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•Collider, direct and indirect detection implications
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Lots of evidence for non-baryonic matter:

Dark Matter
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Lots of evidence for non-baryonic matter:

Dark Matter

Unfortunately almost all gravitational in nature 
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Dark Matter
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Dark Matter

Local properties

ρDM ∼ 0.3 GeV cm
−3
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Freeze Out

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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“The weak shall inherit the Universe”

The WIMP as a thermal relic
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and                ,                   

WIMPs

Amazing (misleading?) fact: 
[Feng and Kumar]

m/T ∼ 20 m ∼ TeV

〈σv〉 ∼ α2
W

M2
W

∼ 1 pb ∼ 3× 10−26cm2s−1

Thermal WIMP is a great DM candidate.
Many examples exist in particle physics. 

LPOPs e.g. LSP, LKP, LTP
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The LPOP’s

The Gauge Hierarchy Problem

Patrick Fox

Scalars and quantum field theory don’t get along

 

∆m2
H ∼ g2

16π2
Λ2

New particles should be seen near the TeV scale 

The SM hierarchy problem:

Many solutions exist: Supersymmetry, Technicolor, Little 
Higgs, Composite Higgs, Extra-dimensions, ...

New weak scale states 
coupled to SM
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Figure 1: Contributions to S and T from gauge-Higgs sector at tree-level. As in appendix B,

X i is any field coupling to the W a’s.

where g′ = g′
5/
√

πrc, g̃ = g̃5/
√

πrc gZ′ = gZ′ 5/
√

πrc. In (4.6) and (4.7), we have also dropped

terms at order v4 that are e−kπrc suppressed relative to the leading terms above. Then,

Π33(0) − Π11(0) ≈
(g′2)(vzv)2

8

v2

4
−

M̃2

4k2

kπrc

8
g̃2 (vzv)

2 v2

4
, and (4.8)

t = 16π2v2z2
v

(
M̃2

4k2

g̃2

4
kπrc −

g′ 2

4

)

. (4.9)

Hence, in scenario II, the gauge sector does not contribute a log enhanced piece to custodial

SU(2) breaking at this order as would be the case in the absence of SU(2)R.

4.2 Contribution to S

At tree-level, there are no Feynman diagrams that contribute to s as defined in Eq. (3.1). As

discussed at the end of section 3, there may be even higher-dimensional operators which can

contribute to precision variables which we argued on general grounds are small in our model.

However, in the case of the S parameter since the dimension-6 contribution, s, vanishes, to be

cautious, we will calculate dimension-8 contribution of the type depicted in Fig.1.

Since this is a tree-level calculation, there is no (kinetic) mixing involving the photon (of

course, there cannot be any mass mixing even at loop level), so the quantity

(
Π′

33(q)|q2=0 − Π′
3Q(q)|q2=0

)
≈ Π′

33(q)|q2=0, (4.10)
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Standard WIMPs

•WIMP is the lightest parity odd particle,  
•Connected to the BSM physics that solves the hierarchy 
problem
•Thermally produced in early universe
•Weak scale in mass and annihilation cross section
•Local abundance is ~0.3 GeV/cm3 

•Can be searched for in various ways

Thursday, November 12, 2009



Searching for WIMPs

χ

χ

SM

SM

Indirect detection

SM

χ

SM

χ

Direct detection

SM

SM

χ

χ

Collider searches

In a given model there are correlated observables
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Motivation for non-standard WIMPs
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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. [17]

for the standard Leaky Box Model, while the dotted lines show the limits from Donato et al. [18]

for a Diffusion model. The solid line shows the calculation by Ptuskin et al. [19] 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

are sufficiently precise to place tight constraints on secondary production calculations and

contributions from exotic sources, e.g. dark matter particle annihilations.

PAMELA is continuously taking data and the mission is planned to continue until at
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FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron

fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.

a magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon microstrip

tracking system. The spectrometer measures the rigidity of charged particles through their

deflection in the magnetic field. During flight the spatial resolution is observed to be 3µm

corresponding to a maximum detectable rigidity (MDR) exceeding 1 TV. Due to the fi-

nite spatial resolution in the spectrometer, high rigidity (low deflection) electrons may ’spill

over’ into the positron sample (and vice-versa) if assigned the wrong sign-of-curvature. This

13
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PAMELA

New source of high energy positrons, no anti-protons
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Motivation for non-standard WIMPs

χ

χ

SM

SM

Indirect detection
5

The final tuning of the event selection provides a maxi-
mum systematic error less than 20% at 1 TeV. The abso-
lute LAT energy scale, at this early stage of the mission,
is determined with an uncertainty of +5%

−10%. This esti-
mate is being further constrained using flight and beam
test data. The associated systematic error is not folded
into those above as it is a single scaling factor over the
whole energy range. Its main effect is to rigidly shift the
spectrum by +10%

−20% without introducing significant defor-
mations.

While event selection is explicitly energy-dependent to
suppress the larger high-energy background, it is not op-
timized versus the incident angle of incoming particles.
Nonetheless we have compared the spectra from selected
restricted angular bins with the final spectrum reported
here; they are consistent within systematic uncertainties.
A further validation of the event selection comes from
an independent analysis, developed for lower-energy elec-
trons, which produces the same results when extended up
to the the endpoint of its validity at ∼ 100 GeV. Our ca-
pability to reconstruct spectral features was tested using
the LAT simulation and the energy response from fig-
ure 1. We superimposed a Gaussian line signal, centered
at 450 ± 50 GeV rms, on a power law spectrum with an
index of 3.3. This line contains a number of excess counts
as from the ATIC paper [8], rescaled with the LAT GF.
We verified that this analysis easily detects this feature
with high significance (the full width of the 68% contain-
ment energy resolution of the LAT at 450 GeV is 18%).

Results and discussion. – More than 4M electron
events above 20 GeV were selected in survey (sky scan-
ning) mode from 4 August 2008 to 31 January 2009. En-
ergy bins were chosen to be the full width of the 68%
containment of the energy dispersion, evaluated at the
bin center. The residual hadronic background was es-
timated from the average rate of hadrons that survive
electron selection in the simulations, and subtracted from
the measured rate of candidate electrons. The result is
corrected for finite energy redistribution with an unfold-
ing analysis [20] and converted into a flux JE by scaling
with the GF, see table I. The distribution of E3 × JE is
shown in table I and in figure 3.

Fermi data points visually indicate a suggestive devi-
ation from a flat spectrum. However, if we conserva-
tively add point–to–point systematic errors from table I
in quadrature with statistical errors, our data are well
fit by a simple normalized E−3.04 power law (χ2 = 9.7,
d.o.f. 24).

For comparison, we show a conventional model [1] for
the electron spectrum, which is also being used as a ref-
erence in a related Fermi-LAT paper [21] on the Galactic
diffuse gamma-ray emission. This uses the GALPROP
code [4], with propagation parameters adjusted to fit a
variety of pre-Fermi CR data, including electrons. This
model has an electron injection spectral index of 2.54
above 4 GeV, a diffusion coefficient varying with energy

FIG. 3: (color) The Fermi LAT CR electron spectrum (red
filled circles). Systematic errors are shown by the gray band.
The two-headed arrow in the top-right corner of the figure
gives size and direction of the rigid shift of the spectrum im-
plied by a shift of +5%

−10%
of the absolute energy, corresponding

to the present estimate of the uncertainty of the LAT energy
scale. Other high-energy measurements and a conventional
diffusive model [1] are shown.

as E1/3, and includes a diffusive reacceleration term. As
can be clearly seen from the blue dashed line in figure 3,
this model produces too steep a spectrum after prop-
agation to be compatible with the Fermi measurement
reported here.

The observation that the spectrum is much harder than
the conventional one may be explained by assuming a
harder electron spectrum at the source, which is not
excluded by other measurements. However, the signif-
icant flattening of the LAT data above the model pre-
dictions for E ≥ 70 GeV may also suggest the pres-
ence of one or more local sources of high energy CR
electrons. We found that the LAT spectrum can be
nicely fit by adding an additional component of pri-
mary electrons and positrons, with injection spectrum
Jextra(E) ∝ E−γe exp{−E/Ecut}, Ecut being the cut-
off energy of the source spectrum. The main purpose
of adding such a component is to reconcile theoretical
predictions with both the Fermi electron data and the
Pamela data [7] showing an increase in the e+/(e− + e+)
fraction above 10 GeV. The latter cannot be produced
by secondary positrons coming from interaction of the
Galactic CR with the ISM. Such an additional compo-
nent also provides a natural explanation of the steepen-
ing of the spectrum above 1 TeV indicated by H.E.S.S.
data [9]. As discussed in [12] and references therein, pul-
sars are the most natural candidates for such sources.
Other astrophysical interpretations (e.g. [22]), or dark
matter scenarios, can not be excluded at the present
stage.

A detailed discussion of theoretical models lies out-

FERMI

New source of high energy electrons/positrons, no 
noticeable features below ~1 TeV
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Interpretation

•Nearby, young pulsar
•Incorrect modeling of propagation of cosmic-rays
•Lepton rich dark matter decay/annihilation products

Rate is ~(100-1000)x higher than expected for thermal 
DM relic.
Mass (>800 GeV) is also far larger than “normal” weak 
scale models of DM

Γ ∼

∫
ρ2〈σv〉dV
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Interpretation

•Nearby, young pulsar
•Incorrect modeling of propagation of cosmic-rays
•Lepton rich dark matter decay/annihilation products

Rate is ~(100-1000)x higher than expected for thermal 
DM relic.
Mass (>800 GeV) is also far larger than “normal” weak 
scale models of DM

Γ ∼

∫
ρ2〈σv〉dV

〈σv〉freeze out #= 〈σv〉now

Particle physics
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Dark Forces

Velocity dependent enhancement to annihilation cross 
section from Sommerfeld enhancement [Hisano, Matsumoto, Nojiri, Saito]

8

a)

χ

χ

φ

φ

φ
...

mφ ∼ GeV

b)

χ

χ

φ

φ

FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

mφ <
∼

α mχ

⇒ σv ∼
1

v

σv ∼ |ψ(0)|2
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Dark Forces

A new light state coupled to the DM, can also explain 
lepton rich final states
•A symmetry forbids hadrons
•Kinematics forbids hadrons

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

[PJF and Poppitz]

mφ <
∼

500 MeV

mφ <
∼

20 GeV

18

determines the length scale the potential is varying over relative to the wavelength; so long as it is small, the WKB

approximation is good, and we have a waveform growing as k−1/2
eff ei

R

x dx′keff(x
′). Note that for 1 ! x ! 1/εφ, the

WKB approximation is manifestly good. Let us now take the arbitrarily low velocity limit, where εv → 0. Then in

the neighborhood of x ∼ 1/εφ we have k2
eff ∼ εφe−εφx, and

∣

∣

∣

∣

k′
eff

k2
eff

∣

∣

∣

∣

∼ √
εφe

1

2
εφx ∼

εφ

keff
(A40)

so the WKB approximation breaks down when keff ∼ εφ, where the WKB amplitude is ∼ ε−1/2
φ . The potential then

varies more sharply than the wavelength, and we have a reflection/transmission problem, with an O(1) fraction of the

amplitude escaping to infinity. The enhancement is then

S ∼
1

εφ
∼

αM

mφ
(A41)

We did this analysis for εv → 0, but clearly it will hold for larger εv, till εv ∼ εφ, at which point it matches smoothly

to the 1
εv

enhancement we get for the Coulomb problem. The crossover with εv ∼ εφ is equivalent to Mv ∼ mφ, when

the deBroglie wavelength of the particle is comparable to the range of the interaction. This is intuitive–as the particle

velocity drops and the deBroglie wavelength becomes larger than the range of the attractive force, the enhancement

saturates. Of course if εφ is close to the values that make the Yukawa potential have zero-energy bound states, then

the enhancement is much larger; we can get an additional enhancement ∼ εφ/ε2v up to the point where it gets cut off

by finite width effects.

In this simple theory it is of course also straightforward to solve for the Sommerfeld enhancement numerically. We

show the enhancement as a function of εφ and εv in Figs. 6 and 7.
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FIG. 6: Contour plot of S as a function of εφ and εv. The lower right triangle corresponds to the zero-mass limit, whereas the

upper left triangle is the resonance region.

4. Two-particle annihilation

Let us finally consider our real case of interest, involving two-particle annihilation. To keep things simple, let us

imagine that the two particles are not identical, for instance they could be Majorana fermions with opposite spins; we

Mχ = 650GeV

gχ = 1!7 !6 !5 !4 !3 !2 !1 0

1

2

3

4

5

1 GeV

0.5 GeV

0.1 GeV
50 MeV

10 MeV

log10 v

log10 S

εv = v/α

ε φ
=

m
φ
/α

m
χ
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Kinetic Mixing [Holdom; Arkani-Hamed, Finkbeiner, Slatyer, Weiner]

SM

Dark
Sector

χ

.
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εF
SM
µν F

Dark
µν

εA
Dark
µ J

e
µ

•Dark gauge boson is massive, m<proton mass
•Dark sector cascades, hidden valleys
•Displaced vertices
•High multiplicity, lepton rich events
•Missing energy

[Strassler and Zurek]
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Bounds on light gauge bosons

Anomalous magnetic moments

2

here. The gauge group is broken by a scalar Higgs field,
or perhaps by technicolor-like dynamics (we will be ag-
nostic about the precise mechanism) and the DS fermion
has a vector-like mass. The DS, for the case of scalar
breaking, has the Lagrangian:

LDS = −
1

4
F ′

2

µν + χγµDµχ + |Dµφ|2 − Mχχχ − VDS(φ) .

(1)
The coupling between the SM and the DS is through
the new gauge boson U , with field strength denoted by
F ′ in (1), thus some fields in the SM must be charged
under U(1)DS . We postulate that the U gauge boson
is leptophilic and for anomaly cancellation require that
it couples with equal and opposite charge to two gener-
ations of leptons. To allow SM Yukawa couplings, the
U -boson couplings to leptons are vectorlike; thus, the U -
boson couples to neutrinos.

All that remains is to discuss the size of the couplings
and masses in the problem. First, we have the mass of
the dark matter, Mχ and the U -boson, MU . We also have
the gauge couplings of the leptophilic gauge boson U with
the DM state χ, gχ, and with the SM leptons, gl. We will
see that many of these parameters are tightly constrained
by various experimental observations, making this model
very predictive.

In order to explain the PAMELA and ATIC excesses,
the dark matter must have mass ∼ O(500 − 800 GeV).
The annihilation cross section of DM into two U -bosons
(we ignore the annihilation channel directly into two lep-
tons, as in the parameter regime we are interested in this
is small) is then:

〈σannv〉 = g4
χ

(

500 GeV

Mχ

)2

× 31 pb, (2)

and the relic abundance can be explained with gχ ∼
0.5 and Mχ ∼ 500-800 GeV. However, an annihila-
tion cross-section of ∼ 1 pb is too small to explain the
PAMELA/ATIC excess; we will discuss the resolution in
Section IV. Before doing so, we will discuss constraints
on the coupling of the U -boson to the SM leptons.

III. CONSTRAINTS ON gl

We have already described how the DM will freeze out
with the correct relic abundance. However, without a
coupling to the SM it may never get into equilibrium and
certainly will lead to no observable signals. The coupling
of the U -boson to leptons will allow both of these to
occur. As already explained, the U -boson has vectorlike
couplings to two of the three SM generations; if there
were a fourth generation [16, 17] this coupling could, in
principle, be extended to include all generations.

The size of the U -lepton coupling is strongly con-
strained by measurements of lepton magnetic-dipole mo-
ments and various leptonic cross sections [18]. The con-
tribution to a lepton anomalous magnetic dipole moment

is given by:

∆(g − 2)l ∼
g2

l

4π2

m2
l

M2
U

(3)

For the electron, muon, and tau, these are constrained to
be smaller than ∼ 10−11, ∼ 10−9, and ∼ 10−2, respec-
tively. Thus, the U -boson lepton couplings must obey:

ge <∼ 4× 10−2 MU

GeV
, gµ <∼ 2× 10−3 MU

GeV
, gτ <∼ 0.4

MU

GeV
.

(4)
Furthermore, since the U-boson has a vectorlike coupling,
it couples to neutrinos, allowing us to constrain it from
ν-e scattering at low q2 [19], yielding:

ge <∼ 3 × 10−3 MU

GeV
. (5)

Finally, there are also constraints from ee → γU . At
LEP, for couplings of order (5) these are not significant.
B-factories, on the other hand, have the potential to
place stronger bounds [20]. Using [21] we find that for
MU ≤ 7.8 GeV the bound is ge <∼ 10−3, for particular
values of MU this bound improves by a factor of ∼ 2.

From these constraints, we see that if the U -boson does
not couple to the muon (hence it must couple to the
electron and tau with opposite charge) we can avoid the
strongest constraints from g − 2, but the coupling gl is
appreciably smaller than gχ. One might wonder how this
can be explained? We list several possibilities below:

• Since the group is a U(1) there is no technical rea-
son why two different fields can not have wildly
different charge.

• Perhaps the DM state is a bound state of many
unit charged objects [22].

• It is possible that the lightness of the leptons is
due to a seesaw mechanism with some very heavy
extra SM generations, that have unit charge un-
der the extra U(1). If the SM leptons did not
carry U(1) charge but instead mixed with the heavy
states through non-renormalisable operators then
the smallness of the electron coupling would be due
to the small mixing of the SM electron with the
heavy state.

• If the extra U(1) is in a warped extra dimension
setup, like that of Higgsless models [23], then the
lowest KK mode of the U -boson will have a wave-
function profile in the extra dimension such that it
is suppressed at the IR brane. If the leptons are
confined to the IR brane and the DM is on the UV
brane this may explain the large hierarchy in cou-
plings.

• Kinetic mixing, with coefficient κ, of the U boson
with another heavy gauge boson of mass M , which
couples to a lepton current J lept.
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or perhaps by technicolor-like dynamics (we will be ag-
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under U(1)DS . We postulate that the U gauge boson
is leptophilic and for anomaly cancellation require that
it couples with equal and opposite charge to two gener-
ations of leptons. To allow SM Yukawa couplings, the
U -boson couplings to leptons are vectorlike; thus, the U -
boson couples to neutrinos.

All that remains is to discuss the size of the couplings
and masses in the problem. First, we have the mass of
the dark matter, Mχ and the U -boson, MU . We also have
the gauge couplings of the leptophilic gauge boson U with
the DM state χ, gχ, and with the SM leptons, gl. We will
see that many of these parameters are tightly constrained
by various experimental observations, making this model
very predictive.

In order to explain the PAMELA and ATIC excesses,
the dark matter must have mass ∼ O(500 − 800 GeV).
The annihilation cross section of DM into two U -bosons
(we ignore the annihilation channel directly into two lep-
tons, as in the parameter regime we are interested in this
is small) is then:

〈σannv〉 = g4
χ

(

500 GeV
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)2

× 31 pb, (2)

and the relic abundance can be explained with gχ ∼
0.5 and Mχ ∼ 500-800 GeV. However, an annihila-
tion cross-section of ∼ 1 pb is too small to explain the
PAMELA/ATIC excess; we will discuss the resolution in
Section IV. Before doing so, we will discuss constraints
on the coupling of the U -boson to the SM leptons.
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We have already described how the DM will freeze out
with the correct relic abundance. However, without a
coupling to the SM it may never get into equilibrium and
certainly will lead to no observable signals. The coupling
of the U -boson to leptons will allow both of these to
occur. As already explained, the U -boson has vectorlike
couplings to two of the three SM generations; if there
were a fourth generation [16, 17] this coupling could, in
principle, be extended to include all generations.
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Furthermore, since the U-boson has a vectorlike coupling,
it couples to neutrinos, allowing us to constrain it from
ν-e scattering at low q2 [19], yielding:

ge <∼ 3 × 10−3 MU

GeV
. (5)

Finally, there are also constraints from ee → γU . At
LEP, for couplings of order (5) these are not significant.
B-factories, on the other hand, have the potential to
place stronger bounds [20]. Using [21] we find that for
MU ≤ 7.8 GeV the bound is ge <∼ 10−3, for particular
values of MU this bound improves by a factor of ∼ 2.

From these constraints, we see that if the U -boson does
not couple to the muon (hence it must couple to the
electron and tau with opposite charge) we can avoid the
strongest constraints from g − 2, but the coupling gl is
appreciably smaller than gχ. One might wonder how this
can be explained? We list several possibilities below:

• Since the group is a U(1) there is no technical rea-
son why two different fields can not have wildly
different charge.

• Perhaps the DM state is a bound state of many
unit charged objects [22].

• It is possible that the lightness of the leptons is
due to a seesaw mechanism with some very heavy
extra SM generations, that have unit charge un-
der the extra U(1). If the SM leptons did not
carry U(1) charge but instead mixed with the heavy
states through non-renormalisable operators then
the smallness of the electron coupling would be due
to the small mixing of the SM electron with the
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• If the extra U(1) is in a warped extra dimension
setup, like that of Higgsless models [23], then the
lowest KK mode of the U -boson will have a wave-
function profile in the extra dimension such that it
is suppressed at the IR brane. If the leptons are
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or perhaps by technicolor-like dynamics (we will be ag-
nostic about the precise mechanism) and the DS fermion
has a vector-like mass. The DS, for the case of scalar
breaking, has the Lagrangian:

LDS = −
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µν + χγµDµχ + |Dµφ|2 − Mχχχ − VDS(φ) .

(1)
The coupling between the SM and the DS is through
the new gauge boson U , with field strength denoted by
F ′ in (1), thus some fields in the SM must be charged
under U(1)DS . We postulate that the U gauge boson
is leptophilic and for anomaly cancellation require that
it couples with equal and opposite charge to two gener-
ations of leptons. To allow SM Yukawa couplings, the
U -boson couplings to leptons are vectorlike; thus, the U -
boson couples to neutrinos.

All that remains is to discuss the size of the couplings
and masses in the problem. First, we have the mass of
the dark matter, Mχ and the U -boson, MU . We also have
the gauge couplings of the leptophilic gauge boson U with
the DM state χ, gχ, and with the SM leptons, gl. We will
see that many of these parameters are tightly constrained
by various experimental observations, making this model
very predictive.

In order to explain the PAMELA and ATIC excesses,
the dark matter must have mass ∼ O(500 − 800 GeV).
The annihilation cross section of DM into two U -bosons
(we ignore the annihilation channel directly into two lep-
tons, as in the parameter regime we are interested in this
is small) is then:

〈σannv〉 = g4
χ

(
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× 31 pb, (2)

and the relic abundance can be explained with gχ ∼
0.5 and Mχ ∼ 500-800 GeV. However, an annihila-
tion cross-section of ∼ 1 pb is too small to explain the
PAMELA/ATIC excess; we will discuss the resolution in
Section IV. Before doing so, we will discuss constraints
on the coupling of the U -boson to the SM leptons.
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with the correct relic abundance. However, without a
coupling to the SM it may never get into equilibrium and
certainly will lead to no observable signals. The coupling
of the U -boson to leptons will allow both of these to
occur. As already explained, the U -boson has vectorlike
couplings to two of the three SM generations; if there
were a fourth generation [16, 17] this coupling could, in
principle, be extended to include all generations.

The size of the U -lepton coupling is strongly con-
strained by measurements of lepton magnetic-dipole mo-
ments and various leptonic cross sections [18]. The con-
tribution to a lepton anomalous magnetic dipole moment
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For the electron, muon, and tau, these are constrained to
be smaller than ∼ 10−11, ∼ 10−9, and ∼ 10−2, respec-
tively. Thus, the U -boson lepton couplings must obey:
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Furthermore, since the U-boson has a vectorlike coupling,
it couples to neutrinos, allowing us to constrain it from
ν-e scattering at low q2 [19], yielding:

ge <∼ 3 × 10−3 MU
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. (5)

Finally, there are also constraints from ee → γU . At
LEP, for couplings of order (5) these are not significant.
B-factories, on the other hand, have the potential to
place stronger bounds [20]. Using [21] we find that for
MU ≤ 7.8 GeV the bound is ge <∼ 10−3, for particular
values of MU this bound improves by a factor of ∼ 2.

From these constraints, we see that if the U -boson does
not couple to the muon (hence it must couple to the
electron and tau with opposite charge) we can avoid the
strongest constraints from g − 2, but the coupling gl is
appreciably smaller than gχ. One might wonder how this
can be explained? We list several possibilities below:

• Since the group is a U(1) there is no technical rea-
son why two different fields can not have wildly
different charge.

• Perhaps the DM state is a bound state of many
unit charged objects [22].

• It is possible that the lightness of the leptons is
due to a seesaw mechanism with some very heavy
extra SM generations, that have unit charge un-
der the extra U(1). If the SM leptons did not
carry U(1) charge but instead mixed with the heavy
states through non-renormalisable operators then
the smallness of the electron coupling would be due
to the small mixing of the SM electron with the
heavy state.

• If the extra U(1) is in a warped extra dimension
setup, like that of Higgsless models [23], then the
lowest KK mode of the U -boson will have a wave-
function profile in the extra dimension such that it
is suppressed at the IR brane. If the leptons are
confined to the IR brane and the DM is on the UV
brane this may explain the large hierarchy in cou-
plings.

• Kinetic mixing, with coefficient κ, of the U boson
with another heavy gauge boson of mass M , which
couples to a lepton current J lept.
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Figure 5: 90% C.L. upper limits on the branching fraction B(Υ (3S) → γA0) × B(A0 → invisible).
The dashed blue line shows the statistical uncertainties only, the solid red line includes the system-
atic uncertainties.
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here. The gauge group is broken by a scalar Higgs field,
or perhaps by technicolor-like dynamics (we will be ag-
nostic about the precise mechanism) and the DS fermion
has a vector-like mass. The DS, for the case of scalar
breaking, has the Lagrangian:

LDS = −
1

4
F ′

2

µν + χγµDµχ + |Dµφ|2 − Mχχχ − VDS(φ) .

(1)
The coupling between the SM and the DS is through
the new gauge boson U , with field strength denoted by
F ′ in (1), thus some fields in the SM must be charged
under U(1)DS . We postulate that the U gauge boson
is leptophilic and for anomaly cancellation require that
it couples with equal and opposite charge to two gener-
ations of leptons. To allow SM Yukawa couplings, the
U -boson couplings to leptons are vectorlike; thus, the U -
boson couples to neutrinos.

All that remains is to discuss the size of the couplings
and masses in the problem. First, we have the mass of
the dark matter, Mχ and the U -boson, MU . We also have
the gauge couplings of the leptophilic gauge boson U with
the DM state χ, gχ, and with the SM leptons, gl. We will
see that many of these parameters are tightly constrained
by various experimental observations, making this model
very predictive.

In order to explain the PAMELA and ATIC excesses,
the dark matter must have mass ∼ O(500 − 800 GeV).
The annihilation cross section of DM into two U -bosons
(we ignore the annihilation channel directly into two lep-
tons, as in the parameter regime we are interested in this
is small) is then:

〈σannv〉 = g4
χ

(

500 GeV

Mχ

)2

× 31 pb, (2)

and the relic abundance can be explained with gχ ∼
0.5 and Mχ ∼ 500-800 GeV. However, an annihila-
tion cross-section of ∼ 1 pb is too small to explain the
PAMELA/ATIC excess; we will discuss the resolution in
Section IV. Before doing so, we will discuss constraints
on the coupling of the U -boson to the SM leptons.

III. CONSTRAINTS ON gl

We have already described how the DM will freeze out
with the correct relic abundance. However, without a
coupling to the SM it may never get into equilibrium and
certainly will lead to no observable signals. The coupling
of the U -boson to leptons will allow both of these to
occur. As already explained, the U -boson has vectorlike
couplings to two of the three SM generations; if there
were a fourth generation [16, 17] this coupling could, in
principle, be extended to include all generations.

The size of the U -lepton coupling is strongly con-
strained by measurements of lepton magnetic-dipole mo-
ments and various leptonic cross sections [18]. The con-
tribution to a lepton anomalous magnetic dipole moment

is given by:

∆(g − 2)l ∼
g2

l

4π2

m2
l

M2
U

(3)

For the electron, muon, and tau, these are constrained to
be smaller than ∼ 10−11, ∼ 10−9, and ∼ 10−2, respec-
tively. Thus, the U -boson lepton couplings must obey:

ge <∼ 4× 10−2 MU

GeV
, gµ <∼ 2× 10−3 MU

GeV
, gτ <∼ 0.4

MU

GeV
.

(4)
Furthermore, since the U-boson has a vectorlike coupling,
it couples to neutrinos, allowing us to constrain it from
ν-e scattering at low q2 [19], yielding:

ge <∼ 3 × 10−3 MU

GeV
. (5)

Finally, there are also constraints from ee → γU . At
LEP, for couplings of order (5) these are not significant.
B-factories, on the other hand, have the potential to
place stronger bounds [20]. Using [21] we find that for
MU ≤ 7.8 GeV the bound is ge <∼ 10−3, for particular
values of MU this bound improves by a factor of ∼ 2.

From these constraints, we see that if the U -boson does
not couple to the muon (hence it must couple to the
electron and tau with opposite charge) we can avoid the
strongest constraints from g − 2, but the coupling gl is
appreciably smaller than gχ. One might wonder how this
can be explained? We list several possibilities below:

• Since the group is a U(1) there is no technical rea-
son why two different fields can not have wildly
different charge.

• Perhaps the DM state is a bound state of many
unit charged objects [22].

• It is possible that the lightness of the leptons is
due to a seesaw mechanism with some very heavy
extra SM generations, that have unit charge un-
der the extra U(1). If the SM leptons did not
carry U(1) charge but instead mixed with the heavy
states through non-renormalisable operators then
the smallness of the electron coupling would be due
to the small mixing of the SM electron with the
heavy state.

• If the extra U(1) is in a warped extra dimension
setup, like that of Higgsless models [23], then the
lowest KK mode of the U -boson will have a wave-
function profile in the extra dimension such that it
is suppressed at the IR brane. If the leptons are
confined to the IR brane and the DM is on the UV
brane this may explain the large hierarchy in cou-
plings.

• Kinetic mixing, with coefficient κ, of the U boson
with another heavy gauge boson of mass M , which
couples to a lepton current J lept.
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Fixed target experiments
sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = LSM + εY FY,µνF ′
µν +

1
4
F ′,µνF ′

µν + m2
A′A′µA′

µ, (3)

where LSM is the Standard Model Lagrangian, F ′
µν =

∂[µA′
ν], and A′ is the gauge field of a massive dark U(1)′

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ε ∼ 10−8 − 10−2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)′ and U(1)Y ; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ε is only generated by
two-or three-loop GUT-breaking effects.

A simple way of analyzing the low-energy effects of the
A′ is to treat kinetic mixing as an insertion of p2gµν−pµpν

in Feynman diagrams, making it clear that the A′ couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A′ propagator, and that effects
of mixing with the Z-boson are further suppressed by
1/m2

Z . Equivalently, one can redefine the photon field
Aµ → Aµ+εA′µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eAµJµ

EM ⊃ εeA′
µJµ

EM
of the new gauge boson to electrically charged particles
(here ε ≡ εY cos θW ). Note that this does not induce
electromagnetic millicharges for particles charged under
the A′. The parameters of concern in this paper are ε
and mA′ .

We now explain the orange stripe in Figure 1 — see
[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)′ and U(1)Y . The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
effective Fayet-Iliopoulos term for U(1)′. Consequently,
the Standard Model vacuum can break the U(1)′ in the
presence of light U(1)′-charged degrees of freedom, giving
the A′ a mass,

mA′ ∼ √εgD

√
gY mW

g2
, (4)

e−e−

Z

A′

γ

FIG. 2: A′ production by bremsstrahlung off an incoming
electron scattering off protons in a target with atomic number
Z.

!+

!−

!+

!−

e−

Z Z

e−

(a) (b)

FIG. 3: (a) γ∗ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A′ → "+"− search
channels.

where gD, gY , and g2 are the the U(1)′, U(1)Y , and
Standard Model SU(2)L gauge couplings, respectively,
and mW is the W-boson mass. Equation (4) relates
ε and mA′ as indicated by the orange stripe in Figure
1 for gD ∼ 0.1 − 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)′, scattering inelastically off nuclei
through A′ exchange. We therefore include these lines for
reference in our plots.

B. A′ Production in Fixed-Target Collisions

A′ particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E0, the differ-
ential cross-section to produce an A′ of mass mA′ with
energy EA′ ≡ xE0 is

dσ

dxd cos θA′
≈ 8Z2α3ε2E2

0x

U2
Log

×
[
(1− x +

x2

2
)−

x(1− x)m2
A′

(
E2

0x θ2
A′

)

U2

]
(5)

where Z is the atomic number of the target atoms,
α ) 1/137, θA′ is the angle in the lab frame between the
emitted A′ and the incoming electron, the Log (∼ 5− 10

3
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FIG. 1: Left: Existing constraints on an A′. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for Υ(3S) → γµ+µ−, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A′ can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A′ proper lifetime cτ = 80µm, which is
approximately the τ proper lifetime.

energy e+e− colliders are a powerful laboratory for the
study of an A′ with ε ! 10−4 and mass above ∼ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ε is limited by lu-
minosity and irreducible backgrounds. However, an A′

can also be produced through bremsstrahlung off an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab−1/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain ! 10
cm vertex displacements and ε ! 10−7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ε and mA′). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require different approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
∼ 106 s. Such beams can be found for example at the

Thomas Jefferson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-ε regions (e.g. B and C)
produce boosted A′ and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ε, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A′ decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with different ex-
clusions) if the A′ decays to lighter U(1)′-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A′ pro-
duction through bremsstrahlung in fixed-target colli-
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FIG. 4: Left: Experimental scenario for benchmark point A (ε ∼ 10−5, mA′ ∼ 50 MeV). An electron beam is incident on a 10
cm thick tungsten target. Behind the target is a 10 cm (or thicker) shield followed by an instrumented decay region consisting
of a combination of tracking planes, electromagnetic calorimetry and scintillator triggers. Right: Reaches of the high- and
low-energy dump configurations described in Section IVA, delineated by regions with 10 or more events and the following
configurations — Blue (inner) Solid Contour: 0.3 C total charge dumped with a 200 MeV electron beam, a 20 cm shield, and
a detector with 5 cm radius 50 cm behind the front of the target. The lepton pair must have total energy exceeding 100 MeV.
Blue (inner) Dashed Contour: same configuration, but with no shield. Green (outer) Solid Contour: 0.1 C (100 nA beam ×
106 s) total charge dumped with a 6 GeV electron beam, a 3.9 m shield, and a detector with 10 cm radius 7 m downstream.
The lepton pair must have total energy exceeding 3 GeV. Green (outer) Dashed Contour: same configuration, but with 0.9 m
of shielding. Gray contours and Orange Stripe: exclusions from past experiments (E137 and E141) and the region that explains
DAMA/LIBRA in a simple model — see Figure 1 for more details.

of the ρ, with a leading charged pion from the rho de-
cay undergoing a charge-exchange reaction into a π0 a
few radiation lengths in front of the detector region. We
have used the experience obtained in E141 to make rough
estimates, which indicate that such backgrounds are sur-
mountable. But the soft backgrounds such as neutrons
and hard x-rays also need to be carefully studied.

B. Thin Target and Double Arm Spectrometer;
ε = 3× 10−5; mA′ = 200 MeV

Modern micro-vertex detectors allow much better life-
time resolution than the above example. When ε is in-
creased from the previous example, the rate of A′ pro-
duction per incident electron increases, and a thin target
can be used instead of a beam dump. For the parame-
ters of interest here, we consider a 0.1 radiation length
tungsten target. We choose a 6 GeV beam with an av-
erage current of 100 nA. Downstream of the target is
a two-arm mini-spectrometer with silicon strip detectors
as the tracking elements, backed up with fast calorime-
ter/scintillator triggers.

With these parameters, the A′ production rate (before
acceptance) out of the target is about 10 per hour. The
angular divergence of the A′ beam is only about 5 mrad.
The laboratory decay length is about 1 cm, and the de-
cay products of the A′ have an average angle of about

35 mrad from the beam axis. A spectrometer with polar
angle coverage of 20 to 55 mrad and 50% azimuthal an-
gle coverage has about 25% acceptance for the A′ decay
products. The trigger requirement includes the demand
that the energies in each of the calorimeters are between
1 and 5 GeV, with the sum between 5 and 6 GeV. The
tracking system must identify one track in each arm that
points to the calorimeter hit (if the calorimeter is seg-
mented) and is consistent with a decay-vertex origin. Af-
ter reconstruction, additional kinematic constraints pro-
vide rejection power. In Figure 5, we show the reach
of this experimental scenario for various geometries and
different beam currents.

A major background is simultaneous elastic coulomb
scattering in each arm. An elastically scattered electron
deposits 6 GeV in the calorimeter, and is rejected, but
the singles rate must be below one per timing window
(100 MHz or less for fast calorimeters). This require-
ment is safely met by the beam intensity quoted above.
The elastic-scattering radiative tails will contribute to
the trigger, but at a significantly lower rate of 10 kHz or
so. Other sources for background triggers, such as Bethe-
Heitler pair production (cf. Figure 3), lead to smaller or
comparable trigger rates. When one of the two scattered
electrons scatters again in the first layer of silicon, the
intersection of the two reconstructed tracks is displaced.
We find that the rate for these fake vertices is adequately
suppressed if the first layer is placed close to the target,
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LHC signals

Myriad of possibilities depending on details of Dark Sector

•Missing energy
•High multiplicity
•Lepton jets
•Displaced vertices

• Outgoing Lepton Jets

Cascade decays and soft emissions through the dark sector result in radiated dark gauge

bosons which return to the visible sector as collimated lepton jets. After studying the

shape and distribution of simulated lepton jets and taking into account the possible

dilution and contamination from the decay of the dark bosons into pions, we suggest a

concrete definition for a lepton jet which can be used in inclusive experimental searches

for these objects. While much of the phenomenology we consider is independent of

the details and spectra of the particular dark sector model, this is not the case for

the bottom of the dark sector spectrum, which may be probed by studying lepton jet

shapes.

Figure 1: A schematic illustration of the type of events we consider in this work. The time evolution
can be divided into three stages: electroweak boson or -ino production and subsequent decay into the
dark-sector, evolution through the dark sector, and finally the formation of lepton jets, as delineated
by the dashed boxes. Such events may also include missing energy.

In section 2 we review how the dark sector couples to the visible sector and discuss the

production of dark sector states in rare Z0 decays at LEP, the Tevatron and the LHC. We also

consider electroweak-ino pair production at the Tevatron and LHC. In section 3 we consider

the evolution in the dark sector which includes dark showering and cascade decays in the dark

sector itself. Section 4 begins with an analysis of the final state leptons and the formation of

lepton jets and ends with some proposals for experimental searches. Section 5 contains our

conclusions.

2. Electroweak Production

Let us first review how the visible sector and dark sector are coupled. For a detailed treatment,

see [3]. As in [1], we assume the existence of a new dark gauge group which contains a U(1)

2

[Cheung, Ruderman, Wang, Yavin]

4

of SUSY partners. At colliders, in the case of R-parity
conservation [2], superpartners are produced in pairs and
decay to the SM particles and the lightest superpartner
(LSP). The LSP is a stable, weakly interacting particle,
and can not be detected in collider detectors.

Recently, these models were called upon to explain the
results of several cosmic ray detection experiments [3, 4].
Taken together with other experiments, including new
results from Fermi/LAT [5], there is evidence of an ex-
cess of high energy positrons and no excessive produc-
tion of anti-protons or photons. The excess can be at-
tributed [6] to the dark matter particles annihilating into
pairs of new light gauge bosons, dark photons, which
are force carriers in the hidden sector. The dark pho-
ton mass can not be much larger than 1 GeV to give
rise to Sommerfeld enhancement [7] of the dark matter
annihilation cross section, and not to decay into neu-
tral pions and/or baryons. The masses of the hidden
sector states are also around 1 GeV, with mass split-
ting around MeV, thus providing a possible explana-
tion of the DAMA [8] signal through ”inelastic Dark
Matter” scenarios. Dark photons decay through mix-
ing with photons into SM fermions with branching frac-
tions that can be calculated from the measurements [9]
of R = σ(e+e− → hadrons)/σ(e+e− → µ+µ−), and
strongly depend on the dark photon mass. For dark
photon masses (mγD ) below the dimuon threshold of
" 200 MeV, only decays into electrons are possible. For
mγD " 0.5 GeV the decay rates into electrons and muons
are approximately 40% each. The lowest value of the lep-
tonic branching (3.7%) occurs if the dark photon mass is
accidentally equal to that of the φ meson.

In this Letter we will follow the phenomenological sce-
nario developed in [10]. A diagram of a possible process
at the Fermilab Tevatron Collider is shown in Figure 1.
Gauginos are pair produced and decay into SM parti-
cles and the lightest neutral gaugino (neutralino, χ̃0

1),
which in turn decays with comparable branching ratios
into either a hidden sector darkino X̃ (which is the LSP),
and a photon, or into darkino and a dark photon (γD).
Hadronic dark photon decays are overwhelmed by SM jet
backgrounds. Thus, we only consider dark photon de-
cays into isolated electron or muon pairs. Both darkinos
escape detection and result in large missing transverse
energy (E/T ). The branching fraction of the neutralino
into the dark photon, B = Br(χ̃0

1 → γDX̃), is a free pa-
rameter of the model. If it is small, the decays into a
photon dominate, and signature is the same as of GMSB
SUSY [11] with the neutralino as next-to-lightest super-
partner (NLSP). Larger values of B give rise to events
where one of the two neutralinos decays into a dark pho-
ton, resulting in a final state with one photon, two spa-
tially close (and therefore not satisfying traditional iso-
lation requirements) leptons and large E/T .

This Letter describes a search for this, so far unex-
plored, final state in pp̄ collisions at a center of mass

FIG. 1: One of the diagrams giving rise to the events with
a photon, dark photon (γD), and large missing energy due to
escaping darkinos (X̃) at the Fermilab Tevatron Collider.

energy of 1.96 TeV recorded by the D0 detector [12]
at the Fermilab Tevatron Collider. As is described be-
low, our search is optimized for low dark photon masses,
mγD < 2.5 GeV. Note that it is also sensitive to the case
where the neutralino decays into a hidden state Ỹ with
somewhat higher mass than the dark photon. The Ỹ may
cascade down to the darkino through other hidden states
which may be long-lived and can result in the emission of
highly collimated low energy SM particles, some of which
could be leptons. Most of the energy of the Ỹ will stay in
the hidden sector and therefore the high E/T should not
be substantially reduced. This analysis is also sensitive
to another possible scenario, proposed in [13], in which a
light axion that decays into muon pairs takes the place
of the dark photon in the decays described above.

Data for this analysis correspond to an integrated lu-
minosity of 4.1 fb−1 after application of data quality
and trigger requirements. Events must satisfy a set of
high transverse energy (ET ), single electromagnetic (EM)
cluster triggers which are fully efficient for photons with
ET > 30 GeV.

EM clusters are selected from calorimeter clusters,
built using the simple cone algorithm of radius R =√

(∆η)2 + (∆φ)2 = 0.4 [14], by requiring that the frac-
tion of the energy deposited in the EM section of the
calorimeter, EMfrac, is above 95% and the calorimeter
isolation variable I = [Etot(0.4) − EEM (0.2)]/EEM (0.2)
is less than 0.2, where Etot(0.4) is the total energy in
a cone of radius R = 0.4, corrected for the underlying
event contribution, and EEM (0.2) is the EM energy in
a cone of radius R = 0.2, which is taken to be the EM
cluster energy.

Photon candidates are selected from central calorime-
ter (|η| < 1.1) EM clusters which have (i) EMfrac > 97%,
(ii) I < 0.07, (iii) a shower shape consistent with that
of a photon, and (iv) the scalar sum of the transverse

D0 search for 
dark photons:
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Leptophilic Models [PJF and Poppitz]

•Leptophilic gauge boson, need not be lighter than proton
•Simple model
•DM annihilates to charged leptons and neutrinos
•Search for upward going earthborn neutrinos at 
IceCube
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Probing Dark Matter Dynamics via Earthborn Neutrinos at IceCube
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Recent results from PAMELA and ATIC hint that O(TeV) dark matter (DM) is annihilating, in
our galactic neighborhood, predominantly to leptons. The annihilation rate is much larger now than
during freeze-out, one possible explanation of this is a low-velocity enhancement of the annihilation
cross section. In a model independent fashion, we show that in this case the rate of neutrino emission
from the Earth, due to DM annihilation, may be greatly enhanced while the rate from the Sun is
unaltered. There is potential for IceCube to see these earthborn neutrinos while the same parameter
space will be soon covered by direct detection experiments. Combining these near-future data will
allow extraction of valuable information about the DM sector dynamics.

Approximately 20% of the matter-energy budget of the
universe is due to Dark Matter (DM). The favored can-
didate for the DM particle is a thermal relic with anni-
hilation cross section 〈σv〉 ≈ 3 × 10−26cm3s−1, a weakly
interacting DM (WIMP). Many experiments are under-
way to probe the DM, either directly through its interac-
tions with Standard Model (SM) particles or indirectly
through its annihilations to SM particles. Recently sev-
eral indirect detection experiments have reported results
which may be interpreted as due to DM annihilations,
although they could also have an astrophysical origin [1].

The ATIC experiment has reported an excess of
electron-positron flux around 300 − 800 GeV [2]. In ad-
dition PAMELA [3] is seeing an increase of the positron
fraction around energies of 10 − 80 GeV and no corre-
sponding excess in the antiproton fraction [4]. Taken
together these suggest that O(1 TeV) DM, annihilating
preferentially to leptons, is being observed [5–7]. How-
ever, the annihilation cross section required to explain
the excesses is substantially larger than 3×10−26cm3s−1

[8, 9]. The enhancement may be due to a boost factor, a
nearby clump of DM or a low-velocity Sommerfeld effect
(see also [10, 11] for an alternative explanation).

These results are exciting and surprising, not only
are we possibly observing WIMP DM but maybe also
a non-trivial DM sector, whose dynamics seems to im-
ply an epoch-dependent annihilation cross section. Look-
ing at the photon spectrum [12–16] and additional cos-
mic ray (CR) experiments [17–19] will test this emerg-
ing paradigm [7] and whether these excesses are actually
due to DM. However, the photon and CR flux depends
on the DM halo profile and the propagation model. We
demonstrate here that the same DM sector dynamics may
induce dramatic changes in the neutrino flux from the
Earth which give a very different probe of the same mi-
croscopic phenomena. For a possible signal from galactic
neutrinos see [20–22].

Dense bodies such as the Sun and the Earth gravi-
tationally capture DM particles in their core, resulting
in a DM density significantly higher than in the galac-
tic halo. They eventually start to annihilate into SM
particles, among which neutrinos can escape and travel

to Earth-based detectors. The resulting flux depends on
the capture and annihilation cross sections, unless the
DM has already reached equilibrium which leads to a
maximal flux, exclusively controlled by the capture rate.
The effects which enhance the annihilation rate would,
generically, not affect the capture rate. For instance, an
ultra light particle with sizable coupling to the nuclei is
required to Sommerfeld enhance the capture rate which
is probably in conflict with various precision data. While
the capture rate remains unaltered, a larger annihilation
cross section will shorten the typical time for the DM to
reach equilibrium. Our key observation is that since it is
very probable that the Earth has not yet reached equilib-
rium for a relic annihilation cross section [23, 24], this ef-
fect would yield order of magnitudes enhancement in the
neutrino flux from the core of the Earth at IceCube [25].
Moreover this flux will also be correlated with the DM di-
rect search experiments [26, 27]. A combination of these
two data sets yields fairly clean information about the
microscopic nature of the dark sector dynamics.

Neutrinos via DM annihilation. The competition
between capture and annihilation of the DM leads to a
present day DM annihilation rate [28]

Γ =
1

2
AN2 =

C

2
tanh2

(

t⊕
√

CA
)

, (1)

where t⊕ ' 4.5 × 109 yrs is the age of the Earth,

A = 〈σv〉/Veff , Veff = 5.7 × 1022cm3 (TeV/mχ)3/2 is
the effective volume of the core of the Earth [23] and C
is the capture rate. For the Earth the capture rate is
dominated by the spin independent (SI) elastic scatter-
ing (see [29] for the inelastic case) of the DM off various
elements in the Earth [28],

C⊕ ' 1.7 × 105s−1 ρχ
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(vχ
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3

(
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fi
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σNi
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where the the sum is over the elements O, Si, Mg, S,
Fe and Ni, only 3% of the mass of the Earth is ne-
glected. The DM mass is denoted mχ, ρχ

0.3 and vχ
270

are the DM energy density and velocity in the halo in
units of 0.3 GeV/cm3 and 270 km/s respectively, while
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FIG. 1: Muon rates from primary neutrinos (red) and at-
mospheric backgrounds (black) at IceCube. All plots show
results for a 1 TeV (solid) and 500 GeV (dashed) DM, corre-
sponding angular cuts have been placed on the background.
The signal assumes the Earth has reached equilibrium.

where the DM annihilates preferentially to tau leptons,
which in turn decay into neutrinos, the induced muon
flux at the Earth surface, taking into account interactions
with the material in the Earth, can be parametrized by
the following analytic formula [40]:

dΦS
µ

dEµ
= Bτ̄τΓ

p1mχ e−p7Eµ (1 − e−p5mχ)

1 + exp
[

Eµ−mχ(p6+p2 exp(−p3mχ))
p4mχ

] , (8)

where mχ is in GeV. Bτ̄τ is the branching ratio of DM
annihilating into taus and
pi ≈ (2×10−22/km2, 0.2, 5×10−3, 0.1, 6×10−3, 0.2, 10−3).

Backgrounds. The main source of background muon
neutrinos comes from the shower of cosmic-ray inter-
actions with the atmosphere. The anisotropic induced
muon flux is then obtained from [37, 41]:

d2ΦB
µ

dEµd cos θz
=

∫ ∞

Eµ

dEν
d2Φν

dEνd cos θz
Rµ(Eµ)R(cos θz)

×
[

dσp
ν(Eν , Eµ)

dEµ
ρp + (p → n)

]

+ (ν → ν̄) , (9)

where θz is the zenith angle and the differential fluxes
of muon neutrinos and antineutrinos are estimated from
the tables found in Honda et al. [42]. The function
R(cos θz) = 0.70 − 0.48 cos θz for θz > 85◦ and 1 else-
where, is the efficiency of IceCube for tracking up-going
muons. The background can be substantially reduced by
noting that the signal is collimated in a cone of half-angle,
∆θ = 1.8◦(TeV/Eν)1/2, about θz = 180◦, where Eν is the
energy of the incoming neutrino [28, 43]. For the Sun the
background reduction is limited by the angular resolution
of IceCube, ∆θ = 0.5◦, which we take about θz % 66◦.
While the primary neutrino signal is monochromatic,
Eν = mχ, the spectrum of secondary neutrinos is con-
centrated at low energy due to the hard slowdown of the
DM annihilation products before they decay into neutri-
nos. Their typical energy is Eν ∼ Eth = 50 GeV, and
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FIG. 2: Statistical significance of a primary (top) and sec-
ondary (bottom) neutrino signals above the atmospheric
background. BR denotes Bν̄ν (primary) or Bτ̄τ (secondary).
Upper curves (red) are the equilibrium fluxes while lower ones
(black) are the naive fluxes. The blue dot corresponds to the
critical capture rate, Cc

⊕, see Eq. (4). The vertical lines
show the present and future upper bounds on σp

SI
from direct

detection. The horizontal lines show the discovery reach of
IceCube.

∆θ % 8◦ which increases the relevant background by an
order of magnitude compared to the primary neutrino
case. Hence, the monochromatic neutrinos offer the best
hope for a discovery at IceCube.

Earth and Sun detection potential. The reach of
IceCube is shown in Figure 2 for both primary and sec-
ondary neutrinos from the Earth. We apply energy cuts
for primary (secondary) signals of 250 GeV < Eµ < mχ

(Eth < Eµ < 500 GeV). From these plots it is clear
that DM that does not annihilate directly to neutrinos
has very little hope of discovery at IceCube, even with a
large Sommerfeld enhancement, and we concentrate on
the primary neutrino case. The maximum neutrino flux
is given by the red line and is well into the 5σ discovery
region for most of the range that can be probed by direct
detection. However, since t⊕ ' teq the expected rate is
denoted by the black line. Enhancements of >∼ 100 are
necessary for the ATIC/PAMELA results and may, de-
pending on the details of the resonance structure [5, 44],
be considerably larger for DM in the Earth. Over most
of the region accessible to direct detection enhancement
factors of 100-1000 will move us back into the IceCube
discovery region. Indeed, as shown in Figure 2, we
find that an order few (104) boost factor is re-
quired to get an observed signal for σp

SI × BR of
order 2× 10−7pb (2× 10−9pb). Thus, by 2013 we will
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(Another) Motivation for non-
standard WIMPs
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•DAMA and others incompatible
•Rule out normal WIMPs
•Suppressed coupling to Z,   Y=0
•Many different experiments
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Direct Detection

•Remove cosmic backgrounds by going underground
•Shield experiment from radioactive elements
•Cool equipment
•Take multiple measurements to distinguish background 
from nuclear recoils e.g. ionization, scintillation, phonons 
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FIG. 1: Ionization yield versus timing parameter (see text) for
calibration data in one of our Ge detectors. The yield is nor-
malized to unity for typical bulk-electron recoils (dots; from
133Ba gamma rays). Low-yield 133Ba events (+), attributed to
surface electron recoils, have small timing parameter values,
allowing discrimination from neutron-induced nuclear recoils
from 252Cf (◦), which show a wide range of timing parameter
values. The vertical dashed line indicates the minimum tim-
ing parameter allowed for candidate dark matter events in this
detector, and the box shows the approximate signal region,
which is in fact weakly energy dependent. (Color online.)

of true nuclear recoils, with the ionization-based fidu-
cial volume and phonon-timing cuts imposing the high-
est costs in signal acceptance, both measured on neutron
calibration data, as shown in Figure 2. The exposure of
this analysis is 397.8 kg-days before and 121.3 kg-days af-
ter these cuts (averaged over recoil energies 10–100keV,
weighted for a WIMP mass of 60GeV/c2).

To avoid bias, we performed a blind analysis. An event
mask was defined during initial data reduction to re-
move events in and near the signal region from WIMP
search data sets while developing the analysis. This mask
was based on primary quantities not subject to refine-
ment during the analysis process, keeping the event selec-
tion constant throughout the analysis process described
above. After WIMP selection criteria were finalized, the
masking was relaxed to cover only the actual signal re-
gion to aid in background estimation.

Surface events mainly occur due to radioactive contam-
ination on detector surfaces, or as a result of external
gamma ray interactions releasing low-energy electrons
from surfaces near the detectors. A correlation analy-
sis between alpha-decay and surface-event rates provides
evidence that 210Pb (a daughter-product of 222Rn) is a
major component of our surface event background [12].
Surface events generated in situ at Soudan, either from
calibration with a 133Ba source or naturally present in
the WIMP search data, were studied to understand the
surface event leakage into the signal region. We estimate
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FIG. 2: Nuclear-recoil acceptance efficiency for event-specific
cuts (i.e. excluding discarded data periods) as a function of
recoil energy, averaged over all detectors used in the current
analysis, weighted by their individual livetimes. The four
curves represent the cumulative efficiencies at various stages
during the analysis, culminating with the final efficiency (bot-
tom) used to generate Figure 4.

the surface event leakage based on the observed num-
bers of single- and multiple-scatter events in each detec-
tor within and surrounding the 2σ nuclear-recoil region.
The expected background due to surface interactions in
this WIMP search analysis is 0.6 ± 0.5 events.

Neutrons induced by radioactive processes or by
cosmic-ray muons interacting near the apparatus can
generate nuclear-recoil events that cannot be distin-
guished from possible dark matter interactions on an
event-by-event basis. Monte Carlo simulations of the
cosmic-ray muons and subsequent neutron production
and transport have been conducted with FLUKA [13],
MCNPX [14] and GEANT4 [15] to estimate this cos-
mogenic neutron background. Normalizing the results
to the observed veto-coincident multiple-scatter nuclear-
recoil rate leads to a conservative upper limit on this
background of <0.1 events in our WIMP-search data.

Additional Monte Carlo simulations of neutrons in-
duced by nuclear decay were based on gamma-ray mea-
surements of daughter products of U and Th in the ma-
terials of our experimental setup and the assumption of
secular equilibrium. The respective background estimate
is <0.1 event, dominated by the deduced upper limit of
U in the Pb shield. Direct measurements of U in Pb [16]
from the same source as the Pb used in our shield suggest
a considerably lower contamination.

After all analysis cuts were finalized and leakage esti-
mation schemes selected, we unmasked the WIMP search
signal region on February 4, 2008. No event was observed
within the signal region. Figure 3 is a compilation of the
low-yield events observed in all detectors used in this
analysis. The upper panel shows the ionization yield dis-
tribution versus energy for single-scatter events passing
all data selection cuts except the timing cut. The four
events passing the timing cut shown in the lower panel
are outside the 2σ nuclear-recoil region.

[CDMS collaboration]
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FIG. 3: Results from 58.6 live-days of WIMP-search in the
5.4 kg LXe target. The WIMP search window was defined
between the two vertical lines (4.5 to 26.9 keV nuclear recoil
equivalent energy) and blue lines (about 50% nuclear recoil
acceptance).

edges (3 events/keVee/kg/day). For this analysis, the
fiducial volume is chosen to be within 15 to 65 µs (about
9.3 cm in Z, out of the total drift distance of 15 cm)
drift time window and with a radius less than 8 cm (out
of 10 cm) in XY , corresponding to a total mass of 5.4 kg
(Fig. 2) [24]. The cut in Z also removes many anomalous
events due to the LXe around the bottom PMTs, where
they happen more frequently compared to the top part
of the detector.

After all the cuts were finalized for the energy window
of interest, we analyzed the 58.6 live-days of WIMP-
search data. From a total of about 1800 events, ten
events were observed in the WIMP search window after
cuts (Fig. 3). We expect about seven statistical leakage
events (see Table I) by assuming that the ∆Log10(S2/S1)
distribution from electron recoils is purely Gaussian,
an assumption which is statistically consistent with the
available calibration data, except for a few “anomalous
leakage events”. However, the uncertainty of the esti-
mated number of leakage events for each energy bin in
the analysis of the WIMP search data is currently limited
by available calibration statistics. Based on the analy-
sis of multiple scatter events, no neutron induced recoil
event is expected in the single scatter WIMP-search data
set. To set conservative limits on WIMP-nucleon spin-
independent cross section, we consider all ten observed
events, with no background subtraction. Figure 4 shows
the 90% C.L. upper limit on WIMP-nucleon cross sec-
tions as a function of WIMP mass, calculated for a con-
stant 19% Leff , the standard assumptions for the galac-
tic halo [26], and using the “maximum gap” method in
[25]. For a WIMP mass of 100 GeV/c2, the upper limit
is 8.8 × 10−44 cm2, a factor of 2.3 lower than the pre-
viously best published limit [27]. For a WIMP mass of
30 GeV/c2, the limit is 4.5 × 10−44 cm2. Energy res-
olution has been taken into account in the calculation.
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FIG. 4: Spin-independent WIMP-nucleon cross-section upper
limits (90% C.L.) versus WIMP mass. Curves are shown for
the previous best published limit (upper, blue) [27] and the
current work (lower, red), assuming a constant 19% Leff .
The shaded area is for parameters in the constrained minimal
supersymmetric models [6, 29].

The largest systematic uncertainty is attributed to the
limited knowledge of Leff at low nuclear recoil energies.
Our own measurements of this quantity [21] did not ex-
tend below 10.8 keVr, yielding a value of (13.0±2.4)% at
this energy. More recent measurements by Chepel et al.
[22] have yielded a value of 34% at 5 keVr, with a large
error.

A comparison between the XENON10 neutron calibra-
tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The con-
stant Leff assumption used to calculate the limits above
shows reasonable agreement at the 10% level between
the Monte Carlo predicted spectrum and the measured
energy dependence and intensity of the single scatter nu-
clear recoil spectrum. The Leff assumption which gives
the best agreement implies a slightly more sensitive ex-
clusion limit, and is not quoted. A conservative exclu-
sion limit was calculated by including estimates of possi-
ble systematic uncertainty in the signal acceptance near
threshold. Also included was an estimate of the uncer-
tainty in the energy dependence of the neutron scattering
cross sections used in the Monte Carlo simulations. The
Leff assumption which gives poorest sensitivity, while
remaining consistent at the 1% level with the neutron
calibration data, corresponds to exclusion limits as high
as 10.4 × 10−44 cm2 (5.2 × 10−44 cm2) for a WIMP mass
of 100 GeV/c2 (30 GeV/c2).

Although we treated all 10 events as WIMP candi-
dates in calculating the limit, none of the events are likely

[XENON10 collaboration]
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where mN ≈ AmP is the nucleus mass with mP the proton mass and A the atomic number;

F (ER) is the nuclear form factor and accounts for the fact that the cross section drops as

one moves away from zero momentum transfer; the two-parameter Fermi charge distribution

is used to calculate F (ER) throughout this paper [23]; NT is the number of target nuclei per

unit mass, given by NT = NA/A with Avogadro’s number, NA = 6.02 × 1026 kg−1; σN is the

cross section to scatter of a nucleus, and µNχ is the reduced mass of the DM-nucleus system.

The DM mass is mχ and we take the local DM density to be ρχ = 0.3 GeV/cm3. The velocity

of the dark matter onto the (Earth-borne) target is "v. The Earth’s velocity in the galactic

frame, "vE , is the sum of the Earth’s motion around the Sun [22] and the Sun’s motion in the

galaxy [24]. We assume the WIMP velocity distribution is Maxwell-Boltzmann with velocity

dispersion v0 = 220 km/s. Thus,
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As a function of time in the galactic frame, the Earth’s velocity is vE ≈ 227+14.4 cos [2π
(

t−t0
T
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]

km/s, with T = 1 year and t0 is around June 2nd. The DM velocity distribution is cut-off

at the galactic escape velocity. Thus, the upper limit of the integration in (2.1) is given by

|"v + "vE| ≤ vesc, and the lower limit, since we will consider elastic scatters, is given by
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The current allowed range for the galactic escape velocity [25] is 498 km/s ≤ vesc ≤ 608

km/s. For concreteness we set vesc = 500 km/s. Increasing this value slightly increases our

allowed parameter space, but the general features remain unchanged. Because of different

energy detection efficiencies for different detectors, a quench factor fq is introduced to relate

the observed recoil energy, ĒR, to the actual recoil energy ER, ER = ĒR/fq. This allows one

to convert Eq. (2.1) to the experimental differential spectrums as dR/dĒR = 1/fq dR/dER.

For example, we take the quench factor fq = 0.085 for the iodine element in the DAMA

experiment.

In the usual calculation the nuclear cross section σN is related to the nucleon scattering

cross section, σp, by,

σN =
(Zfp + (A − Z)fn)2
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p
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where fp,n are the coupling strengths of DM to protons and neutrons and µnχ is the DM-

nucleon reduced mass. Here however, we wish to work explicitly with the nuclear scattering

cross section, and leave relating it to the microscopic Lagrangian to later, section 3. In
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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Does annual modulation = discovery of DM? 

Many things modulate on a year timescale:
•temperature
•water loading
•radon abundance
•ice-cream sales....

But, very few line up year on year with June 2nd

Thursday, November 12, 2009
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Figure 1: Cumulative low-energy distribution of the single-hit scintillation events (that
is each detector has all the others as veto), as measured by the DAMA/LIBRA detec-
tors in an exposure of 0.53 ton × yr. The energy threshold of the experiment is 2 keV
and corrections for efficiencies are already applied.

bility is negligible), as measured by the DAMA/LIBRA detectors in the 0.53 ton×yr
exposure.

In order to further investigate the presence of DM particles in the galactic halo, a
model-independent investigation of the annual modulation signature has been carried
out by exploiting the time behaviour of the residual rates of the single-hit events in the
lowest energy regions of the DAMA/LIBRA data. These residual rates are calculated
from the measured rate of the single-hit events (obviously corrections for the overall
efficiency and for the acquisition dead time are already applied) after subtracting the
constant part: < rijk − flatjk >jk. Here rijk is the rate in the considered i-th time
interval for the j-th detector in the k-th energy bin, while flatjk is the rate of the
j-th detector in the k-th energy bin averaged over the cycles. The average is made
on all the detectors (j index) and on all the 1 keV bins (k index) which constitute
the considered energy interval. The weighted mean of the residuals must obviously be
zero over one cycle.

Figure 2 shows the time behaviour (over three energy intervals) of the model-
independent residual rates for single-hit events collected by the new DAMA/LIBRA
experiment over four annual cycles (0.53 ton×yr). Those measured over seven annual
cycles by the former DAMA/NaI experiment [4, 5] (0.29 ton×yr) are shown as well;
the cumulative exposure of the two experiments is 0.82 ton×yr. The advantage of the
increased exposed mass and exposure is evident.

In particular, the residual rates in the (2 – 4), (2 – 5) and (2 – 6) keV energy intervals
are depicted in Fig. 2; the experimental points present the errors as vertical bars and
the associated time bin width as horizontal bars. The superimposed curves represent
the cosinusoidal functions behaviours A cos ω(t − t0) with a period T = 2π

ω = 1 yr
and with a phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, obtained
by best fit over the whole data (DAMA/NaI & DAMA/LIBRA). The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. We note that, for simplicity, in Fig. 2 the same time
binning already considered e.g. in ref. [4, 5] has been used. The result of this approach
is similar by choosing other time binnings, as it is also evident from the analysis on
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Figure 9: Energy distribution of the Sm,k variable for the total exposure (0.82 ton×yr,
DAMA/NaI & DAMA/LIBRA). See text. A clear modulation is present in the lowest
energy region, while Sm,k values compatible with zero are present just above. In fact,
the Sm,k values in the (6–20) keV energy interval have random fluctuations around
zero with χ2 equal to 24.4 for 28 degrees of freedom. See also Appendix A.

The method also allows the extraction of the Sm (hereafter the index k is omitted)
values for each detector, for each annual cycle as well as for each considered energy
bin. The Sm are expected to follow a normal distribution in absence of any systematic
effects. Therefore, in order to show if they are statistically well distributed in all the
crystals, in all the annual cycles and in the energy bins, the variable x = Sm−〈Sm〉

σ is
considered. Here, σ are the errors associated to Sm and 〈Sm〉 are the mean values of the
Sm averaged over the detectors and the annual cycles for each considered energy bin
(in the following ∆E = 0.25 keV). Similar investigations have already been performed
also for DAMA/NaI [4, 5].

Figure 10 shows the distributions of the variable x for the DAMA/LIBRA data in
the (2–6) keV energy interval plotted for each detector separately (i.e. the entries of
each histogram are the 64 x values, evaluated for the 16 energy bins in the consid-
ered (2–6) keV energy interval and for the 4 DAMA/LIBRA annual cycles). These
distributions allow one to conclude that the observed annual modulation effect is well
distributed in all the detectors and annual cycles. In fact, the standard deviations
of the x variable for the DAMA/LIBRA detectors range from 0.80 to 1.16 (see also
Fig. 11–bottom). Defining χ2 = Σx2 – where the sum is extended over all the 64 x
values – χ2/d.o.f. values ranging from 0.7 to 1.28 (see Fig. 11–top) are obtained. The
corresponding upper tail probabilities range from about 97% to 6%. Therefore, the
observed annual modulation effect is well distributed in all the detectors at 95% C.L..
The χ2/d.o.f. values of the DAMA/LIBRA detectors show a distribution around their
expectation value (see Fig. 11–top). The twenty-four points follow a χ2 distribution
with 64 degrees of freedom; in fact, when compared with the expectation in Fig. 11–
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Possible explanations

•Low mass dark matter with channelling, M~10 GeV
•Leptophilic DM
•Inelastic Dark Matter (iDM)
•Form Factor Dark Matter (FFDM or MDDM)
•Resonant Dark Matter (rDM)

S = S0 + Sm cos [2π(t − t0)/T ]

Thursday, November 12, 2009



Possible explanations

•Low mass dark matter with channelling, M~10 GeV
•Leptophilic DM
•Inelastic Dark Matter (iDM)
•Form Factor Dark Matter (FFDM or MDDM)
•Resonant Dark Matter (rDM)

S = S0 + Sm cos [2π(t − t0)/T ]

Thursday, November 12, 2009



Possible explanations

•Low mass dark matter with channelling, M~10 GeV
•Leptophilic DM
•Inelastic Dark Matter (iDM)
•Form Factor Dark Matter (FFDM or MDDM)
•Resonant Dark Matter (rDM)

S = S0 + Sm cos [2π(t − t0)/T ]

1 2 3 4 5 6 7
0

2

4

6

8

10

12

0 2 4 6 8
!0.01

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Thursday, November 12, 2009



Non-standard WIMP explanations?

Thursday, November 12, 2009



NT = NA/A NA = 6 × 1026 kg−1 µNχ =
mNmχ
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Inelastic Dark Matter (iDM) [Weiner and Tucker-Smith]
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mχ − mχ′ = δ ∼ 100 keV

•Requires “large” momentum exchange to upscatter
•Favours high velocity tail of MB distribution
•Increased modulation
•Prefers heavy targets e.g. iodine, xenon, tungsten,..
•Recoil spectrum has a peak, unique feature?

All of the above help to make DAMA consistent with 
CDMS, predicts events at other heavy element detectors
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Resonant Dark Matter (rDM) [Bai and PJF]

•Cross section is velocity dependent
•In particular the velocity dependence is “resonant”
•Picks out small range of velocities
•Increases modulation 
•In our particular model realisation scattering is highly 
element dependent 

dR

dER

=
NT mN ρχ

2 µ2
Nχ mχ

∫ vmax

vmin

d3"v
f("v,"vE)

v
σN F 2(ER)

Νr " 450 km ! s

∆ " 150 km ! s
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Figure 1: DM velocity distribution after angular integration in the summer (red) and winter (blue)
for the usual Maxwell-Boltzmann distribution (dashed) and for the case with a resonance (solid) at
450 km/s with width 150 km/s, the escape velocity was taken to be 500 km/s.

particular, in the usual approach σp is velocity, and element independent. We will see that

in rDM these statements are no longer true.

In rDM, the DM or its gauge partner, forms a short-lived bound state with the target

nucleus. The mass of the bound state is denoted as mr. In this case the DM-nucleus elastic

scattering cross section has a resonant structure. In the non-relativistic limit, one has s =

(mχ + mN )2 + mχmNv2. For
√

s close to the resonance mass, a familiar formula is obtained,

σN =
2Jr + 1

(2sχ + 1)(2sN + 1)

π

k2

Γ2
r→χN

(E − mr)2 + Γ2
tot/4

, (2.5)

where E =
√

s is the center of mass energy; sχ and sN are the spins of the dark matter

and the target nucleus; Jr is the total angular momentum of the resonant bound state. In

the non-relativistic limit, the scattering process is dominated by the s-wave, so a selection

rule,
−→
Jr = −→sχ + −→sN , applies to the accessible bound state. Γr→χN is the partial width of

the boundstate decaying into χ plus N and is a function of the centre of mass energy. The

total width Γtot may be larger than this width due to the existence of other decay modes,

we will discuss this in more detail in Section 3. The momentum of the DM in the center of

momentum frame is k = µNχ v. Note that if there exists more than one resonance, the cross

section is the sum over all resonances, each given by (2.5). Since the DM is non-relativistic,

we can rewrite the cross section as a resonance in velocity,

σN = σ0
v2
r

v2

δ2/π

(v2 − v2
r )2 + δ4

. (2.6)

– 4 –
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Resonant scattering

A
ZN 23

11Na 28
14Si 74

32Ge 127
53I 129

54Xe 133
55Cs 184

74W

A
Z+1N

23
12Mg 28

15P
74
33As 127

54Xe 129
55Cs 133

56Ba 184
75Re

∆m (MeV) 3.8 13.8 2.1 0.15 0.7 0.01 1.0

Sn (MeV) 13.1 14.5 8.0 7.3 9.6 7.2 6.5

Eb (MeV) 5.8 7.5 13.5 19.1 19.4 19.6 23.3

Table 1: The electric binding energy for the ground state of the boundstate composed of χ− and
A
Z+1N , the nuclear mass difference ∆m ≡ mA

Z+1
N − mA

Z
N and the neutron emission energy Sn. The

DM mass is taken to be 500 GeV.

enough to compensate for the splitting ∆, one or two bound states may be probed in the

dark matter scattering process.

For χ0 scattering off element A
ZN the bound state forms between χ− and A

Z+1N . For

large Z the orbital radius is smaller than the Bohr radius of the nucleus and χ− is bound

inside the nucleus. Using the two-parameter Fermi charge distribution [31, 23] for the protons

inside the nucleus we calculate the binding energy of this system, by solving the Schrödinger

equation [32]. For the case where the DM mass is much larger than the nucleus mass, the

electromagnetic binding energies between χ− and A
Z+1N , for the relevant elements, are shown

in Table 1. The (χ−,AZ+1 N) binding energy is small in comparison to the total binding energy

of the whole nucleus and we assume that the presence of χ− inside the nucleus does not have

a large effect on the charge distribution or the spectrum of nuclear excited states. The excited

states of the bound state are ∼ 1 MeV above the ground state, whereas the excited states

of the nucleus alone are ∼ 500 keV for a fixed angular momentum [33, 34]. In order to

conserve angular momentum, the excited states of the nucleus alone should have angular

momentum as JN(Z+1,A)∗ = JN(Z,A), JN(Z,A) ± 1 for the fermionic dark matter considered

in this paper. If the excited states of the bound state can be probed, the selection rule is

|
−→
J N(Z+1,A)∗ +

−→
L +1/2| = |

−→
J N(Z,A) +1/2|, with L as the orbital angular momentum between

χ− and A
Z+1N

∗.

The resonance may form in its ground state, or an excited state, and the nucleus itself

may also be in an excited state. Expressing the total excitation energy of the resonance above

its ground state as ω, the resonance mass is given by,

mr = mχ− + mA
Z+1N + ω − Eb , (3.3)

Thus, the resonance speed squared is

v2
r =

2(∆ + mA
Z+1N − mA

ZN + ω − Eb)

µχN
. (3.4)

The mass difference between neighboring elements, due to nuclear binding energy, depends on

the elements and isotopes in question [33, 34] and for the elements of interest lies in the range
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Speed of DM needed to hit resonance
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Figure 6: The Feynman diagram of the DM elastic scattering off a nucleus A
ZN by exchanging a

boundstate of (χ−, A
Z+1N).

neglecting the electron mass. The lifetime of χ± is τ ≈ 3 × 10−3 s for ∆ = 15 MeV. Because

of the almost degenerate masses of χ± and χ0, they have approximately the same amount of

thermal relic abundance. The charged particles decay to χ0 shortly after the freeze-out time.

To satisfy the observed value of dark matter relic abundance, the dark matter mass should

be around 2 TeV [28]. Keeping in mind that the dark matter abundance may also origin from

other non-thermal processes, we will treat the dark matter mass as a free parameter in this

paper. We also note that the lifetime of χ± is far less than one second. Therefore, Big Bang

nucleosynthesis is unaffected in the model.

The lifetime of χ± is fairly long from the collider point of view. If produced in a collider,

χ± does not decay inside the detector and leaves a muon-like track but with a different mass.

The existing searches for long-lived massive charged particles (CHAMPs) at LEP2 impose

a bound on the mass, mχ± > 99.5 GeV [29] at 95% C.L.. Both D0 [30] and CDF [30]

at the Tevatron have also performed searches for CHAMPs. The current strongest bound

is from CDF who searched for a single, isolated, weakly interacting CHAMP within the

muon trigger acceptance. For the case at hand, the CDF bound constrains the sum of the

production cross sections σ(χ+χ−) and σ(χ+χ0). The exclusion limit on the dark matter

mass is mχ ≈ mχ± ≥ 121 GeV at 95% C.L.

For ∆ >∼ O(MeV) the kinetic energy of the DM is insufficient to allow an inelastic up

scattering to χ±. However, it is possible that for certain elements, the DM may form a short-

lived electromagnetic bound state with the nucleus of an atom. The elastic scattering of DM

off a nucleus A
ZN is depicted in Fig. 6. The intermediate boundstate may be in its ground-

state or in an excited state, depending on which state is within the accessible range of dark

matter kinetic energy. Interestingly, an O(100) GeV WIMP has kinetic energy comparable

to the typical energy splitting of the energy levels of nuclei. So, if the binding energy is large
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dark matter scattering process.
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Z+1N . For

large Z the orbital radius is smaller than the Bohr radius of the nucleus and χ− is bound

inside the nucleus. Using the two-parameter Fermi charge distribution [31, 23] for the protons

inside the nucleus we calculate the binding energy of this system, by solving the Schrödinger

equation [32]. For the case where the DM mass is much larger than the nucleus mass, the

electromagnetic binding energies between χ− and A
Z+1N , for the relevant elements, are shown

in Table 1. The (χ−,AZ+1 N) binding energy is small in comparison to the total binding energy

of the whole nucleus and we assume that the presence of χ− inside the nucleus does not have

a large effect on the charge distribution or the spectrum of nuclear excited states. The excited

states of the bound state are ∼ 1 MeV above the ground state, whereas the excited states

of the nucleus alone are ∼ 500 keV for a fixed angular momentum [33, 34]. In order to

conserve angular momentum, the excited states of the nucleus alone should have angular

momentum as JN(Z+1,A)∗ = JN(Z,A), JN(Z,A) ± 1 for the fermionic dark matter considered

in this paper. If the excited states of the bound state can be probed, the selection rule is

|
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J N(Z+1,A)∗ +

−→
L +1/2| = |

−→
J N(Z,A) +1/2|, with L as the orbital angular momentum between

χ− and A
Z+1N

∗.

The resonance may form in its ground state, or an excited state, and the nucleus itself

may also be in an excited state. Expressing the total excitation energy of the resonance above

its ground state as ω, the resonance mass is given by,

mr = mχ− + mA
Z+1N + ω − Eb , (3.3)

Thus, the resonance speed squared is

v2
r =

2(∆ + mA
Z+1N − mA

ZN + ω − Eb)

µχN
. (3.4)

The mass difference between neighboring elements, due to nuclear binding energy, depends on

the elements and isotopes in question [33, 34] and for the elements of interest lies in the range
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enough to compensate for the splitting ∆, one or two bound states may be probed in the

dark matter scattering process.

For χ0 scattering off element A
ZN the bound state forms between χ− and A

Z+1N . For

large Z the orbital radius is smaller than the Bohr radius of the nucleus and χ− is bound

inside the nucleus. Using the two-parameter Fermi charge distribution [31, 23] for the protons

inside the nucleus we calculate the binding energy of this system, by solving the Schrödinger

equation [32]. For the case where the DM mass is much larger than the nucleus mass, the

electromagnetic binding energies between χ− and A
Z+1N , for the relevant elements, are shown

in Table 1. The (χ−,AZ+1 N) binding energy is small in comparison to the total binding energy

of the whole nucleus and we assume that the presence of χ− inside the nucleus does not have

a large effect on the charge distribution or the spectrum of nuclear excited states. The excited

states of the bound state are ∼ 1 MeV above the ground state, whereas the excited states

of the nucleus alone are ∼ 500 keV for a fixed angular momentum [33, 34]. In order to

conserve angular momentum, the excited states of the nucleus alone should have angular

momentum as JN(Z+1,A)∗ = JN(Z,A), JN(Z,A) ± 1 for the fermionic dark matter considered

in this paper. If the excited states of the bound state can be probed, the selection rule is

|
−→
J N(Z+1,A)∗ +

−→
L +1/2| = |

−→
J N(Z,A) +1/2|, with L as the orbital angular momentum between

χ− and A
Z+1N

∗.

The resonance may form in its ground state, or an excited state, and the nucleus itself

may also be in an excited state. Expressing the total excitation energy of the resonance above

its ground state as ω, the resonance mass is given by,

mr = mχ− + mA
Z+1N + ω − Eb , (3.3)

Thus, the resonance speed squared is

v2
r =

2(∆ + mA
Z+1N − mA

ZN + ω − Eb)

µχN
. (3.4)

The mass difference between neighboring elements, due to nuclear binding energy, depends on

the elements and isotopes in question [33, 34] and for the elements of interest lies in the range
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CDMS: Si, Ge
DAMA: Na, I
KIMS: Cs,I

Xenon: Xe
Zeplin: Xe

CRESST: Ca, W, O
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Outlook

•Very exciting time
•Dark matter being probed on multiple fronts
•Dark sector may be very non-trivial
•Wealth of new data, more expected
•Explosion in model building
•Many new predictions that can be searched for

Stay tuned.....
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