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Outline

• Introduction to GeV dark sector.

• Review of basic structure.

• Survey of search channels. 

• Focusing on low energy high luminosity experiments.

• Estimates of constraints and reaches.

• More detailed studies in talks in the rest of this 
workshop.

• Conclusion.
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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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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
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.

• Most model independent search requires high 
luminosity. 

• Unique advantage of low energy searches at meson 
factories, fix target experiments. 
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Studies of low energy searches 

• Earlier studies of light weakly coupled vector (U-boson).

• Recent studies of search of dark sector states.

N. Borodatchenkova, D. Choudhury, and M. Drees, hep-ph/0510147
P. Fayet et. al., hep-ph/0403226, hep-ph/0410260, hep-ph/0607094, hep-ph/0702176, 
arXiv:0812.3980
S.-h. Zhu, hep-ph/0701001.

M. Pospelov and A. Ritz, arXiv:0810.1502
B. Batell, M. Pospelov, and A. Ritz, arXiv:0903.0363.
R. Essig, P. Schuster, and N. Toro, arXiv:0903.3941. 
M. Reece and LTW, arXiv:0904.1743.
P.-f. Yin, J. Liu, and S.-h. Zhu, arXiv:0904.4644.
J.D. Bjorken, R. Essig, P. Schuster, and N. Toro, arXiv:0906.0580
B. Batell, M. Pospelov, and A. Ritz, arXiv:0906.5614
M. Freytsis, G. Ovanesyan, and J. Thaler, arXiv:0909.2862

BABAR, arXiv:0908.2821.
Talks by experimental groups at this workshop. 
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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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Several low energy probes

• Precision QED measurements

•  

•  

•  

• Atomic parity.

M. Pospelov, arXiv:0811.1030

Low energy probes.

1 eν scattering.
Requires coupling to neutrino, suppressed further by m2

bµ
/m2

Z .

ε2e2/m2
Z < GF → ε < 1

2 Atomic parity.
Constrains the product of vector and axial coupling.
Same suppression factor. About ε < 10−1

Low energy probes.

1 eν scattering.
Requires coupling to neutrino, suppressed further by m2

bµ
/m2

Z .

ε2e2/m2
Z < GF → ε < 1

2 Atomic parity.
Constrains the product of vector and axial coupling.
Same suppression factor. About ε < 10−1
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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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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.

N. Arkani-Hamed, D. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713
M. Baumgart, C. Cheung, LTW, J.~Ruderman, I. Yavin, arXiv:0901.0283
D. Alves, S. Behbabani, P. Schuster, and J. Wacker, arXiv:0903.3945

6.1.1 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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Meson decays
Searches in meson decays

1 Large quantities of mesons, ρ, η, φ, Υ, J/ψ, etc., have been
produced.

2 Many of them have decay channels into photons. As a result,
they should also have rare decay into dark photon, with
BR∼ ε2×BR(→ photon ).
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Reach in meson decays, rough estimates:

•  

•  

•  

•

Rough Estimates of Reach

1 Consider X → Y + bµ(bµ → !+!−).
Background: X → Y + γ∗ → Y + !+!−

2 Signal significance

S√
B
≈
√

nX
ε2 × BR(X → Y + γ)× BR(bµ → #+#−)p

BR(X → Y + γ∗ → Y + #+#−)

s
mbµ

δm
log

„
mX −mY

2m!

«
.

3 Reach ∝ n−1/4
X , and ∝ (BR(X → Y γ))1/2

4 Typically: BR(X → Y + γ∗ → Y + #+#−) ∼ 10−2 × BR(X → Y + γ)

5 Need nX ∼ 109 to reach ε < 10−3.
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Reaches in some channels:

• In addition:

•  

•  

•  

•  

Some Interesting Channels

X → Y + bµ nX ∆MXY BR(X → Y + γ) BR(X → Y + "+"−) ε ≤
η → γbµ nη ∼ 107 547 2× 39.8% 6× 10−4 2× 10−3

ω → π0bµ nω ∼ 107 648 8.9% 7.7× 10−4 5× 10−3

φ → ηbµ nφ ∼ 1010 472 1.3% 1.15× 10−4 1× 10−3

K0
L → γbµ n

K0
L
∼ 1011 497 2× (5.5× 10−4) 9.5× 10−6 2× 10−3

K+ → π+bµ nK+ ∼ 1010 354 - 2.88× 10−7 7× 10−3

K+ → µ+νbµ nK+ ∼ 1010 392 6.2× 10−3 7× 10−81 2× 10−3

K+ → e+νbµ nK+ ∼ 1010 496 1.5× 10−5 2.5× 10−8 7× 10−3

In addition

1 BR(J/ψ → γX ) ∼ 2%, BR(J/ψ → γe+e−) ∼ 0.8%.
Interesting to look for J/ψ → bµX and J/ψ → be+e−.
Currently, nJ/ψ ∼ 107. BES-III can have 1010.

2 Υ(1S)→ bµ#+#− can be potentially interesting.

3 Υ(4S). Υ(4S)→ BB > 96% and B → D0/D̄0 + X ∼ 62%.
D0 → η + X ∼ 10%. Interesting source for η with 108 − 109

Υ(4S).

4 π0 → bµγ could be useful for very light bµ.

1Branching ratio BR(K+ → µ+νe+e−) for me+e− > 145 MeV

Some Interesting Channels
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Estimate of potential reach at KLOE.Reach at KLOE, in φ→ aη
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Left: Reach with e+e− final state.
Purple: Fφηγ∗(q2) = 1 Blue: Fφηγ∗(q2) = 1/(1− 3.8GeV−2q2).

M. Achasov et. al. Phys. Lett. B504.

Right: including muon.

M. Reece and LTW, arXiv:0904.1743

See also: F. Bossi, arXiv:0904.3815, and talk at this workshop
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Searches at low energy high 
luminosity colliders
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Production: associated with photon

!±, π±, K±, ...
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γ
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Signal vs background estimates: 

γ

bµ

e+

e− "+

"−

γ

γ∗

e+

e− "+

"−

Rough Estimates of Reach at Low Energy e+e− Colliders

σ0 = rate of e+e− → γγ; signal rate σs ∼ ε2σ0

Background: e+e− → γ$+$−, with m!+!− ∼ mb.

Background rate in a window of size δm around m!+!− = mb

∆σ3 ∼
α

π
σ0

δm

mb
=

α

π

σs

ε2
δm

mb
.

Signal significance with integrated luminosity L

S√
B
∼

√
σ0L

ε2√
α/π

√
mbµ

δm
× BR(U → $+$−).

σ0 ∼ 107pb, with L = 1 ab−1 and δm ∼ 1 MeV, we can at
most reach ε ∼ 10−4.

Significant improvement difficult as the reach in ε is
proportional to L−1/4
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Reach estimate:
Reach at BaBar
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M. Reece, LTW, arXiv:0904.1743.

cuts on cos θ (the tracks must be within the fiducial volume of the drift chamber, and the

photon must hit the central electromagnetic calorimeter), pt for tracks (at least 60 MeV),

and E for the photon (at least 20 MeV). We assume there is no significant inefficiency for

detecting tracks and photons passing these cuts, and no significant fake rates. With these

assumptions, the root-mean-square mass resolution δm is plotted against m(#+#−) in Figure

5. Fitting the mass resolution curve to a quadratic polynomial, we obtain:

δm(e+e−) =

(
2.0 + 3.9

( mU

1.0 GeV

)
+ 0.25

( mU

1.0 GeV

)2
)

MeV (A4)

δm(µ+µ−) =

(
1.8 + 4.1

( mU

1.0 GeV

)
+ 0.28

( mU

1.0 GeV

)2
)

MeV (A5)

Note that to good approximation δm is a linear function of mU up to a few GeV. As a

FIG. 5: Resolution in invariant mass at BaBar, as a function of m(e+e−) at left and of m(µ+µ−)

at right.

cross-check, BaBar claims that on the J/ψ peak the µ+µ− mass resolution is 14.5 MeV [42].

Our estimate at the J/ψ mass is about 17 MeV, suggesting that our estimated resolution is

approximately correct and that we err on the conservative side. The difference in resolution

for electrons and muons is small but persists as we simulate larger event samples, so it

appears to be due to the way the muon mass enters the invariant mass reconstructed from

the tracks. We performed a similar fit for the π+π− channel, restricted to a range near the

28
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Related Searches:

• CLEO

• A similar BaBar search, somewhat stronger bound. 

W. Love, et. al. [CLEO Collaboration], arXiv:0807.1427

B. Aubert [The BABAR Collaboration], arXiv:0902.2176
Talk by Hojeong Kim.
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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
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Production:  “Higgsstrahlung”

e+

e−

bµ

hd

b∗µ

0.001 0.01 0.1
!

d

0.1

1

"
 (

fb
)

m
b
 = 250 MeV

m
b
 = 1 GeV

m
b
 = 1.5 GeV

Production rate of e
+
e

-
 -> b

!
+h

d

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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Production: final state radiation
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M. Reece, LTW, arXiv:0904.1743.
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More possibilities.

• Additional channels in non-minimal models.  

!
+

!
+

!
−

!
−

WD

WD

hD

W
′

D

!
+

!
−

e
+e

−

!"# !$#

!
+

!
−

WD

WD

hD

W
′

D

e
+e

−

γ

A
′

!
+

!
−

!
+

!
−

!
+

!
−

Figure 2: Left: Cartoon of an event in which non-Abelian gauge bosons in a Higgsed dark
sector are produced through an off-shell A′: the gauge bosons may decay into other dark
bosons (or fermions if present), which in turn decay to light Standard Model fermions. Right:
a similar final state recoils off a hard photon in A′ + γ radiative return production.

for U(1)D-charged matter at e+e− colliders. We discuss this estimate in Section 2.2. The
expected cross-sections areO(fb) for mA′ ∼ GeV. For heavier A′, larger mixing parameters are
required to reproduce the DAMA/LIBRA scattering rate; the resulting expected production
cross-sections scale as ∼ m4

A′ . Therefore, very large cross-sections are expected for a few-GeV
A′, while a dark sector with sub-GeV A′ mass may evade detection in existing data.

1.3 Striking Events at B-factories

Existing B-factory datasets, containing over 1.4 ab−1 of data altogether, are ideally suited to
search for a dark U(1)D in the ∼ 100 MeV – 10 GeV mass range, and for any dark sectors
they connect to. There are two leading production processes: an A′ with mass beneath 10
GeV can be produced on-shell in association with a photon (the radiative return process).
The A′ initiates a cascade of dark sector decays if kinematically allowed; otherwise it decays
to Standard Model fermions or hadrons. In addition, any light charged states within the
dark sector can be produced through an off-shell A′ carrying the full center-of-mass energy
of the e+e− collision. The signatures of these processes are quite spectacular because decays
or parton showers within the dark sector generate high particle multiplicities.

We focus on two cases, motivated by the dark matter models discussed in Section 1.2:
a Higgsed dark sector containing only the non-Abelian gauge bosons and Higgses, and a
confined sector with one light flavor.

In a Higgsed dark sector, the fate of the initially produced dark states is determined
by spectroscopy: they decay to lower-mass states within the dark sector if such decays are

7

R. Essig, P. Schuster, N. Toro, arXiv:0903.3941
BABAR, arXiv:0908.2821
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Enhancement on the resonance?

• Production rate could be enhanced if we are on a 
resonance.  For example:

• However, we cannot be precisely on the resonance, 
enhancement reduced by the spread of beam energy by 
a factor of  
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Other probes:

• New fixed target experiment, promising.

• High energy colliders. 

• More optimal for massive EW states decaying into 
darksector. 

M. Reece and LTW, arXiv:0904.1743.
J.D. Bjorken, R. Essig, P. Schuster, and N. Toro, arXiv:0906.0580
B. Batell, M. Pospelov, and A. Ritz, arXiv:0906.5614
M. Freytsis, G. Ovanesyan, and J. Thaler, arXiv:0909.2862

N. Arkani-Hamed and N. Weiner, arXiv:0810.0714
M. Baumgart, C. Cheung, J. Ruderman, LTW, I. Yavin, arXiv:0901.0283
C. Cheung, J. Ruderman, LTW, I. Yavin, arXiv:0901.0283

D0, arXiv:0905.1478.

Both subjects will be covered  in detail by dedicated talks.
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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.

• Low energy experiments, with high luminosity, is the 
prime place to look for such 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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Reach at  Belle in mu+ mu- channel
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Signal of dark higgsstrahlung:
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