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Outline
• Background

• What do we ask for in Dark Matter?

• Indirect Detection

• Direct Detection

• A puzzle

• Future?



Two related Questions

• What can we learn about the Dark Matter?

• What can we learn about the history of the 
Universe?



We know how much...
Ωmatterh2 = 0.1358± 0.0037
Ωbaryonh2 = 0.02267± 0.00059

Komatsu, et al. (WMAP) Astrophys.J.Suppl.
180:330-376,2009WMAP+SN

+BAO



New question: what is 
it?



Calculate How Much Dark Matter...

Solve the Boltzmann equation 
in an expanding universe.

Annihilations try to maintain 
thermal equilibrium.

Expansion of the Universe 
prevents this.

X

X SM

SM
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For this talk

• We concentrate on the possibility of a 
particle at the weak scale, with non-
gravitational interactions

• This omits, e.g., axions, SuperWIMPS...



What is the Dark Matter?

• We know something about its mass.

• Coming to a collider near you?

• “The WIMP miracle”



Minimal Theoretical 
Input

• We want it to be stable against decay:  

• No terms linear in X in the Lagrangian

• Discrete symmetry e.g., X <-> -X

L ! ⊃X SM SM



Imposed by hand?

(Inert Doublet Model)
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scenario, scattering and annihilation is dominantly through the Higgs channel. The elastic and inelastic scenarios for
DAMA correspond to specific limits in the parameter space of the IDM. The main purpose of this paper is to discuss
the behavior of the model in these two specific regions, in connection with the present direct detection experiments.

The organization of the paper is a follows. The IDM is introduced in Section II. The physics of direct detection,
including the seasonal modulation, and the relevant data are discussed in Section III. We discuss the elastic scenario
in Section IV. The main result of this section is summarized in Figure 2, in which we compare the goodness of fit of
a light WIMP candidate in IDM to the DAMA data, together with the exclusion limits set by the other experiments
and with the WMAP relic abundance. At 3σ, only a small region of the parameter space is compatible with all
observations. We then discuss the inelastic scenario in Section V. The main result of this section is summarized in
Figure 7, in which we show that a whole range of candidates between MDM ∼ 535 GeV and MDM ∼ 50 TeV is
compatible with all observations, including the WMAP abundance. In the same section, we argue that lower mass
candidates, which in the standard freeze-out scenario have a too small relic abundance, may be consistent with all
observations, provided there is a primordial PQ asymmetry in the dark sector. We give our conclusions in Section VI.

II. THE INERT DOUBLET MODEL

The Inert Doublet Model (IDM) is a simple extension of the Standard Model with dark matter, with two Higgs
doublets and a Z2 symmetry. The usual Brout-Englert-Higgs doublet (hereafter the Higgs doublet) is denoted by
H1. The extra, or inert doublet, H2, is the only field of the model that is odd under the Z2 symmetry. This
ensures the stability of the lightest member of H2, which will be a DM candidate, and prevents from flavor changing
neutral currents (FCNC) [32]. We will assume that Z2 is not spontaneously broken and that H2 does not develop
a vacuum expectation value. We write H2 = (H+ (H0 + iA0)/

√
2)T , similarly to the ordinary Higgs doublet, and

H1 = (h+ (v0 + h + iG0)/
√

2)T . The potential is written as

V (H1, H2) = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4

+ λ3|H1|2|H2|2 + λ4|H†
1H2|2 +

λ5

2

[
(H†

1H2)2 + h.c.
]

.
(1)

After electroweak symmetry breaking, 〈H1〉 = v = −µ2
1/λ1 = 246 GeV, the mass of the physical scalar fields are given

by

M2
h = 2λ1v

2 ,
M2

H0
= µ2

2 + λH0v
2 ,

M2
A0

= µ2
2 + λA0v

2 ,
M2

H+ = µ2
2 + λHcv

2 , (2)

with λHc ≡ λ3/2 and λH0,A0 ≡ (λ3 + λ4 ± λ5)/2. We will consider H0 to be the DM candidate (i.e. λ5 < 0) though
the results would be exactly the same for A0 changing the sign of λ5. Notice that most of the negative couplings
parameter space is excluded by vacuum stability constraints. Indeed, to ensure that the scalar potential is bounded
from below, we need [33]

λ1,2 > 0 ,

λH0 , λA0 , λHc > −
√

λ1λ2 . (3)

The IDM has already been extensively studied in the literature. It has been shown that a viable DM candidate
with the correct relic abundance can be obtained in three regimes, low-mass (mH0 ' mW ) [24, 35], middle-mass
(mH0 ∼< W )[33, 36] and high-mass (mH0 ( mW )[36, 42]. Direct and indirect detection constraints were investigated
in Refs. [24, 33, 36, 37, 38, 39, 40, 43] and confrontation to colliders data and related future prospects was done
in [44, 45]. Here we will focus on the implications of DAMA for the IDM.

Two particular limits of the mass relations will be most relevant here. The most obvious one is the limit in which
λ5 → 0, in which case the neutral particles are degenerate, MH0 = MA0 , and the theory is invariant under a larger,
Peccei-Quinn symmetry, U(1)PQ ⊃ Z2. This limit will be relevant in Section V where we will discuss the inelastic
scenario for DAMA. The existence of an enhanced symmetry will imply that the limit of nearly degenerate neutral
scalars, albeit fine-tuned, is technically natural. From Eqs. (2), a small mass splitting δ = MA0 −MH0 + 100 keV as
suggested by DAMA corresponds to a coupling

λ5 = 3.3 · 10−7
( mH0

100 GeV

) (
δ

100 keV

)
. (4)

Barbieri, Hall, Rychkov Phys.Rev.D74:015007,2006 
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10−11, which cannot be explained in the MSM, has been

known for many decades.

• The nearly scale-invariant, adiabatic, and Gaussian density
fluctuations (see, e.g., [8]) point to cosmic inflation. This has

not been proven, but we find the evidence compelling.

There are many other hints for physics beyond the MSM at

a few sigma levels which we do not try to incorporate.

We now apply our principle of minimal particle content to

address each of the issues. First, we discuss Dark Matter. It

is clear that the MSM does not have a candidate degree of

freedom. The minimal way to add a new degree of freedom

in a quantum field theory is a real Klein–Gordon (KG) field.

To make it stable, we must assign it a symmetry; the only

such possibility for a real KG field is a Z2 parity. Therefore,

we introduce a singlet field S completely neutral under the

gauge group and odd under a Z2 parity. Then its most general

renormalizable Lagrangian is

LS =
1

2
∂µS∂µS −

1

2
m2

SS2 −
k

2
|H |2S2 −

h

4!
S4. (2)

It is encouraging that this model indeed had been proposed to

explain the cosmological Dark Matter in the past [9, 10, 11].

Remarkably, this model can explain the correct abundance,

the lack of its detection so far, and the lack of observation at

high-energy accelerators. We will show later that the model is

still viable. This is clearly the minimal model of Dark Matter.

The next issue is Dark Energy. Because we do not con-

cern ourselves with aesthetic issues such as naturalness and

fine-tuning in constructing the NMSM, we simply postulate a

cosmological constant of the observed size, approximately

LΛ = (2.3 × 10−3 eV)4. (3)

This is a relevant operator in the Lagrangian, consistent with

all known symmetries. Hence, it cannot be left out in a most

general Lagrangian. Its renormalized value at the Hubble

scale needs to be the one given above.

The third issue is the neutrino masses and bi-large mixings.

We have strong evidence for two mass-squared splittings, one

from atmospheric neutrinos ∆m2 # 2.5 × 10−3 eV2, and

the other from solar neutrinos (and reactor anti-neutrinos)

∆m2 # 7 × 10−5 eV2. Because the Planck-scale operator

(LH̃)(LH̃)/MPl gives onlymν
<∼ 10−5 eV, too small to ex-

plain the data, we need new degrees of freedom to generate

neutrino masses. There is no evidence that all three neutrinos

are massive, and one of them may be exactly massless. We

hence need only two right-handed neutrinosNα (α = 1, 2), or
four new degrees of freedom, to write down the mass terms.

We still have to make a choice whether the mass terms are

of Dirac or Majorana type. Based on the minimality alone,

either of them is perfectly valid. In the case of Dirac neu-

trinos, we need to impose a global lepton number symme-

try, while for Majorana neutrinos, we write down all possible

renormalizable terms. The next minimal way of generating

Majorana neutrino masses requires a triplet scalar exchange

[12] with six new degrees of freedom. Therefore, adding two

right-handed neutrinos is the minimal choice.

Next, we have to explain the baryon asymmetry of the uni-

verse. We might have insisted that the baryon asymmetry was

the initial condition of the universe. However, this is not pos-

sible because we will accept the inflationary paradigm. We

will come back to this point later. Therefore, the asymmetry

needs to be explained. In fact, having accepted two right-

handed neutrinos, we can let them produce the baryon asym-

metry via leptogenesis [13, 14, 15]. This is possible only

for Majorana neutrinos with seesaw mechanism without ad-

ditional degrees of freedom, unlike leptogenesis with Dirac

neutrinos [16]. Therefore, we do not have a choice: the neu-

trinos are Majorana, and the decays of right-handed neutrinos

in the early universe, coupled with the electroweak anomaly,

is responsible for creating the baryon asymmetry. The NMSM

Lagrangian, hence, must also include

LN = N̄αi %∂Nα−
(

Mα

2
NαNα + hαi

ν NαLiH̃ + c.c.

)

. (4)

Because the left-handed neutrinoMajoranamass matrix has

rank two, there is one massless state. The other two neutrino

masses can be determined from the solar and atmospheric neu-

trino data, and there is only one Majorana phase. In the basis

where the charged-lepton and right-handed-neutrinomass ma-

trices are real and diagonal, there are eleven real parameters in

Eq. (4), after rephasing of three lepton doublets. Since there

are only seven real parameters for light neutrinos, two masses,

three mixing angles, one Dirac and one Majorana phase, we

have enough parameters to accommodate the current data. In

order to produce the observed baryon asymmetry via leptoge-

nesis, the lighter right-handed neutrino should be heavier than

1010 GeV to have enough CP asymmetry [15, 17].

Finally, nearly scale-invariant, adiabatic, and Gaussian den-

sity fluctuations need to be generated in order to explain

the observed structure, velocity field, and cosmic microwave

background anisotropy. We adopt inflation for this purpose.

We do not see any candidate scalar field to drive inflation

in the MSM nor among the new particles introduced above.

Therefore, we have to introduce at least another degree of

freedom. The minimal new particle content is again a real

KG field, and its most general renormalizable Lagrangian is

Lϕ =
1

2
∂µϕ∂µϕ −

1

2
m2ϕ2 −

µ

3!
ϕ3 −

κ

4!
ϕ4. (5)

Here, the possible linear term has been absorbed by a shift.

This potential can drive inflation, e.g., if the field starts with

a trans-Planckian amplitude; this is nothing but the chaotic

inflation model [18]. Current data prefer the quadratic term to

drive inflation [19, 20] withm # 1.8 × 1013 GeV [21], while

µ <∼ 106 GeV and κ <∼ 10−14.[32]

The only possible renormalizable couplings of the inflaton

to other fields in the NMSM allowed by symmetries are

VRH = µ1ϕ|H |2 + µ2ϕS2 + κHϕ2|H |2 + κSϕ2S2

+(yαβ
N ϕNαNβ + c.c.). (6)

(Extra Singlet)
Burgess; MacDonald; Davoudiasl



Possible, but a waste of 
the WIMP miracle



Two Reasons to Expect New 
Physics BSM at the LHCNatural Theories?

Two Motivations for Beyond the Standard Model
physics at the TeV scale

• Hierarchy Problem/ Electroweak Symmetry
Breaking

∆m2
h =

3y2
top

8π2
Λ2

Natural/Unnatural – p.2/23

SUSY/Little Higgs/Extra Dim?



What is the identity of 
that symmetry?

• Supersymmetry: R-Parity 

• imposed to avoid proton decay -- remnant 
of a GUT gauge symmetry?)

• Ensures lighest supersymmetric particle 
can be stable.



What is the identity of 
that symmetry?

• Extra Dimensions: KK-Parity 

• (remnant of 5-d Poincare invariance)

• Little Higgs with T-parity



The above story has 
some important on 
several assumptions

• “Boring”expansion

• Thermal History for DM



These assumptions have recently 
been challenged by data....
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is

12

0810.4495
Nature 458:607-609,2009

Required 
cross 

section is 
much 

more than 
a thermal 

one 
10-24cm3s-1



Non-thermal history

• Dark matter does not annihilate away to 
current abundance.

• Instead, it is populated at “late times” by 
decay of heavy field, e.g. modulus of string 
theory.

• Allows for WIMP with large cross section.

• e.g. Randall/Moroi, Wino in ASMB
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How can we have 
thermal history?

• Something changes about Dark Matter 
annihilation between freeze-out and now.

• What changes?  

• velocity dependent cross section?

• Properties of the DM (Cohen, Morrissey, AP, 

Phys.Rev.D78:111701,2008.)



General Lesson 

• If we measure annihilation cross-section 
(either by indirect detection + knowledge 
of halo, or by detailed measurements at a 
collider) and it does not match the WIMP 
miracle, we may discover a non-standard 
cosmology! (cf. BBN)



Another puzzle 

• No apparent excess in p-bars.

• So, annihilation to WW, ZZ, bb, cc, all not 
so great.

• (see however, Kane, Lu and Watson)



Leptophilic Dark 
Matter

• Dynamics

• Fox, Poppitz; Zurek; Phalen, AP, Weiner...many others

χ

χ

Ξ̄

Ξ, l

Ξ

l

W,Z

FIG. 1: Left: The annihilation process of the dark matter χ to a heavy Ξ̄ lepton and either Ξ or a

Standard Model lepton l. The shaded circle represents a model-dependent annihilation mechanism.

We discuss possibilities for this in section VI. Right: Decay of the Ξ into to a lepton and a W or

Z boson.

!), (1 , 1) (like a Standard Model ec), or (1 , 0) (a complete Standard Model singlet, n). Any

of these is viable, but they have distinct phenomenology.

In the case where we add vectorlike particles with quantum numbers of ec or n, decays

proceed with comparable rates both through W and Z bosons[64]. Thus, for χχ → ΞΞ̄, each

annihilation (on average) roughly yields a single charged lepton and two gauge bosons. In

contrast, as we shall see, annihilation to a pair of vectorlike heavy doublets ultimately yields

final states with charged leptons and gauge bosons in a one to one ratio. Since gauge bosons

are a source of anti-protons, taking Ξ as a vectorlike SU(2)L doublet produces the highest

e+/p̄ signal, as is desirable to fit the PAMELA data.

For the study of cosmic ray signals, then, we will focus on the !-like case. For the purpose

of the PAMELA data, the consequence of considering the n- or ec-like models instead is to

multiply the p̄ spectrum of the case at hand by a factor of ∼ 2, as an increased boost factor

would be needed to fit the positron data (see section III).

4

For concreteness, we begin with a Lagrangian[65]

L =
∑

i

yi!ie
c
ih + µΞ̄Ξ + εiΞ̄!i + ỹiΞec

ih + H.c. (1)

Prior to electroweak symmetry breaking, we can do a rotation in (!i Ξ) space to remove the

εi terms at the cost of modifying the ỹi terms. Subsequent rotations on the !i and ec
i allow

diagonalization of the 3×3 submatrix. After electroweak symmetry breaking and performing

the above rotations, the charged and neutral fermion mass matrices are

Mcharged =















me 0 0 0

0 mµ 0 0

0 0 mτ 0

m̃e m̃µ m̃τ µ















, Mneutral =















0

0

0

µ















. (2)

Physical neutrino masses are sufficiently small that we can neglect them. There is no a priori

reason why m̃e ≤ m̃µ, m̃τ . In anarchical models[30], they may all be the same, or should Ξ

carry a lepton flavor charge, it could even be that m̃e # m̃µ, m̃τ . For future discussion, it is

useful to introduce the small parameter δi ≡ m̃i/µ.

A. Decays of the heavy leptons

Let us begin by focusing on the phenomenology of the neutral sector. All neutral states

(both Standard Model and the new heavy state) have identical couplings to the gauge bosons.

So, when the mass matrix is diagonalized, no off-diagonal couplings to the Z boson are

created — the mathematics is identical to that which ensures the absence of FCNCs in the

Standard Model. However, the differences in diagonalizing the charged lepton mass matrices

will lead to off-diagonal charged current decays. Thus, neutral Ξ states decay to a W±!∓

final state.

The decay modes of Ξ± are more complicated. We assume that the Ξ± state is heavier

than the Ξ0 state. The charged state has non-vanishing couplings to three final states:

Ξ0W±∗, Z!±, and W±ν. Typically, the most suppressed of these decays is the decay to

W±ν. This heavy–light charged current coupling is down by a factor (m"/µ)δi, where m" is

5



Leptophilic Dark 
Matter

• Kinematics

• Nomura, Thaler; Cholis, Finkbeiner,Goodenough, Weiner; Arkani-
Hamed, Finkbeiner, Slatyer, Weiner; Nelson, Spitzer,....many others2

New forces are necessarily invoked for MeV-scale dark mat-
ter [42, 43], as well as “exciting” dark matter [34], whose
setup we are presently considering. “WIMPless” models
[44] have additional interactions and annihilations, as do
the general class of “secluded” dark matter models [45]
(which includes XDM as an example). The only poten-
tially peculiar feature one may wonder about here is that
we invoke a light (mφ

<
∼ GeV) boson, although this scale

can arise naturally in supersymmetric theories [37].

Putting aside model building questions, which have been
adequately addressed elsewhere, we focus on the phe-
nomenology of this scenario. Following the annihilation
χχ → φφ, we consider here four cases of φ decays, specif-
ically: a) φ → e+e−, b) φ → µ+µ−, c) a mixture of 1:1
between electrons and muons, and lastly d) π+π−. The
first is natural for any particle with a mass lighter than
mφ < 2mµ [70]. The decay could arise if φ is a scalar,
mixing with the Higgs, for example [34] [71], or a vector
mixing with the photon [37]. The second (case b) is nat-
ural for a scalar mixing with the Higgs in the mass range
2mµ < mφ < 2mπ. The third case (1:1) is not precisely
realized from photon mixing above 2mµ, as phase space
suppression is a relevant correction until above the 2mπ

threshold. Rather, it yields something close to a 2:1 ratio
of e:µ, which is very similar to the electron only case. A
1:1 ratio could arise in leptophilic models [46]. Above 2mπ,
the addition of a small pion admixture does not modify the
spectrum significantly from 1:1. However, we provide the
possibility of a charged pion dominated decay, providing
a complete set of low-energy decay modes to consider, in
particular in the case that the pion component becomes
large. Above 2mK kaons appear, but hadrons are increas-
ingly inappropriate degrees of freedom, with annihilation
to quarks eventually becoming the appropriate description.
In such a case, a broad analysis is needed [47, 48].

To calculate the positron spectra and backgrounds, we
employ the publicly available GALPROP code [49, 50].
We use a Einasto profile [51], with α = 0.17. We take a
diffusion zone of L = 4 kpc, a diffusion coefficient at 4MV
of 5.8 ∗ 1028 cm2/s, with an index of 0.33.

For χχ → φφ, we show the resulting spectra for these
various φ → X decay modes in Fig: 2. A few points here
are in order. We see that essentially all modes give very
good fits to the data. Decays to electrons alone (φ → e+e−,
case a) give a very good fit. While mχ = 100 seems low
compared to the highest point, it is only slightly so. This
is dominated by the smaller error bars on the lower data
points, giving them a much higher statistical weight. It is
possible for a 100 GeV WIMP to be within the error bars
of the highest data point, but at the expense of a worse
overall fit at lower energies. Moreover, we have assumed
a flat spectrum for the φ → e+e− decay. If φ is a vector,
the injection spectrum can be moderately peaked at high
and low energies (low in the middle) [6, 9]. Such an effect
can improve the fit for the 100 GeV case somewhat, but
is essentially irrelevant for higher masses. For mχ

>
∼ 100,

decays to electrons give comparably good descriptions of
the data.

Decays φ → µ+µ− (case b), with the energy partitioned
among more particles, requires masses mχ

>
∼ 400 GeV to

χ

χ

φ

φ

FIG. 1: Dark matter annihilation mode, χχ → φφ. Here φ can
be a scalar or a vector. The grey circle includes all diagrams,
including possible non-perturbative contributions. The subse-
quent decays of φ, for instance to φ → e+e− or φ → µ+µ−

produce the high energy positrons observed at PAMELA.

provide a good fit to the data. Decays to electrons and
muons in a 1:1 ratio (case c) are similar to decays to elec-
trons alone, but with, as expected, a moderately softer
spectrum, and a slightly higher boost factor. Decays to
charged pions are yet softer, but still provides a good fit
to the data, although again, much larger masses and boost
factors are required.

In the highest mass cases, the positron fraction contin-
ues to rise above the range where PAMELA can distinguish
positrons. The contribution can continue to rise even to
the point where the dark matter contribution to the to-
tal electronic production is O(1), making deviations in the
spectrum of e+ + e− very possible at energies O(500 GeV
- 1 TeV). Indeed, such an excess may already have been
seen at ATIC [52] and PPB-BETS [53]. A comprehensive
study combining all data will be performed elsewhere [54].

III. DISCUSSION

Earlier studies [32] showed that annihilations χχ → φφ
could give a good fit to cosmic ray positron excesses seen
at HEAT and AMS-01, with the resulting spectra show-
ing sharp rises at higher energies. We have reexamined
these predictions in light of the present PAMELA data,
and find they provide excellent fits to the data. That de-
cays to dangerous anti-protons or π0’s are automatically
avoided makes this an extremely compelling explanation
for the PAMELA signature arising from WIMPs. Addi-
tionally, recent work has further shown that Sommerfeld
or other long-distance enhancements can boost the annihi-
lation cross sections for these models, yielding large signals
without any conflict with relic abundance constraints.

A WIMP with a mass as low as ∼ 100 GeV can give
a good fit to the data if φ decays with a significant com-
ponent directly to e+e−. Such a particle requires a very
small boost at lower masses, but a large (B ∼ 100) boost
at higher masses. In the context of this scenario, such
boosts are expected, however, because of effects from the
long distance force, such as the Sommerfeld enhancement.

Similar annihilation rates were shown previously [32] to

mφ < GeV



Sommerfeld 
Enhancement

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, Weiner, Slatyer, Finkbeiner 

Phys. Rev. D79, 015014 (2009), 0810.0713.

Hisano, Matsumoto, Nojiri 
Phys.Rev.Lett.92:031303,2004.
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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].

e/mu/pi

e/mu/pi
X
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 7 µ+µ- 1500 GeV, BF = 560
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10 µ+µ- 250 GeV, BF = 81

11 W+W- 200 GeV, BF = 66

12 XDM e+e- 150 GeV, BF = 16

13 e+e- 100 GeV, BF = 10

FIG. 6: Constraints on the annihilation cross-section 〈σAv〉
the efficiency factor f . The dark blue area is excluded by
WMAP5 data at 95% confidence, whereas the lighter blue
area shows the region of parameter space that will be probed
by Planck. The cyan area is the zone that can ultimately be
explored by a cosmic variance limited experiment with angu-
lar resolution comparable to Planck. Constraints are taken
from [42] (Fig. 4). The data points indicate the positions of
models which fit the observed cosmic-ray excesses, as fitted in
[20, 55]. Squares: PAMELA only. Diamonds: PAMELA and
Fermi. Crosses: PAMELA and ATIC. Error bars indicate the
factor-of-4 uncertainty in the required boost factor due to un-
certainties in the local dark matter density (any substructure
contributions are not taken into account). For models labeled
by “XDM” followed by a ratio, the annihilation is through an
XDM intermediate light state to electrons, muons and pions
in the given ratio (e.g. “XDM 4:4:1” corresponds to 4:4:1
annihilation to e+e−, µ+µ− and π+π−).

by WMAP5 constraints, either the enhancement must
be saturated over the redshift range in question (z ∼
100 − 4000), or α or f(z) must be extremely small – in
which case the model could not explain the cosmic-ray
anomalies described in the Introduction. For the models
of greatest interest, the enhancement S thus provides a
constant boost factor to the annihilation cross section at
z ∼ 1000, and our constraints apply directly.

At redshift z, the CMB temperature is ∼ 2.35 ×
10−4(1 + z) eV. This places an upper bound on the tem-
perature of the DM: however, after kinetic decoupling
the DM temperature evolves adiabatically as T ∝ z2,
and thus the WIMPs can be much colder than the pho-
ton temperature. [42] suggests v/c ∼ 10−8 at z ∼ 1000
for a 100 GeV WIMP.

If the enhancement is still unsaturated at such low ve-
locities, then the force carrier must be extremely light
compared to the WIMP mass. For the models recently
proposed in the literature [21, 23, 25, 57], the enhance-
ment has always saturated by this point as the force carri-
ers are much heavier than 10−8MDM. Other constraints
on models with very low-mass mediators also exist: as

one example, a 1/v enhancement which saturates at too
low a velocity can also cause runaway annihilations in
the first DM halos at the onset of structure formation
[58]. Furthermore, as shown in Fig. 6, models which fit
the recently observed cosmic-ray anomalies are already
close to being ruled out by WMAP5. If the Sommer-
feld enhancement in such models has not saturated by
(v/c) ∼ 10−8, this implies an effective cross section at re-
combination ∼ 4 − 5 orders of magnitude higher than in
the present-day Galactic halo. Such models are therefore
strongly excluded by WMAP5. Similarly, if the WIMP
annihilates to the same particle which mediates the Som-
merfeld enhancement, then in order for the enhancement
to evade the constraints in Fig. 6, the coupling α between
the WIMP and the force carrier must be extremely small
– reducing the annihilation cross section at freeze-out to
unacceptable levels for a thermal relic. Thus for a broad
range of well motivated models, it is self-consistent to as-
sume that the Sommerfeld enhancement is saturated for
the redshift range of interest (z ∼ 100 − 4000).

We can write the 95 % confidence limits from WMAP5
in terms of constraints on the total cross section,

〈σAv〉saturated <
3.6 × 10−24cm3/s

f

(

MDMc2

1TeV

)

, (6)

or as constraints on the maximum saturated enhance-
ment, relative to the thermal relic cross section 〈σAv〉 =
3 × 10−26 cm3/s,

Smax <
120

f

(

MDMc2

1TeV

)

. (7)

In both cases values of f for the different channels are
given in Table I.

These results directly limit the maximum boost fac-
tor possible from substructure, in Sommerfeld-enhanced
models. There has recently been considerable interest
in possible annihilation signals from dark matter sub-
halos, where the DM velocity dispersion is reduced and
the Sommerfeld-enhanced cross section is boosted (e.g.
[59, 60, 61, 62]). However, the saturated cross section
cannot be much larger than that required to fit the cos-
mic ray anomalies, so for models which fit the cosmic ray
anomalies, the lower velocity dispersion in subhalos will
not result in a higher annihilation cross section.

2. Sommerfeld-enhanced models fitting cosmic ray excesses

In Sommerfeld-enhanced models which produce the ob-
served excesses in e+e− cosmic rays, the saturation of
the enhancement is even more constrained than in the
general case. Since the cross sections required to fit
the cosmic ray anomalies are already nearly excluded by
WMAP5, as shown in Fig. 6, the enhancement must al-
ready be close to saturation at v ∼ 150 km/s (5×10−4c),
the estimated local WIMP velocity dispersion. Astro-
physical uncertainties – in the propagation of cosmic rays,

Padamahaban and Finkbeiner  2005

Galli, et al., Phys.Rev.D80:023505,2009.



FERMI data for e-+e+
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/LAT Collaboration Phys.Rev.Lett.
102:181101,2009
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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Choices

• Assuming both PAMELA/FERMI correct

• Surprising Astrophysics (two pieces?)

• Surprising Heavy DM

• DM + Astrophysics
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Non-Thermal Winos+Pulsars

Kane, Lu, Watson
earlier related work: Grajek, Kane, Phalen, AP, Watson



Comments

• If what we are seeing is not Dark Matter, 
then finding the DM in electrons/positrons 
may be impossible

• Finding it in Gammas will be challening



Direct Detection?



Figure 1: Schematic view of the Earth motion around the Sun.

plane, one can write: ve(t) = v! + v⊕cosγcosω(t − t0). Here v! is the Sun’s velocity
with the respect to the galactic halo (v! " v0 + 12 km/s and v0 is the local velocity
whose value is in the range 170-270 km/s [12, 20]); v⊕ = 30 km/s is the Earth’s orbital
velocity around the Sun on a plane with inclination γ = 60o with the respect to the
galactic plane. Furthermore, ω= 2π/T with T=1 year and roughly t0 " 2nd June
(when the Earth’s speed is at maximum). The Earth’s velocity can be conveniently
expressed in unit of v0: η(t) = ve(t)/v0 = η0 + ∆ηcosω(t − t0), where – depending on
the assumed value of the local velocity – η0=1.04-1.07 is the yearly average of η and
∆η = 0.05-0.09. Since ∆η # η0, the expected counting rate can be expressed by the
first order Taylor approximation:

dR

dER
[η(t)] =

dR

dER
[η0] +

∂

∂η

(

dR

dER

)

η=η0

∆η cosω(t − t0). (1)

Averaging this expression in a k-th energy interval one obtains:

Sk[η(t)] = Sk[η0] + [
∂Sk

∂η
]η0

∆ηcosω(t − t0) = S0,k + Sm,kcosω(t − t0), (2)

with the contribution from the highest order terms less than 0.1%. Thus, the annual
modulation signature is very distinctive since a WIMP-induced seasonal effect must
simultaneously satisfy all the following requirements: (i) the rate must contain a com-
ponent modulated according to a cosine function; (ii) with one year period; (iii) a
phase that peaks roughly around " 2nd June; (iv) this modulation must only be found
in a well-defined low energy range, where WIMP induced recoils can be present; (v) it
must apply to those events in which just one detector of many actually ”fires”, since
the WIMP multi-scattering probability is negligible; (vi) the modulation amplitude in
the region of maximal sensitivity must be <∼7% for usually adopted halo distributions,
but it can be larger in case of some possible scenarios such as e.g. those in refs. [21, 22].
Only systematic effects able to fulfil these 6 requirements and to account for the whole

3

Modulation Signature

• Modulation 
(Drukier, et al., 
Freese, et al.)
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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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FIG. 2: We show the modulation spectra for the best fit
point where scattering off iodine dominates, mχ = 77 GeV
(dot-dashed orange), and three points where scattering off of
sodium dominates. The best fit point off sodium is mχ = 12
GeV (solid red). We also show mχ = 2 GeV (dashed green)
and mχ = 7 GeV (dotted blue). The points with error bars
are the published DAMA/LIBRA data.

higher mass, say 20 GeV, this approach does not succeed.
As the mass moves above 12 GeV, a contribution coming
from iodine scattering begins to move into the low end of
the observed energy region, spoiling the fit. Also plotted
in Fig. 2 are spectra for WIMP masses of 2 and 7 GeV
for comparison.

The 68%, 90%, and 99% CL (∆χ2 < 2.3, 4.61, 9.21)
contours consistent with our nine bin DAMA/LIBRA χ2

function are shown in Fig. 1. Both regions shrink dra-
matically compared to the two bin χ2. In the left panel,
the ∆χ2 is with respect to the global best fit point at 77
GeV. In the right panel, we concentrate on the low mass
region and have defined ∆χ2 relative to the low mass best
fit point of 12 GeV. Note this region is confined to masses
above 10 GeV. This can be understood from examining
the recoil spectra for the light WIMPs in Fig. 2. For a
fixed overall modulation rate, sub-10 GeV WIMPs pre-
dict too little modulation above a couple of keVee: they
simply do not have enough mass to cause recoils of this
size.

In Fig. 1, we have superimposed 90% limit contours
from both the CDMS [9] and XENON [10] experiments.
We only show the CDMS contour relevant for low masses,
corresponding to data taken with the silicon detectors in
the Soudan mine, which have a 7 keV threshold. We have
recalculated limits using the astrophysical parameters de-
scribed here. For the XENON experiment, we account
for the energy dependent efficiencies as described in [10]
and to set the limit, apply the maximum gap method [17]
to the energy recoil range of 4.5-26.9 keV. We see that
the light SI DAMA/LIBRA mass region is excluded once
the modulation spectrum is taken into account.

Another constraint can be imposed by looking at
the total (unmodulated) counts at low energies at
DAMA/LIBRA. For a WIMP, the number of recoil events
increases with decreasing energy. Since DAMA/LIBRA

cannot distinguish background events from signal events
in this sample, it is clear that the predicted number of
WIMP events should not excessively exceed their total
number of counts in any bin.

We require that the unmodulated rate in each bin from
0.75 − 4 keVee not exceed the observed values within
their 90% error [1]. We show this constraint in Fig. 1,
labeled “DAMA-Total.” The allowed region lies below
this curve. This constraint does not greatly impinge upon
the allowed region from our nine bin χ2 that accounts for
the spectral details. Its constraint is most striking if one
considers the allowed region of the two bin fit (see Fig. 1).

Since the modulation in the low (2−2.5 keV) bin seems
to be the most constraining, one can consider whether it
is overly biasing our analysis. For instance, one could
worry if DAMA/LIBRA were to restate the efficiency
in the lowest bin, this might completely change our re-
sults. We have explored such effects by various methods:
tripling the error bar on the lowest bin, merging the en-
tire range into a 2−3 keV bin, and discarding the lowest
bin entirely. We find that only the last option (discard-
ing the lowest bin) opens up a region of parameter space,
with a point allowed with χ2 = 9.14 for 6 dof (p = 0.17).
This point also has a unmodulated rate that is close to
saturating the observed rate.

IV. VARIATIONS FROM ASTROPHYSICS AND
PARTICLE PHYSICS

Thus far, we assumed a MB halo and an elastic, SI in-
teraction. Relaxing these assumptions could enlarge the
region at light masses, so that modulation arises with an
appropriate spectrum, consistent with other experiments.

Let us begin by considering astrophysical modifications
to the velocity distribution. Kinematics informs us of
what modifications are needed. To scatter with nuclear
recoil energy ER, a WIMP must have a minimum veloc-
ity βmin =

√
MNER/2µ2, where µ is the reduced mass

of the WIMP-nucleus (not nucleon) system. Consider
the channeled possibility, for which the velocity require-
ments are weakest: for scattering on sodium, with re-
coil energy of 4.5 keV (the highest bin with significant
modulation), one finds βminc ≈ 1140, 790, 620 km/s for
mχ = 2, 3, 4 GeV. If halo particle velocities approxi-
mately follow a MB distribution, the most significant de-
viations naturally occur for the highest velocities, where
recent infall and streams may not have fully virialized.
As such, the lightest particles are the most likely to have
allowed regions opened by such deviations from a MB
distribution.

One modification to the halo is to include streams
[18, 19]. We investigated a wide range of streams, varying
its velocity −1200 km/s < vstr < 1200 km/s and disper-
sion 10 km/s < σstr < 50 km/s. Our stream is such that
for positive (negative) vstr, the stream is directly against
(with) the Earth’s velocity as given in the sun’s rest
frame. Because we limit ourselves to small perturbations

Energy Spectra
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FIG. 1: We show the region consistent with the DAMA/LIBRA modulation signal (at 68%, 90% and 99% CL), accounting
for the detailed modulation energy spectrum between 2-6 keVee and the single bin modulation between 6-14 keVee (colored
contours). Around this, we show the envelope (gray line) consistent with the DAMA/LIBRA modulation signal at 99% CL,
fitting the total modulation rate from the two bins, 2-6 keVee and 6-14 keVee (i.e., no spectral information). Also shown are
bounds calculated by considering data from the CDMS-II (Si) and XENON10 experiments. The limit curve labeled “DAMA-
Total” arises from the self-consistency with the total (unmodulated) rates in the DAMA-LIBRA data, as described in Section III.
At right, we zoom in on the light mass region. When zooming in, we study variations about the minimum χ2 in the low mass
region, as described in the text.

tron equivalent (keVee). Conversion between true nu-
clear recoil energy (keV) and observed energy (keVee)
requires a quenching factor (QFNa =0.3, QFI= 0.09).
We have included Gaussian energy smearing using the
value: σ(E)/E = 0.448/

√
E + 9.1× 10−3 (all energies in

keVee) [15]. It has been noted [5] that a low mass window
consistent with other experiments, relies on the “channel-
ing” effect [16]. When channeling occurs a recoiling nu-
cleus interacts with the crystal only electromagnetically,
efficiently transferring its energy to photoelectrons. The
result is that the full energy of a nuclear recoil is observed
as scintillation light, rather than the quenched value. We
include channeling following the parameterization of [7],
also used in [5]. In this approximation, if channeling oc-
curs in a given event, then all recoil energy is observed
without quenching [26].

Fitting the DAMA modulation between 2-6 keVee and
6-14 keVee as two bins, as done in [5, 8], we find a large
region consistent at 99% CL, (gray unshaded contour in
Fig. 1). There are two qualitatively distinct regions. One
is centered roughly around 80 GeV, where the scattering
dominantly proceeds off of the iodine nuclei. This re-
gion is clearly excluded by other direct detection experi-
ments. The second is at lower mass, extending down to a
few GeV, where the scattering is dominantly off sodium
nuclei. This DM is too light to cause recoils on iodine
above detection threshold. Because a typical SI detection
cross section scales with the square of atomic number, the

cross section per nucleon for a WIMP that scatters off of
sodium must be large. It is this low mass, high cross-
section region that appeared consistent with all known
direct detection experiments [27]. We now show that de-
tailed spectral information modifies this region so that it
is disfavored by current experimental results.

III. DAMA VS. DAMA

In Fig. 2, we show the observed modulation signal Sm

vs. observed energy for a WIMP with SI interaction at
DAMA/LIBRA. Two of the plotted modulation spectra
are for the masses that provide the best fits when the
WIMP scatters dominantly on iodine (mχ = 77 GeV),
and on sodium (mχ = 12 GeV). Our fit is to a nine
bin χ2 from the eight .5 keVee bins between 2-6 keVee,
where modulation is seen, and one bin from 6-14 keVee,
where it is consistent with no modulation. The fit in the
iodine scattering region is excellent (χ2

min = 4.21 for 7
dof, p = 0.76). The fit in the sodium region is worse:
(χ2

min = 7.54, p = 0.37). From Fig. 2, it is easy to see
why this is so. At the best fit point in the low mass
window, the DM is too light to have most of its recoils
in the region of interest (2-6 keVee). The amount of
modulation is still rising as one goes to lower energies
— in conflict with the DAMA/LIBRA data. While one
might think that this could be remedied by moving to a

Spin Independent

S. Chang, AP,  N. Weiner.
See also Freese, Gelmini, Gondolo, Savage; 

Zurek, Petriello



Spin Dependent

• Savage, Gondolo, Gelmini and Freese 
(arXiv:0808.3607)

• Further constrainted by COUPP and 
PICASSO

• Also constrained from Capture on Sun



Inelastic Dark Matter

Weiner/Tucker-Smith 
Phys.Rev.D64:043502,2001.

X X*

N N
MX∗ −MX = δ ∼ 100 keV



Many implementations.

• Sneutrinos (Weiner/Tucker-Smith)

• Slightly Split Dirac Fermion 

• Inert Doublet (0907.0430v1, Ariana, Ling, Tytgat)

• Non-Abelian Multiplet (Arkani-Hamed, Weiner, Finkbeiner, Slatyer)
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FIG. 1: The spectra of modulated events at DAMA for a 100 GeV WIMP with δ = 120 keV. The

unmodulated spectrum is similar.

IV. KINEMATICAL EFFECTS OF INELASTIC DARK MATTER

If a WIMP with mass mχ and splitting δ scatters off of a target nucleus with mass mN

and a given nuclear recoil energy ER, the minimum velocity is given by Eq. (1). There

are two important features of this equation. First, βmin is generally a falling function of

mN , favoring heavy targets (e.g., iodine) over lighter targets (e.g., germanium or silicon).

Secondly, it has a local minimum as a function of ER. That is, low values of ER can require

higher values of β in order to scatter. This has the result of suppressing low energy events,

whereas a standard WIMP has more events at lower energies. As an illustration, we show the

spectrum of the modulated signal at DAMA/LIBRA for a 100 GeV WIMP with δ = 120 keV

in figure 1. The spectrum of the unmodulated signal is similar.

For the values of δ for which this spectral deformation is significant, we are dominantly

sampling the high velocity tail of the velocity distribution. As a consequence, the modu-

lation can be significantly enhanced. In figure 2, we show the ratio of the modulated and

unmodulated signals at DAMA/LIBRA in the 2-6 keV range as a function of the splitting

parameter δ. Remarkably, the modulation can achieve a level of 100% at high δ. This arises

when there are particles whose velocity is high enough to scatter at DAMA in the summer,

but not in the winter. While this 100% modulation is a finely tuned situation, we will see

that our fits to the DAMA signal typically require large values of δ, and have significant

levels of modulation, generally ∼ 30%. Thus, in comparing with the model-independent

analysis of section IIB, we can already see that consistency with XENON is fairly straight-

Chang, Kribs, Tucker-Smith, Weiner



John March-Russell, et al., JHEP 0905:071,2009
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Figure 4: The allowed parameter space for fixed δ = 100keV and varying Mχ. For the SHM (left
panel) and this value of δ, CDMS II excludes the DAMA region at 90%. For the VL220 halo (right
panel) the tightest constraints are set by CRESST-II, and there is agreement between DAMA and
CDMS II up to high WIMP masses. Again one can see that the typical allowed cross sections are
an order of magnitude higher for the VL220 halo.
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Figure 5: Detectable particle distributions in a germanium detector as a function of tangential
velocity. The detectable region is shaded in grey. The solid, dashed and dot-dashed lines show the
SHM, VL220 and VL270 distributions respectively. The left edge of the grey region corresponds to
Mχ = 500 GeV.

tion is greater for the VL220 distribution compared to the VL270 distribution, particularly
in the high velocity region. However, the tail of the distribution is still much less populated
in VL220 and VL270 compared to the SHM, which explains why the exclusion limits for
VL220 and VL270 typically occur at larger cross sections than for the SHM. The increased
population in the VL270 tail, relative to the VL220 tail, and the small change in particle
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See also Hoberg, Winkler, arXiv:0907.3940v1

http://arxiv.org/abs/0907.3940v1
http://arxiv.org/abs/0907.3940v1


Constrained by 
Capture on Sun

• S. Nussinov, L.T. Wang, I. Yavin, arXiv:0905.1333

• See also, Menon, Morris, AP, Weiner arXiv:0905.1847 

There are existing limits on the flux of muon-neutrinos from WIMP annihilation in the sun

from both underground detectors (BAKSAN [27], Super-Kamiokande [28], and MACRO [29])

as well as dedicated neutrino telescopes (AMANDA [30], BAIKAL [31]). The strongest

bounds acually come from the Super-K results which we show in Fig. 4 alongside the muon

yield for several annihilation channels plotted against the WIMP’s mass. These channels are

excluded by several orders of magnitude. On the right of Fig. 4, we plot the corresponding

limits on the branching ratios of the different annihilation channels. The bounds on direct

annihilation into neutrinos deteriorate at higher WIMP mass because the more energetic

neutrinos are further attenuated by the matter in the sun.
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Figure 4: On the left is a plot of the muon yield in the inelastic case (δ = 125 keV, σn = 10−40 cm2)
for different annihilation channels from top to bottom on the left: νµνµ, τ+τ−, Z0Z0, W+W−, tt̄,
bb̄, and cc̄. The area above the thick (red) curve is excluded by Super-K. On the right pane we plot
the corresponding bound on the annihilation branching ratio for the respective channels against the
WIMP’s mass.
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Figure 5: Same as Fig. 4, but with v" = 254 km/s.

Future neutrino telescopes (Antares [32] and IceCube [33]) are expected to have larger

exposures and may provide even stronger constraints on WIMPs annihilation in the sun.

In Fig. 6 we show the expected reach for both hard and soft spectrum together with the
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http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Nussinov%2C%20S%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Nussinov%2C%20S%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Wang%2C%20L%2ET%2E%22
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Chang, Pierce, Weiner (in 
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General Lesson

• Useful to go beyond the simplest 
candidates (and recoild spectra).  Don’t 
want to miss a signal.



Conclusions

• Dark Matter Experiments have presented 
some tantalizing clues

• Dark Matter that could explain current 
data are not your father’s WIMP.  A rich 
Dark Sector?

• Data from FERMI (dwarf spheroidals, 
Inverse Compton...) , Direct Detection, and 
Colliders will be crucial in building an 
understanding.


