD limits

and signals

[SA, Goodsell, Ringwald ’11, ’13]
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Toy Model: Dirac fermion DM

Direct Detection

• mediated by γ′

• elastic scattering essentially on p

• spin-independent vector-like interaction

DD limits and signals

[SA, Goodsell, Ringwald ’11, ’13]
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Indirect Detection Constraints

• from DM annihilations into SM particles

• same processes relevant for Ωh2

e.g. Synchrotron Emission from GC

• DM annihilations produce e+, e−

• e+, e− interact with galactic magnetic field

⇒ emit synchrotron radiation

• flux constrained by radio surveys

further constraints

• effect on CMB temperature & polarization

anisotropies in early universe
[Madhavacheril
et al. ’13]

• diffuse gamma-ray emission [Tavakoli et al. ’13]

• positrons, antiprotons,...
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Supersymmetric Dark Force Models

• most simple anomaly-free HS:

� three chiral superfields S , H+, H− charged under U(1)h

� superpotential: W ⊃ λS SH+H−

(assume MSSM in visible sector)

• hidden gauge symmetry breaking:

� radiative breaking domination

� visible sector induced breaking

• DM can consist of stable hidden sector particle

• relation between gh and χ: χ = gh
gY cW
16π2 κ
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Radiative Breaking Domination

• running of Yukawa coupling λS induces breaking

of hidden gauge symmetry

� choose masses & couplings at high scale

• Majorana fermion ΨM: total & subdominant DM

� axial coupling generates SD scattering

� minor SI scattering
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⇒ SD in reach of experiments SI beyond reach
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Visible Sector Induced Breaking

• hidden gauge symmetry broken via

effective Fayet-Iliopoulos term

• Majorana ΨM or Dirac ΨD fermion as DM

� ΨM: mostly SD (like rad. breaking)

� ΨD: mostly SI (like Toy-Model, but mDM < m
γ′ )
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⇒ SI probe ΨD SD probe ΨM
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Scenarios with invisible Hidden Photons & very light DM

• if hidden sector DM with mψ <
mγ′

2
, decay of γ′ is dominantly invisible: γ′ → ψψ

limits from visible γ′ → e+e− do not apply, e.g. beam dump limits

• other limits e.g. from white dwarf and supernova cooling
[Dreiner et al. ’13
Dreiner et al. ’13]

ψ can be pair-produced and escape WD/SN

• detect light DM particle from γ′ decay via scattering

� proton beam and existing neutrino detector
[Batell et al. ’09, DeNiverville et al. ’11
DeNiverville et al. ’12]

e.g. MiniBooNE at Fermilab [Aguilar-Arevalo et al. ’12]

� electron beam [Izaguirre et al. ’13]
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Outline
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Conclusions

• Hidden Sector

� theoretically well motivated in many BSM scenarios

� interesting phenomenology and possible connection to dark matter

• Hidden Photons

� probed with high intensity experiments, e.g. beam dumps

� new experiments needed to further probe the parameter space

• Dark Matter in Hidden Sector

� viable DM candidates

� probed by DD experiments

� constraints from indirect detection - work in progress

� light DM can make γ′ decay invisible and be searched at beam dumps
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Thank you!
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