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What is a GeV dark sector?

• Dark matter self-interaction, mediated by         

• In addition:

• Range of dark force 

• Dark sector couples to SM with tiny couplings, 
parameterized by 

Gdark

Standard

Model

ε

χDM

Dark Sector

Many scenarios, for example: J. Feng and J Kumar, arXiv:0803.4196
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Motivation: dark matter annihilation

• Excesses in cosmic-ray electron and positron.

PAMELA: O. Adriani, et al., arXiv:0810.4995 Fermi-LAT: Abdo, et. al. arXiv:0905.0025 

Also: ATIC, PPB-BETS, EGRET.

Astrophysics interpretation possible. 
Here, we focus on the hypothesis of dark matter 
annihilation as source to the excess.
Leading to testable predictions.
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DM interpretation of the excesses:

• Correct thermal relic density fixes DM annihilation rate:

• Cosmic ray flux:

• Observed positron and electron excess needs an 
additional O(10s-100) enhancement.

• To preserve the success of relic density prediction, 
change late time physics. 

• Sommerfeld enhancement: 

For example: P. Meade, M. Papucci, A. Strumia, T. Volansky, arXiv:0905.0480 

Arkani-Hamed, Finkbeiner, Slatyer, Weiner 0810.0713
Arkani-Hamed, Weiner 0810.0714
also see Pospelov, Ritz, Voloshin 0711.4866
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Sommerfeld enhancement

Earlier consideration:
J. Hisano, S. Matsumoto, M. Nojiri, and
O. Saito, hep-ph/0412403
 J. Hisano, S. Matsumoto, M. Nagai O. Saito, 
and M. Senami, hep-ph/0610249

χDM

χDM

bdark

annihilation

Sommerfeld enhancement

χDM

χDM

adark

annihilation

1 Long range self-interaction of dark matter mediated by bdark

range∼ m−1
b , coupling αdark

2 Enhancement sets in when mb ∼ αdarkMχ

3 Enhancement ∼ αdark/vhalo, vhalo ∼ 10−3.

4 Enhancement cuts off at Mχ · vhalo < mb.

5 Mχ ∼ 102 GeV, αdark ∼ 0.1− 0.01, → mb ∼ GeV.
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The observed signal at PAMELA/Fermi

• Dark matter annihilate into dark force carrier, which 
then decay to SM states, leading to observed excesses.

• Therefore, dark sector states must couple to the SM. 

• The coupling has to be small to satisfy current 
constraints.

χDM

χDM

bdark

annihilation

"+

"−

bdark

bdark
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What is a GeV dark sector?

• Dark matter self-interaction, mediated by         

• Range of dark force 

• Dark sector couples to SM with tiny couplings, 
parameterized by 

Gdark

Standard

Model

ε

χDM

Dark Sector
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Solves anti-proton flux “puzzle”

• Conventional WIMP annihilation also results in excess in 
anti-proton flux, not observed by PAMELA.

• Annihilation into GeV scale dark sector  states and their 
subsequent decay will not generate anti-proton due to 
kinematical suppression.

χDM

χDM

annihilation

→ e+ ....

qq̄′ → fragment... → p̄

W+

W−

cies and for the loss of particles in the instrument itself. It is assumed that all antiprotons

and protons interacting with the payload material above and inside the tracking system are

rejected by the selection criteria. The resulting antiproton-to-proton flux ratios are given in

Table I and Figures 3 and 4. The reported errors are statistical only. The contamination
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FIG. 3: The antiproton-to-proton flux ratio obtained in this work compared with theoretical cal-

culations for a pure secondary production of antiprotons during the propagation of cosmic rays in

the galaxy. The dashed lines show the upper and lower limits calculated by Simon et al. [15] for

the standard Leaky Box Model, while the dotted lines show the limits from Donato et al. [16] for a

Diffusion model with reacceleration. The solid line shows the calculation by Ptuskin et al. [17] for

the case of a Plain Diffusion model. The curves were obtained using appropriate solar modulation

parameters (indicated as φ) for the PAMELA data taking period.

was not subtracted from the results and should be considered as a systematic uncertainty.

It is less than a few percent of the signal, which is significantly lower than the statistical

uncertainty. Figure 3 shows the antiproton-to-proton flux ratio measured by the PAMELA

experiment compared with theoretical calculations assuming pure secondary production of

antiprotons during the propagation of cosmic rays in the galaxy. The PAMELA data are in

excellent agreement with recent data from other experiments, as shown in Figure 4.

We have presented the antiproton-to-proton flux ratio over the most extended energy

range ever achieved and we have improved the existing statistics at high energies by an

order of magnitude. The ratio increases smoothly from about 4 × 10−5 at a kinetic energy

of about 1 GeV and levels off at about 1 × 10−4 for energies above 10 GeV. Our results

8
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Basic dark sector model ingredients:

• Model choices:

• Dark matter identity.

• Self-interaction

• GeV scale, dark higgs

• Supersymmetric scenarios:  natural generation of the 
GeV Scale.   

Gd SM

(MSSM, ...)
ε

χDM

hd
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Various constructions:

• Earlier proposals:

• U(1) models:

• Non-abelian model, SUSY:

• Scalar Portal: 

• Composite:

• More...

M. Pospelov, A. Ritz and M.  Voloshin, arXiv:0711.4866
N. Arkani-Hamed, D. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713

E. J. Chun and J. C. Park, arXiv:0812.0308 
C. Cheung,  J. Ruderman, LTW, and I. Yavin, arXiv:0902.3246 
A. Katz and R. Sundrum, arXiv:0902.3271
D. Morrissey, D. Poland and K. Zurek, arXiv:0904.2567
J. Feng, M. Kaplinghat, H. Tu, H. B. Yu., arXiv:0905.3039
M. Goodsell, J. Jaeckel, J. Redondo, and A. Ringwald, arXiv:0909.0515

M. Baumgart, C. Cheung, L.-T. Wang, J. Ruderman, I. Yavin, arXiv:0901.0283

Y. Nomura and J. Thaler, arXiv:0810.5397

D. Alves, S. Behbabani, P. Schuster, and J. Wacker, arXiv:0903.3945
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Simplest choice:  abelian dark sector

• Simplest self-interaction:

• Natural connection to the SM: kinetic mixing

• Supersymmetry can be an elegant way of generating the 
GeV scale.

G ⊃ U(1)d
(MS)SM

εbµνFµν
γ

χDM

⊃ U(1)EM

bµ γ

For a very simple and predictive construction:
C. Cheung, J. Ruderman, LTW and I. Yavin, arXiv:0902.3246 
See also: D. E. Morrissey, D. Poland and K. M. Zurek, arXiv:0904.2567
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Kinetic mixing:

• Expected to be there!

• Kinetic mixing between dark photon and SM 
hypercharge gauge boson      is generically present in 
extensions of the Standard Model.

• Expected to be small (consistent with constraints).  

Bµ bµ

Generating the kinetic mixing in UV theories

Kinetic mixing is generated by fields charged under both U(1)’s:

Bµ bµ

ε =
gdgY

16π2
ΣiQ

i
dQ i

Y log

(
M2

i

µ2

)

ε vanishes if either U(1) is embedded in a GUT, but is generated
below the scale of GUT symmetry breaking:

ε ∼ gdgY

16π2
log

(
M

M ′

)
∼ 10−3 − 10−4
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Searching for the GeV dark sector:

• Motivated by evidence of dark matter from astrophysical 
observations.

• Laboratory experiment in controlled environment will 
provide the definitive tests. 

• In addition to searching for 100 GeV - TeV DM particle 
at high energy colliders, there is good motivation for 
looking for the GeV sector. 

• Dark sector couples very weakly to the SM particles, 
typically only to EW states.
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Dark sector couplings to the SM

Couples just like the Standard Model photon, but with a 
suppressed coupling.

The “dark photon”, sometimes also called  
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Decay of dark photon:

• Dark photon is the only connection, “portal”, to the 
Standard Model.

• Dark photon decay to SM is always the last stage of dark 
sector process, giving rise directly to observable signals.

•                                      , form factors are important in 
determining decay branching ratios.

!±, π±, K±, ...
bµ
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Dark Photon decay branching ratios: 

• Decay form factor has been measured, known as R.

6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

I will focus mainly on leptons here.
But, the hadronic final states can be interesting as well.
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Life time of dark photon
• Prompt, except for tiny couplings, or very large boost.
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Dark Sector self-coupling

• Dark force has finite range.

• Gauge symmetry spontaneously broken.

• Dark photon - dark Higgs coupling

bµ

bµ

hd

gbbhd
= m2

b
vd
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Decay of dark higgs

bµ(b∗µ)

hd

bµ

!+

!−

!+

!−

hd

b∗µ

b∗µ b∗µ

b∗µ
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Decay in non-minimal models

• Non-minimal models with non-Abelian dark-sector, 
multiple dark Higgses possible.

• A cascade decay in the dark sector before decaying into 
SM states. Long decay chains, more leptons.

M. Baumgart, C. Cheung, LTW, J.~Ruderman, I. Yavin, arXiv:0901.02836.1.1 Dark gauge boson and Higgs decay chains
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Figure 9: Typical decay chains starting with a dark gauge boson, labelled γ′ in this plot. The dark
decay chain can have several stages and involve additional dark sector states, such as other dark gauge
bosons (labeled w′, z′ in this figure), and dark Higgses (labelled h′).

The non-abelian nature of the dark sector implies the presence of complicated decay

chains. Some of the typical decays chains are shown in Fig. 9. In the dark sector, gauge boson

mass eigenstates are generically mixtures of all four SU(2)dark ×U(1)y gauge eigenstates. In

Fig. 9 and the rest of this section, we have used γ′ (and also w′ and z′ in this figure) to

denote any one of these mass eigenstates. For an abelian dark sector with kinetic mixing

with the SM, γ′ decay leads to a di-lepton final state, shown in the first panel from the left

of Fig. 9. On the other hand, a non-abelian dark sector, like one of the examples considered

in this paper, leads to complicated decay chains, such as the ones shown in the rest of Fig. 9.

The dark Higgs sector, necessary to break the non-abelian group, may also participate in

such cascades as shown in the right two panels of Fig. 9. Such cascades inevitably produce

multiple, easily > 2 and possibly 8, final state leptons, which provides a unique signature of

the non-abelian nature of the dark sector11. We expect the decay between dark states to be

generically prompt. Therefore, the decay length is dominated by the very last decays back

into SM leptons. A rough estimate for a generic decay is then,

cτγ′→n"
2−body ∼

1

αε2mγ′

= 2.7 × 10−6 cm

(

GeV

mγ′

)(

10−3

ε

)2

. (6.1)

With moderate boost γ ∼ O(10), this may lead to a displaced vertex if ε ! 10−4.

To be observable at hadron colliders, the dark boson which initiates such a cascade must

carry pT ∼ O(10s) GeV. Therefore, regardless of the precise nature of the cascade which

ensues, its decay products have small opening angles δθ ∼ mγ′/pT < 0.1. Those decay

products will eventually decay into several collimated SM leptons. A collection of more than

2 hard and collimated leptons is dubbed a “lepton jet” [28].

6.1.2 Displaced vertices and missing energy

While Eq. (6.1) is the generic estimate for the resulting decay length of dark cascades,

there are several exceptions which may result in more noticeably displaced vertices or missing

energy in lepton jets.

11Sometimes phase space constrains the flavor of the lepton. For example, a GeV dark gauge boson cannot

decay into more than 4 muons
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in this paper, leads to complicated decay chains, such as the ones shown in the rest of Fig. 9.

The dark Higgs sector, necessary to break the non-abelian group, may also participate in

such cascades as shown in the right two panels of Fig. 9. Such cascades inevitably produce

multiple, easily > 2 and possibly 8, final state leptons, which provides a unique signature of
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With moderate boost γ ∼ O(10), this may lead to a displaced vertex if ε ! 10−4.

To be observable at hadron colliders, the dark boson which initiates such a cascade must

carry pT ∼ O(10s) GeV. Therefore, regardless of the precise nature of the cascade which

ensues, its decay products have small opening angles δθ ∼ mγ′/pT < 0.1. Those decay

products will eventually decay into several collimated SM leptons. A collection of more than

2 hard and collimated leptons is dubbed a “lepton jet” [28].

6.1.2 Displaced vertices and missing energy

While Eq. (6.1) is the generic estimate for the resulting decay length of dark cascades,

there are several exceptions which may result in more noticeably displaced vertices or missing

energy in lepton jets.

11Sometimes phase space constrains the flavor of the lepton. For example, a GeV dark gauge boson cannot

decay into more than 4 muons
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Lepton Jets!

• Decay of the dark photon arising from a heavier particle 
(Z boson, MSSM LSP) leads to a highly collimated lepton 
pair.

• Arkani-Hamed, Weiner 0810.0714; Baumgart, Cheung, 
Ruderman, Wang, Yavin 0901.0283; Cheung, Ruderman, 
Wang, Yavin 0909.0290

Lepton Jets
Signal of dark sector: lepton-jet

Decay of dark photon leads to highly collimated lepton pair.

e±, µ± δθ < 0.1 → Lepton Jetγ′

Typical Eγ′ > 10 GeV

mγ′ ∼ GeV
→ δθ ∼ mγ′/Eγ′ < 0.1

Very challenging for electrons.

(Arkani-Hamed, Weiner 0810.0714; Baumgart, Cheung, Ruderman,
Wang, Yavin 0901.0283)

Matthew Reece Secluded GeV-Scale U(1) At Colliders
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Production: just like producing photon

• Associated with a photon.

!±, π±, K±, ...
bµ

γ

bµ

e+

e−
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Production: final state radiation

• Just like QED.

• Photon initial states are of course also possible. 

e+
e+

e−
e−

bµ
γ

e+

e−

γ

γ γ

γ
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Production:  “Higgsstrahlung”

e+

e−

bµ

hd

b∗µ

For detailed study: 
B. Batell, M. Pospelov, and A, Ritz, arXiv:0903.0363, and talk by B. Batell. 
R. Essig, P. Schuster, N. Toro, arXiv:0903.3941.
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Signal of dark higgsstrahlung:

bµ(b∗µ)

hd

bµ

!+

!−

!+

!−

hd

b∗µ

b∗µ b∗µ

b∗µ

e+

e−

bµ

hd

b∗µ

!±, π±, K±, ...
bµ

Or:
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Rare Z decay
Basic dark sector production at the LHC

V ⊃ ε cos θW bµJµ
EM − ε sin θW ZµJµ

dark

Direct bµ (γ′) prod.

prompt “dark” photon

εbµJµ
EM

g

q

j

bµ

rare Z decay

εZµJµ
dark

hdark

bL
µ

Z

Basic dark sector production at the LHC

V ⊃ ε cos θW bµJµ
EM − ε sin θW ZµJµ

dark

Direct bµ (γ′) prod.

prompt “dark” photon

εbµJµ
EM

g

q

j

bµ

rare Z decay

εZµJµ
dark

hdark

bL
µ

Z
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SUSY LSP decay

• SUSY LSP has to decay into dark sector states. The 
subsequent decay give lepton jets. 

λB̃(B̃)

hd, bLµ

h̃d
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Topology of a SUSY Lepton Jet Event

• Baumgart, Cheung, Ruderman, LTW,  and Yavin 
0901.0283

SUSY LSP production event topology

The cleanest channel to produce the dark sector:

p

leptons

leptons

leptons

leptons

χDS

p
hDS

hDS

!ET

!ET

χDS

χ0

χ0

L− Jet

L− Jet

L− Jet

L− Jet

MET
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Conclusion:

• Dark matter in the universe could have self-interactions. 

• Recent evidence can be interpreted as suggesting such 
self-interaction is mediated by GeV dark sector states.

• Production of GeV dark sector results in distinct 
signals: multiple leptons....

• It is exciting to go into this un-explored territory. 
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