
The WIMP “Miracle”

When T<< MWIMP, number 
density falls as e-M/T

assume thermal 
equilibrium
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The WIMP not-miracle

ρχ = mχnχ ∝ a
−3 = a

−3(w+1)

θGµνG̃
µν ⇒ (θ + a/f)GµνG̃

µν

B̃ + W̃3 + H̃u + H̃d

nσv

nσvτ = 1 ⇒ σ

10−24cm2

<∼ TeV

Mχ

α
<∼ 10−3

L = (θ + a/f)GµνG̃
µν

⇒ V ≈ m
2
πf

2
π(1− cos(θ +

a

fa
))

ma ∼ 6× 10−6
eV × 1012GeV

fa

Ωh2 ≈ 0.1×
�
3× 10−26

cm
3
s
−1

�σv�

�

≈ 0.1×
�
α2

/(200GeV)2

�σv�

�

1

• Any weak- scale particle naturally freezes out 
within a few orders of magnitude of the correct 
cross section!

54



The WIMP miracle
• So what good is this?
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OUTLINE
• The “neutralino” (whatever that is)

• The canonical WIMP: (2 ±1/2) Dirac fermion

• (aka the “Higgsino” or 4th gen neutrino)

• Signals of thermal dark matter

• direct detection

• indirect detection

• colliders
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YOUR CANONICAL 
WIMP

• 4th generation Dirac neutrino is completely 
ruled out as a WIMP candidate*

• This makes it a very handy study

* unless you tweak some things
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the Dirac neutrino

ρχ = mχnχ ∝ a
−3 = a

−3(w+1)

θGµνG̃
µν ⇒ (θ + a/f)GµνG̃

µν

B̃ + W̃3 + H̃u + H̃d

nσv

nσvτ = 1 ⇒ σ

10−24cm2

<∼ TeV

Mχ

α
<∼ 10−3

L = (θ + a/f)GµνG̃
µν

⇒ V ≈ m
2
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�
3× 10−26
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3
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�
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�

χ0,1,2,3 =
�

i=B̃,W̃3,H̃u,H̃d

Uijfi

nτ̃

n
B̃

∼ exp(−∆M/T )

(2,±1/2)

1

SU(2) U(1)

has same charges as Higgs, 
left-handed lepton; 

“Higgsino” 

note: in reality weak scale particles are under-
abundant. Want TeV or some suppression in cross 

section
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Direct detection

DM

DM

(A,Z)

(A,Z)
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FIG. 6: Parameter space of spin-independent elastic WIMP-
nucleon cross-section σ as function of WIMP mass mχ. The
sensitivity for the data set analyzed here is shown as light
and dark (blue) shaded areas at 1σ and 2σ CL, respectively.
The actual limit at 90% CL, taking into account all relevant
systematic uncertainties as derived with the Profile Likelihood
method, is shown as the thick (black) line. Two limits from
the same data set, derived for two assumptions of the behavior
of Leff , are shown as dotted lines [8]. A limit from CDMS [4] is
shown as thin (orange) line, re-calculated assuming an escape
velocity of 544 km/s and v0 = 220 km/s. Expectations from
a theoretical model [34] are shown, as well as the areas (at
90% CL) favored by CoGeNT (green) [35] and DAMA (red,
without channeling) [36].

VI. CONCLUSIONS

We have introduced and applied the frequentist statis-
tical method based on the profile likelihood test statistic

to re-analyze the first data release from the XENON100
direct Dark Matter search experiment. This method
avoids the need to a priori define a signal acceptance
region, but instead takes all measured data into account.
The background was estimated using calibration data
as control measurements. Uncertainties in the relative
scintillation efficiency Leff and the Galactic escape ve-
locity vesc were taken into account in the construction
of the likelihood model. Using the profile likelihood test
statistic allows to calculate the sensitivity of the exper-
iment with its uncertainty bands, and to set a well-
defined single limit, taking all systematic uncertainties
into account. Applying the method to the previously
published XENON100 data results in an improvement of
the limit over a wide WIMP mass range, with a min-
imum σup < 2.4 × 10−44 cm2 for WIMPs with mass
mχ = 50GeV/c2. In addition, this method can easily
be applied for the discovery of a WIMP signal.
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the neutralino

!B-"W 3- !H1- !H2 basis, this matrix is given by

M!0 = (15)

#

$$%

M1 0 !mZ cos! sin "W mZ sin ! sin "W

0 M2 mZ cos! cos "W !mZ sin ! cos "W

!mZ cos! sin "W mZ cos! cos "W 0 !µ
mZ sin! sin "W !mZ sin! cos "W !µ 0

&

''( ,

where M1 and M2 are the bino and wino masses, µ is the higgsino mass
parameter, "W is the Weinberg angle, and tan! " #2/#1 is the ratio of
the vacuum expectation values of the Higgs doublets. This matrix can be
diagonalized into mass eigenstates by the unitary matrix N ,

Mdiag
!0 = N!M!0N"1. (16)

In terms of the elements of the matrix, N , the lightest neutralino is given
by the following mixture of gaugino and higgsino components:

$0 = N11B̃ + N12W̃
3 + N13H̃1 + N14H̃2. (17)

The quantities |N11|2 + |N12|2 and |N13|2 + |N14|2 are often referred to
as the gaugino fraction and higgsino fraction of the lightest neutralino,
respectively.

The lightest neutralino can annihilate through a wide variety of Feyn-
man diagrams. In Fig. 2, we show some of the most important of these;
although it is far from an inclusive list. Which of these diagrams dominate
the process of thermal freeze-out in the early universe depends on the com-
position of the lightest neutralino, and on the masses and mixings of the
exchanged particles [24]. Since so many di!erent diagrams can potentially
contribute to neutralino annihilation (not to mention the many possible
coannihilation processes [25, 26, 27, 28]), the resulting relic density de-
pends on a large number of supersymmetric parameters and is not trivial
to calculate accurately. Publicly available tools such as DarkSUSY [29] and
MicroOmegas [30] are often used for this purpose.

The mass and composition of the lightest neutralino is a function of
four supersymmetric parameters: M1, M2, µ and tan!. This becomes
further simplified if the gaugino masses are assumed to evolve to a single
value at the GUT scale, yielding a ratio at the electroweak scale of M1 =
5
3 tan2 "W M2 # 0.5M2. In this case, the lightest neutralino has only a
small wino fraction and is largely bino-like (higgsino-like) for M1 $ |µ|
(M1 % |µ|).

11

ρχ = mχnχ ∝ a
−3 = a

−3(w+1)

θGµνG̃
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mSUGRA

A funnel
coannihilation

tail

focus point

NB: Over much of parameter space, the 
neutralino defies “WIMP” intuition
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Be wary of correlations in CMSSM

• Common logical path in mSUGRA*

LEP Higgs mass limit mh>114.4 GeV SUSY predicts mh<mZ

Need large radiative 
corrections to quartic to 
keep v=246 GeV

Large radiative 
corrections give 
contribution to Higgs 
mass

Cancel those corrections 
with large μ  term

μ  term is 
Higgsino mass

LSP is mostly Bino

Small elastic scattering cross sections

* No, not every point in mSUGRA, this is just an example,
 NU models (non-unified) have different Higgs soft masses
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the Dirac neutrino vs Higgsino
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FIG. 6: Parameter space of spin-independent elastic WIMP-
nucleon cross-section σ as function of WIMP mass mχ. The
sensitivity for the data set analyzed here is shown as light
and dark (blue) shaded areas at 1σ and 2σ CL, respectively.
The actual limit at 90% CL, taking into account all relevant
systematic uncertainties as derived with the Profile Likelihood
method, is shown as the thick (black) line. Two limits from
the same data set, derived for two assumptions of the behavior
of Leff , are shown as dotted lines [8]. A limit from CDMS [4] is
shown as thin (orange) line, re-calculated assuming an escape
velocity of 544 km/s and v0 = 220 km/s. Expectations from
a theoretical model [34] are shown, as well as the areas (at
90% CL) favored by CoGeNT (green) [35] and DAMA (red,
without channeling) [36].

VI. CONCLUSIONS

We have introduced and applied the frequentist statis-
tical method based on the profile likelihood test statistic

to re-analyze the first data release from the XENON100
direct Dark Matter search experiment. This method
avoids the need to a priori define a signal acceptance
region, but instead takes all measured data into account.
The background was estimated using calibration data
as control measurements. Uncertainties in the relative
scintillation efficiency Leff and the Galactic escape ve-
locity vesc were taken into account in the construction
of the likelihood model. Using the profile likelihood test
statistic allows to calculate the sensitivity of the exper-
iment with its uncertainty bands, and to set a well-
defined single limit, taking all systematic uncertainties
into account. Applying the method to the previously
published XENON100 data results in an improvement of
the limit over a wide WIMP mass range, with a min-
imum σup < 2.4 × 10−44 cm2 for WIMPs with mass
mχ = 50GeV/c2. In addition, this method can easily
be applied for the discovery of a WIMP signal.
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Wait! I thought the Dirac neutrino was like a Higgsino?

Is it just that the neutralino is only a little bit Higgsino? 
No! (I mean, it often is, but that’s not what explains this)

why is 
cross 

section so 
small?
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Consider vector interaction

χ1

χ1

Aµ

χ1

χ2

Aµ

Vector interactions for massive Majorana fermions (or 
real scalars) always require multiple states

interaction is off-diagonal (inter-neutralino scattering)
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A “MINIMAL MODEL” OF DARK 
MATTER

bative analysis which we present. Couplings to all Standard Model fields are controlled

by the single parameter !.

We now identify what constraints are implied for these couplings by general con-

siderations like vacuum stability or from the requirement that the vacuum produce an

acceptable symmetry-breaking pattern. These are most simply identified in unitary

gauge,
!

2H† = (h, 0) with real h, where the scalar potential takes the form:

V =
m2

0

2
S2 +

!

2
S2h2 +

!S

4
S4 +

!h

4

!

h2 " v2
EW

"2
. (2.2)

!h and vEW = 246 GeV are the usual parameters of the Standard Model Higgs potential.

1. The Existence of a Vacuum: This potential is bounded from below provided

that the quartic couplings satisfy the following three conditions:

!S, !h # 0 and (2.3)

!S !h # !2 for negative !.

We shall assume that these relations are satisified and study the minima of the scalar

potential.

2. Desirable Symmetry Breaking Pattern: We demand the minimum of V to have

the following two properties: It must spontaneously break the electroweak gauge group,

$h% &= 0; and it must not break the symmetry S ' "S, so $S% = 0. The first of these

is an obvious requirement in order to have acceptable particle masses, while the second

is necessary in order to ensure the longevity of S in a natural way. (S particles must

survive the age of the universe in order to play their proposed present role as dark

matter.)

The configuration h &= 0 and S = 0 is a stationary point of V if and only if v2
EW

> 0,

in which case the extremum occurs at h2
ext = v2

EW
. This is a local minimum if and only

if

m2
0 + ! v2

EW
> 0. (2.4)

A second local minimum, with hext = 0 and S2
ext = "m2

0/!S, can also co-exist with the

desired minimum if ! > 0 and !2 < !h!S. This second minimum is present so long

as m2
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. Even in this case, the minimum at Sext = 0 and
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bative analysis which we present. Couplings to all Standard Model fields are controlled

by the single parameter !.

We now identify what constraints are implied for these couplings by general con-

siderations like vacuum stability or from the requirement that the vacuum produce an

acceptable symmetry-breaking pattern. These are most simply identified in unitary

gauge,
!

2H† = (h, 0) with real h, where the scalar potential takes the form:

V =
m2

0

2
S2 +

!

2
S2h2 +

!S

4
S4 +

!h

4

!

h2 " v2
EW

"2
. (2.2)

!h and vEW = 246 GeV are the usual parameters of the Standard Model Higgs potential.

1. The Existence of a Vacuum: This potential is bounded from below provided

that the quartic couplings satisfy the following three conditions:

!S, !h # 0 and (2.3)

!S !h # !2 for negative !.

We shall assume that these relations are satisified and study the minima of the scalar

potential.

2. Desirable Symmetry Breaking Pattern: We demand the minimum of V to have

the following two properties: It must spontaneously break the electroweak gauge group,

$h% &= 0; and it must not break the symmetry S ' "S, so $S% = 0. The first of these

is an obvious requirement in order to have acceptable particle masses, while the second

is necessary in order to ensure the longevity of S in a natural way. (S particles must

survive the age of the universe in order to play their proposed present role as dark

matter.)

The configuration h &= 0 and S = 0 is a stationary point of V if and only if v2
EW

> 0,

in which case the extremum occurs at h2
ext = v2
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. This is a local minimum if and only

if
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> 0. (2.4)
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1.2. Also the preferred values from the cosmic abundance !Sh2 =
0.11 are shown for various mS . We used y(mZ) = 1.0.
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FIG. 2: The elastic scattering cross section of Dark Matter from nu-
cleons in NMSM, as a function of the Dark Matter particle mass mS

for mh = 150 GeV. Note that the region mS
>
!

1.8 TeV is disal-
lowed by the triviality bound on k. Also shown are the experimental
bounds from CDMS-II [25] and DAMA [26], as well as improved
sensitivities expected in the future [27].

Are there new observable consequences of the NMSM? The
Higgs boson may decay invisibly h ! SS [11]. It will be
subject to search at the LHC via W -boson fusion, or more
promisingly at a Linear Collider. If the singlet is heavier than
mh/2, the search at collider experiments becomes exceed-
ingly difficult. One possibility is the W -boson fusion pro-
cesses qq ! qqSS + g or qqSS + !, where forward jets are
tagged, large missing pT is seen, together with additional iso-
lated photon or jet. It may not cover the entire range up to
1.8 TeV. The scattering of S on nuclei is dominated by the
Higgs boson exchange, as worked out in [10, 11]. The pre-
diction for mh = 150 GeV is shown in Fig. 2; it is clear that

the model is consistent with the current limit from CDMS-II
[25]. It cannot explain, however, the controversial data from
DAMA [26]. Because the Higgs boson is light thanks to the
triviality bound, the scattering cross section is promising for
the underground Dark Matter searches for mS

<" mh/2.
The spectrum index of the "2 chaotic inflation model is pre-

dicted to be 0.96. This may be confirmed in improved cosmic-
microwave background anisotropy data, with more years of
WMAP and Planck. The tensor-to-scalar ratio is 0.16 [21],
again within the reach of near future observations. For other
inflationary scenarios, predictions vary. The equation of state
of Dark Energy is predicted to be exactly w = #1.

Neutrinos are Majorana fermions and hence we expect neu-
trinoless double beta decay at some level. Because one of the
neutrino masses exactly vanishes (ignoring tiny Planck sup-
pressed effects), the signal in the near-future experiments is
possible only for the inverted hierarchy [31].

Here we list a few future observations that could rule the
NMSM incomplete. Obviously, discovering any particles at
the electroweak scale other than h and S at a collider will re-
quire an extension of the model. A Higgs mass inconsistent
with the bounds in Fig. 1 will also be a smoking gun for ad-
ditional physics. Confirmation of the DAMA signal would
require a different Dark Matter candidate. Signals of some
rare decays, such as µ ! e!, would require extra flavor-
changing effects. Observation of new sources of CP violation
beyond the CKM and MNS phases is another avenue, e.g., an
electron electric dipole moment or a discrepancy in sin 2# be-
tween B ! $KS and %KS modes. As for the neutrino sec-
tor, a confirmation of the LSND results by the Mini-BooNE
experiment would require new degrees of freedom beyond the
NMSM. Positive signal for neutrino mass at KATRIN would
require masses for all three neutrinos. A future observation by
a satellite experiment, such as Planck, of !tot deviating from
unity or of non-Gaussianity of the density fluctuations could
rule out the one-field inflationary scenario of the NMSM. Fi-
nally, detection of proton decay in any of the current or fore-
seeable future experiments cannot be explained in the NMSM.

It needs to be mentioned that the NMSM does require an ex-
treme degree of fine-tuning. The cosmological constant rep-
resents a tuning with an accuracy of 10!120. The hierarchy
between the electroweak and the Planck scales should also be
fine-tuned at the level of 10!32. Fermion mass hierarchies and
mixings are not explained. The QCD vacuum angle is simply
chosen to be & <" 10!10. The Z2 symmetry on the singlet is
imposed by hand. The parameters in the inflation potential are
chosen to be small. Nonetheless, the model is empirically suc-
cessful in describing everything we know about fundamental
physics, and needs to be taken seriously. Any new physics
beyond the NMSM that may address the aesthetic issues men-
tioned here should not spoil the success of the NMSM.

Here, we list some possible directions for going beyond the
scope of the present work. The triviality and stability bounds
can be improved to two-loop level. Feasibility of collider
searches for S with mS > mh/2 needs further analysis. For
this mass region, indirect Dark Matter searches are of great in-
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Figure 4: The predictions for the elastic cross section, !el, as a function of mS, which

follows from the "(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ! 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <" mS ! 0.5mh. In this case annihilation

at freeze-out is very e!cient, requiring small "’s which lead to elastic cross sections

suppressed to the level of 10!48 cm2. These levels of sensitivity to !el(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, "i = "tot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14

bative analysis which we present. Couplings to all Standard Model fields are controlled

by the single parameter !.

We now identify what constraints are implied for these couplings by general con-

siderations like vacuum stability or from the requirement that the vacuum produce an

acceptable symmetry-breaking pattern. These are most simply identified in unitary

gauge,
!

2H† = (h, 0) with real h, where the scalar potential takes the form:

V =
m2

0

2
S2 +

!

2
S2h2 +

!S

4
S4 +

!h

4

!

h2 " v2
EW

"2
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!h and vEW = 246 GeV are the usual parameters of the Standard Model Higgs potential.

1. The Existence of a Vacuum: This potential is bounded from below provided

that the quartic couplings satisfy the following three conditions:

!S, !h # 0 and (2.3)

!S !h # !2 for negative !.

We shall assume that these relations are satisified and study the minima of the scalar

potential.

2. Desirable Symmetry Breaking Pattern: We demand the minimum of V to have

the following two properties: It must spontaneously break the electroweak gauge group,

$h% &= 0; and it must not break the symmetry S ' "S, so $S% = 0. The first of these

is an obvious requirement in order to have acceptable particle masses, while the second

is necessary in order to ensure the longevity of S in a natural way. (S particles must

survive the age of the universe in order to play their proposed present role as dark

matter.)

The configuration h &= 0 and S = 0 is a stationary point of V if and only if v2
EW

> 0,

in which case the extremum occurs at h2
ext = v2

EW
. This is a local minimum if and only

if

m2
0 + ! v2

EW
> 0. (2.4)

A second local minimum, with hext = 0 and S2
ext = "m2

0/!S, can also co-exist with the

desired minimum if ! > 0 and !2 < !h!S. This second minimum is present so long

as m2
0 < 0 and "!m2
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. Even in this case, the minimum at Sext = 0 and
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is deeper, and so is the potential’s global minimum, provided that
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FIG. 6: Parameter space of spin-independent elastic WIMP-
nucleon cross-section σ as function of WIMP mass mχ. The
sensitivity for the data set analyzed here is shown as light
and dark (blue) shaded areas at 1σ and 2σ CL, respectively.
The actual limit at 90% CL, taking into account all relevant
systematic uncertainties as derived with the Profile Likelihood
method, is shown as the thick (black) line. Two limits from
the same data set, derived for two assumptions of the behavior
of Leff , are shown as dotted lines [8]. A limit from CDMS [4] is
shown as thin (orange) line, re-calculated assuming an escape
velocity of 544 km/s and v0 = 220 km/s. Expectations from
a theoretical model [34] are shown, as well as the areas (at
90% CL) favored by CoGeNT (green) [35] and DAMA (red,
without channeling) [36].

VI. CONCLUSIONS

We have introduced and applied the frequentist statis-
tical method based on the profile likelihood test statistic

to re-analyze the first data release from the XENON100
direct Dark Matter search experiment. This method
avoids the need to a priori define a signal acceptance
region, but instead takes all measured data into account.
The background was estimated using calibration data
as control measurements. Uncertainties in the relative
scintillation efficiency Leff and the Galactic escape ve-
locity vesc were taken into account in the construction
of the likelihood model. Using the profile likelihood test
statistic allows to calculate the sensitivity of the exper-
iment with its uncertainty bands, and to set a well-
defined single limit, taking all systematic uncertainties
into account. Applying the method to the previously
published XENON100 data results in an improvement of
the limit over a wide WIMP mass range, with a min-
imum σup < 2.4 × 10−44 cm2 for WIMPs with mass
mχ = 50GeV/c2. In addition, this method can easily
be applied for the discovery of a WIMP signal.

VII. ACKNOWLEDGEMENTS

We gratefully acknowledge support from NSF
Grants No. PHY07-05326, PHY07-05337, PHY09-
04220, PHY09-04212, and PHY09-04224, DOE Grant
No. DE-FG-03-91ER40662, SNF Grants No. 20-118119
and 20-126993, the Volkswagen Foundation, FCT
Grant No. PTDC/FIS/100474/2008, STCSM Grant
No. 10ZR1415000, the Minerva Gesellschaft and GIF. We
are grateful to the LNGS staff for their continued sup-
port.

[1] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011),
arXiv:1001.4744.

[2] K. Nakamura et al. (Particle Data Group), J. Phys. G37,
075021 (2010).

[3] D. G. Cerdeno and A. M. Green, Direct detection of

WIMPs (Cambridge University Press, 2010), Chapter
17 in: Particle Dark Matter: Observations, Models and

Searches, ed. G. Bertone, arXiv:1002.1912.
[4] Z. Ahmed et al., Science 327, 1619 (2010),

arXiv:0912.3592.
[5] E. Armengaud et al., Phys. Lett. B687, 294 (2010),

arXiv:0912.0805.
[6] G. Angloher et al., Astropart. Phys. 31, 270 (2009),

arXiv:0809.1829.
[7] J. Angle et al., Phys. Rev. Lett. 100, 021303 (2008),

arXiv:0706.0039.
[8] E. Aprile et al., Phys. Rev. Lett. 105, 131302 (2010),

arXiv:1005.0380.
[9] W. H. Lippincott et al., Phys. Rev. C78, 035801 (2008),

arXiv:0801.1531.
[10] S. Yellin, Phys. Rev. D66, 032005 (2002),

arXiv:physics/0203002, See also S. Yellin (2007), Ex-
tending the optimum interval method, arXiv:0709.2701.

[11] S. Henderson, J. Monroe, and P. Fisher, Phys. Rev. D78,
015020 (2008), arXiv:0801.1624.

[12] G. J. Feldman and R. D. Cousins, Phys. Rev. D57, 3873
(1998), arXiv:physics/9711021.

[13] A. Hitachi, Astropart. Phys. 24, 247 (2005).
[14] J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).
[15] E. Aprile et al., Phys. Rev. Lett. 97, 081302 (2006),

arXiv:astro-ph/0601552.
[16] A. Manalaysay (2010), arXiv:1007.3746.
[17] W. Eadie, D. Drijard, F. James, M. Roos, and

B. Sadoulet, Statistical Methods in Experimental Physics

(North-Holland Publ. Co., Amsterdam, 1971), see in par-
ticular pp. 203–205.

[18] F. James and M. Roos, Comput. Phys. Commun. 10, 343
(1975).

[19] W. A. Rolke, A. M. Lopez, and J. Conrad, Nucl. Instrum.
Meth. A551, 493 (2005), arXiv:physics/0403059.

[20] G. Cowan, K. Cranmer, E. Gross, and O. Vitells (2010),
arXiv:1007.1727.

much of this scattering is mediated by Higgs
not by Z boson

68



THE LHC BEGINS TO PROBE...

New Constraints on Dark Matter from CMS and ATLAS Data
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Constraints on dark matter from the first CMS and ATLAS SUSY results with 35 pb−1 of in-
tegrated luminosity are investigated. It is shown that within the minimal supergravity model the
CMS and ATLAS constraints deplete a large portion of the stau coannihilation branch on which
dark matter could originate in the early universe. However, it is found that the CMS and ATLAS
analysis leaves untouched the Higgs pole region and the Hyperbolic Branch (Focus Point) region
of the parameter space. Analysis is also done within supergravity models with non-universal soft
breaking (NUSUGRA) in the gaugino sector and here one finds that a part of the neutralino mass
region depleted by the CMS and ATLAS cuts in the mSUGRA case is repopulated. Thus obser-
vation of dark matter in the ATLAS depleted region could point to supergravity models with with
non-universal soft breaking.

Keywords: Dark matter, XENON, CDMS, CMS, ATLAS, SUGRA

Introduction: Recently CMS and ATLAS have re-

ported the first results for supersymmetry searches us-

ing 35 pb
−1

of integrated luminosity [1–3] and put new

constraints on the parameter space of N = 1 super-

gravity unified model [4] which with universal bound-

ary conditions for soft breaking at the unification scale

is the model mSUGRA [4–6] (for reviews see [7–9]).

The parameter space of this model is defined by the

set m0,m1/2, A0, tanβ and the sign of µ where m0 is

the universal scalar mass, m1/2 is the universal gaugino

mass, A0 is the universal trilinear coupling (all at the

GUT scale), tanβ is the ratio of the two Higgs VEVs

in the minimal supersymmetric standard model, and µ
is the Higgs mixing parameter. In a subsequent work

[10] the implications of the CMS and ATLAS results

were analyzed (for related works see [11]) in the con-

text of indirect constraints from LEP and Tevatron [12],

from the Brookhaven gµ−2 experiment [13], from FCNC

constraints in B physics, i.e., b → sγ [14, 15] and

B0
s → µ+µ−

[16] and from WMAP [17]. In this work

we analyze the impact of the first results from CMS and

ATLAS SUSY searches on the direct detection of dark

matter [18, 19]. It is found that the CMS and ATLAS

results have a large impact in that a significant portion

of the stau coannihilation region with neutralino mass

between 50 GeV and 100 GeV is depleted. These results

thus have a direct implication for the search for dark

matter in direct detection experiments.

0 lepton ATLAS Analysis: In the analysis below we

will analyze the nature of the NSLP in the regions of

the parameter space depleted by the CMS and ATLAS

analysis as well as the size of SUSY events in the re-

gions that would be accessible to both the dark matter

direct detection experiments and the LHC in the next

rounds of data. As evident from the results of [1–3]

the 0 lepton ATLAS cuts are the most stringent and

we adopt these in our analysis. Thus for the 0 lep-

ton analysis we follow the preselection requirements that
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FIG. 1: (color online) A plot of spin independent neutralino-
proton cross section vs neutralino mass for mSUGRA. The red
area is the new region constrained by the ATLAS 35 pb−1 of
data which depletes a significant portion of the stau coan-
nihilation branch for the generation of dark matter in the
early universe. We also display the present XENON-100 and
CDMS curves as well as the future projected experimental
curves [30, 31].

ATLAS reports in [1, 20]. Jet candidates must have

pT > 20 GeV and |η| < 4.9 and electron candidates

must have pT > 10 GeV and |η| < 2.47. Events are

vetoed if a “medium” electron [20] is in the electromag-

netic calorimeter transition region, 1.37 < |η| < 1.52.
Muon candidates must have pT > 10 GeV and |η| < 2.4.
Further, jet candidates are discarded if they are within

∆R =

�
(∆η)2 + (∆φ)2 = 0.2 of an electron. For the

analysis, the (reconstructed) missing energy, /ET , for an

ar
X

iv
:1

10
3.

50
61

v1
  [

he
p-

ph
]  

25
 M

ar
 2

01
1

69



direct detection

10

FIG. 2: The modulated fraction of events as a function of ! (in keV) for m! = 100 GeV.

forward. (For 30% modulation, we would expect roughly half of the events in the 14.5 keV

- 45 keV range to be genuine WIMP scatters.) Since we are sampling high velocity WIMPs,

it is clear that a careful treatment of the escape velocity is important.

How we treat the velocity distribution is also important in determining the region allowed

by both DAMA and CDMS. In fact, because the limits from CDMS are so strong, consistency

with DAMA usually requires higher ! as well, where there are few or no particles in the halo

capable of scattering at CDMS. As an heuristic tool, we show in figure 3 the values of !

and m! where there simply are no particles in the halo capable of scattering at CDMS for

di!erent values of the galactic escape velocity. To the right of these lines, CDMS has no

sensitivity, and in the neighborhood of these lines, the CDMS sensitivity is highly suppressed.

These are the principal e!ects that reduce the sensitivity of CDMS versus DAMA, and allow

consistency between the experiments.

V. RATES, BENCHMARK POINTS AND SPECTRA

To calculate the rates, we employ the standard techniques for nuclear recoils [14, 15].

The event rate at a given experiment is given by

dR

dER
= NT MN

"!#n

2m!µ2
ne

(fpZ + fn(A ! Z))2

f 2
n

F 2[ER]

! !

"min

f(v)

v
dv. (6)

Here MN is the nucleus mass, NT is the number of target nuclei in the detector, "! =

0.3 GeV/cm3 is the WIMP density, µne is the reduced mass of the WIMP-nucleon system,

F 2[ER] is the nuclear form factor, and f(v) is the halo velocity distribution function. We

choose to normalize our results for fn = fp = 1.

For instance, [38] argued that an independent comparison for the iodine spin-independent

explanation of DAMA could be made by studying the comparable range of energy at a

Xenon target, given their kinematical similarity. It was pointed out in [39] that there is an

overlap in velocity space between the ∼ 1keVee signal at CoGeNT and the 7 keVr threshold

at CDMS-Si. With positive results at two experiments, a measurement of the WIMP mass

can be done without assuming a halo model [40]. Finally, [41] studied the possibility of

extracting f(v) from dark matter experiments in the future when large signals have been

found.

In this paper, we take a different approach. Rather than attempt to find the physical

function f(v), or study variations in it, we attempt to directly map experimental signals from

one detector to another. We do this by focusing on integral quantities, namely g(vmin) =

�
vmin

dvf(v)/v and
�
dv vg(v). We determine the robustness of constraints by considering

the relationship between recoil energy and vmin space, rather than actual velocity space.

Although in our approaches we will gain less information about astrophysics, we can compare

experiments even when f(v) cannot be reliably extracted.

II. vmin RANGES AND ASTROPHYSICS-INDEPENDENT SCATTERING

RATES

Our approach will be simple: we will endeavor to map an energy range in a given ex-

periment into the halo velocity space, and from there into any other experiment we wish to

compare to. In this way, we can determine what energy ranges of experiments can be di-

rectly compared. In optimal situations, we will be able to extract g(v), while in less optimal

situations we will only be able to discuss total rates.

We begin with the differential rate at a direct detection experiment, which for elastically

scattering DM is given by,

dR

dER
=

NTMTρ

2mχµ2
σ(ER) g(vmin) , (1)

where µ is the DM-nucleus reduced mass, and NT = κNAmp/MT is the number of target

scattering sites per kg with NA Avogadro’s number and κ the mass fraction of the detector

that is scattering DM. The function g(vmin) is related to the integral of the DM speed

3

astrophysics

nuclear physics

particle physics

PP: Type of interaction, mediator
NP: Form factor - when de Broglie wavelength of 
interaction is comparable to nuclear size - resolve 
that it is not a point particle

70



spin independent “nuclear 
charge” scattering

10

FIG. 2: The modulated fraction of events as a function of ! (in keV) for m! = 100 GeV.

forward. (For 30% modulation, we would expect roughly half of the events in the 14.5 keV

- 45 keV range to be genuine WIMP scatters.) Since we are sampling high velocity WIMPs,

it is clear that a careful treatment of the escape velocity is important.

How we treat the velocity distribution is also important in determining the region allowed

by both DAMA and CDMS. In fact, because the limits from CDMS are so strong, consistency

with DAMA usually requires higher ! as well, where there are few or no particles in the halo

capable of scattering at CDMS. As an heuristic tool, we show in figure 3 the values of !

and m! where there simply are no particles in the halo capable of scattering at CDMS for

di!erent values of the galactic escape velocity. To the right of these lines, CDMS has no

sensitivity, and in the neighborhood of these lines, the CDMS sensitivity is highly suppressed.

These are the principal e!ects that reduce the sensitivity of CDMS versus DAMA, and allow

consistency between the experiments.

V. RATES, BENCHMARK POINTS AND SPECTRA

To calculate the rates, we employ the standard techniques for nuclear recoils [14, 15].

The event rate at a given experiment is given by

dR

dER
= NT MN

"!#n

2m!µ2
ne

(fpZ + fn(A ! Z))2

f 2
n

F 2[ER]

! !

"min

f(v)

v
dv. (6)

Here MN is the nucleus mass, NT is the number of target nuclei in the detector, "! =

0.3 GeV/cm3 is the WIMP density, µne is the reduced mass of the WIMP-nucleon system,

F 2[ER] is the nuclear form factor, and f(v) is the halo velocity distribution function. We

choose to normalize our results for fn = fp = 1.

astrophysics

nuclear physics

particle physics
PP: Type of interaction, mediator
NP: Form factor - when de Broglie wavelength of interaction is 
comparable to nuclear size - resolve that it is not a point particle 
(q2~ 2 MNER => ER~ 100 keV) (Duda, Gondolo+Kemper 0608035)

AP: How many particles are there at a given velocity in the Earth 
frame
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Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly affect the scattering rates for inelastic and light DM
models (see Section 4).

– 6 –

f(v) is the speed distribution of WIMPs
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forward. (For 30% modulation, we would expect roughly half of the events in the 14.5 keV

- 45 keV range to be genuine WIMP scatters.) Since we are sampling high velocity WIMPs,

it is clear that a careful treatment of the escape velocity is important.

How we treat the velocity distribution is also important in determining the region allowed

by both DAMA and CDMS. In fact, because the limits from CDMS are so strong, consistency

with DAMA usually requires higher ! as well, where there are few or no particles in the halo

capable of scattering at CDMS. As an heuristic tool, we show in figure 3 the values of !

and m! where there simply are no particles in the halo capable of scattering at CDMS for

di!erent values of the galactic escape velocity. To the right of these lines, CDMS has no

sensitivity, and in the neighborhood of these lines, the CDMS sensitivity is highly suppressed.

These are the principal e!ects that reduce the sensitivity of CDMS versus DAMA, and allow

consistency between the experiments.

V. RATES, BENCHMARK POINTS AND SPECTRA

To calculate the rates, we employ the standard techniques for nuclear recoils [14, 15].

The event rate at a given experiment is given by

dR

dER
= NT MN

"!#n

2m!µ2
ne

(fpZ + fn(A ! Z))2

f 2
n

F 2[ER]

! !

"min

f(v)

v
dv. (6)

Here MN is the nucleus mass, NT is the number of target nuclei in the detector, "! =

0.3 GeV/cm3 is the WIMP density, µne is the reduced mass of the WIMP-nucleon system,

F 2[ER] is the nuclear form factor, and f(v) is the halo velocity distribution function. We

choose to normalize our results for fn = fp = 1.

pseudo-Maxwellian, characterized by
v0 (velocity dispersion) 
vesc (escape velocity)

Many errors in the 
literature!

Good reference: 
Freese, Gondolo, 
Savage 0607121
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XENON

• Distinguish events by ratio of scintillation 
light compared with ionization (bowling 
ball vs ping pong ball)
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XENON10

Angle et al, Phys.Rev.Lett.100:021303,2008

• Distinguish events by ratio of scintillation 
light compared with ionization (bowling 
ball vs ping pong ball)
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XENON100

3

]nrNuclear Recoil Equivalent Energy [keV
1 10 100

ef
f

L

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
Arneodo (2000)

Bernabei (2001)

Akimov (2002)

Aprile (2005)

Chepel (2006)

Aprile (2009)

Manzur (2010)

FIG. 1: Global fit to all Le! measurements with fixed neutron
energies between 5 keVnr and 100 keVnr, together with 90%
confidence contours (solid lines) and extrapolations to lower
energies (dashed lines).

tions. Therefore, the energy dependence of Le! and its
uncertainty is determined here through a global cubic-
spline fit to all data shown in Fig. 1 in the energy range
with at least two measurements (5 ! 100 keVnr). The
spline knots are fixed at 5, 10, 25, 50 and 100 keVnr. Be-
low 5 keVnr, a constant extrapolation of the global fit,
consistent with the trend reported in Aprile et al. [5] and
Sorensen et al. [10], is used in this analysis. A logarith-
mic extrapolation of the lower 90% confidence contour
to zero scintillation near 1 keVnr, following the trend in
Manzur et al. [8], is also shown in Fig. 1.
Data selection criteria are motivated by the physical

properties of xenon scintillation light, the characteristics
of proportional light signals, and the expected WIMP-
induced single-scatter nuclear-recoil signature. Cuts were
developed and tested on calibration data, specifically on
low energy electronic recoils from Compton scattered
60Co !-rays and nuclear recoils from 241AmBe. In par-
ticular, a two-fold PMT coincidence is required in a 20 ns
window for the S1 signal and events which contain more
than a single S1-like pulse are discarded. This allows
true low energy events to be distinguished from events
with random single photoelectrons from PMTs or acci-
dental coincidences. For the S2 signal, a lower threshold
of 300PE is set, corresponding to about 15 ionization
electrons, and events are required to contain only one
S2 pulse above this threshold. This rejects events with
multiple scatters at di!erent z positions. In addition,
the width of the S2 pulse is required to be consistent
with what is expected from the inferred drift time due
to di!usion of the electron cloud [11]. Events that de-
posit energy in the veto volume in coincidence with the
S1 signal in the TPC are also discarded. The regions
of the digitized waveform away from S1 or S2 pulses are
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FIG. 2: Electronic (top) and nuclear (bottom) recoil bands
from 60Co and 241AmBe calibration data, respectively, after
data selection and the 40 kg fiducial volume cut. Colored lines
correspond to the median log10(S2/S1) values of the electronic
(blue) and nuclear (red) recoil bands. The WIMP search en-
ergy window 8.7 ! 32.6 keVnr (vertical, dashed) and S2 soft-
ware threshold of 300 PE (long dashed) are shown.

required to be free of extraneous PMT signals or noise.
Finally, events outside the pre-defined fiducial volume are
rejected.
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FIG. 3: Cut acceptance (top, not including 50% acceptance
from S2/S1 discrimination) and log10(S2/S1) (bottom) as
functions of nuclear recoil energy for events observed in the
40 kg fiducial volume during 11.17 live days. Lines as in fig-
ure 2.

4

Background rejection in XENON100 is achieved
through a combination of volume fiducialization and the
identification of recoil species based on the ratio S2/S1
for electronic and nuclear recoils. Accurate knowledge
of the response to both types of recoils is essential to
define the signal region, to determine the signal accep-
tance, and to predict the expected leakage into the sig-
nal region. Statistics for the low energy electronic recoil
calibration are accumulated at regular intervals with a
1 kBq 60Co source. The response of XENON100 to elastic
nuclear recoils was obtained by irradiating the detector
with a 220 n/s 241AmBe source for 72 h. Fig. 2 shows the
log10(S2/S1) distribution of single scatter electronic and
nuclear recoils in the 40 kg fiducial volume, as function of
nuclear recoil energy. The energy window for the WIMP
search is chosen between 8.7 ! 32.6 keVnr (4 ! 20PE).
The upper bound is taken to correspond approximately
to the one used for the XENON10 blind analysis [3], after
recomputing the corresponding nuclear-recoil equivalent
energy using the new Le! parametrization from the global
fit, shown in Fig. 1. The lower bound is motivated by the
fact that the acceptance of the S1 two-fold coincidence
requirement is > 90% above 4PE. The log10(S2/S1) up-
per and lower bounds of the signal region are respectively
chosen as the median of the nuclear recoil band and the
300 PE S2 software threshold.
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 8.7!32.6 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

A first dark matter analysis has been carried out, using
11.17 live days of background data, taken from October
20th to November 12th 2009, prior to the neutron calibra-
tion. Although this was not formally a blind analysis, all
the event selection criteria were optimized based on cal-
ibration data only. The cumulative software cut accep-

tance for single scatter nuclear recoils is conservatively
estimated to vary between 60% (at 8.7 keVnr) and 85%
(at 32.6 keVnr) by considering all single-scatter events in
the fiducial volume that are removed by only a single cut
to be valid events (Fig. 3). Visual inspection of hundreds
of events confirmed that this is indeed a conservative es-
timate. Within the 8.7 ! 32.6 keVnr energy window, 22
events are observed, but none in the pre-defined signal
acceptance region (Fig. 3). At 50% nuclear recoil ac-
ceptance, the electronic recoil discrimination based on
log10(S2/S1) is above 99%, predicting < 0.2 background
events in the WIMP region. The observed rate, spec-
trum, and spatial distribution (Fig. 4) agree well with a
GEANT4 Monte Carlo simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elastic
WIMP-nucleon cross section (solid and long dashed), together
with the best limit to date from CDMS (dotted) [13], re-
calculated assuming an escape velocity of 544 km/s and v0 =
220 km/s. Expectations from a theoretical model [14], and the
areas (90% CL) favored by CoGeNT (green) [15] and DAMA
(red/orange) [16] are also shown.

An upper limit on the spin-independent WIMP-
nucleon elastic scattering cross section is derived based
on the assumption of an isothermal WIMP halo with
v0 = 220 km/s, density 0.3GeV/c2, and escape ve-
locity 544 km/s [12]. We take a S1 resolution domi-
nated by Poisson fluctuations into account and use the
global fit Le! with constant extrapolation below 5 keVnr.
The acceptance-corrected exposure in the energy range
considered, weighted by the spectrum of a 100GeV/c2

WIMP, is 172 kg · days. Fig. 5 shows the resulting 90%
confidence upper limit, with a minimum at a cross sec-
tion of 3.4" 10!44 cm2 for a WIMP mass of 55GeV/c2.
The impact of assuming the lower 90% confidence Le!

contour together with the extrapolation to zero around
1 keVnr is also shown. Our limit constrains the interpre-
tation of the CoGeNT [15] and DAMA [16] signals as
being due to light mass WIMPs. These initial results,

Major improvement in sensitivity - factor of 10 in exposure
expected within ~ month (where month < year)

Upgrades: LUX, XENON1T, LZ; Also CDMS, 
Eureca, XMASS (for SI interactions)
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FIG. 6: Parameter space of spin-independent elastic WIMP-
nucleon cross-section σ as function of WIMP mass mχ. The
sensitivity for the data set analyzed here is shown as light
and dark (blue) shaded areas at 1σ and 2σ CL, respectively.
The actual limit at 90% CL, taking into account all relevant
systematic uncertainties as derived with the Profile Likelihood
method, is shown as the thick (black) line. Two limits from
the same data set, derived for two assumptions of the behavior
of Leff , are shown as dotted lines [8]. A limit from CDMS [4] is
shown as thin (orange) line, re-calculated assuming an escape
velocity of 544 km/s and v0 = 220 km/s. Expectations from
a theoretical model [34] are shown, as well as the areas (at
90% CL) favored by CoGeNT (green) [35] and DAMA (red,
without channeling) [36].

VI. CONCLUSIONS

We have introduced and applied the frequentist statis-
tical method based on the profile likelihood test statistic

to re-analyze the first data release from the XENON100
direct Dark Matter search experiment. This method
avoids the need to a priori define a signal acceptance
region, but instead takes all measured data into account.
The background was estimated using calibration data
as control measurements. Uncertainties in the relative
scintillation efficiency Leff and the Galactic escape ve-
locity vesc were taken into account in the construction
of the likelihood model. Using the profile likelihood test
statistic allows to calculate the sensitivity of the exper-
iment with its uncertainty bands, and to set a well-
defined single limit, taking all systematic uncertainties
into account. Applying the method to the previously
published XENON100 data results in an improvement of
the limit over a wide WIMP mass range, with a min-
imum σup < 2.4 × 10−44 cm2 for WIMPs with mass
mχ = 50GeV/c2. In addition, this method can easily
be applied for the discovery of a WIMP signal.
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indirect detection
• dark matter in the halo right now could be producing cosmic rays
gamma rays (Fermi) UH cosmics (ACTs

like Hess/Veritas)
charged cosmic

rays (PAMELA, ATIC)

indirect indirect
WMAP 

(microwave 
signals from HE 
electrons or 
corrections to 

the CMB)

INTEGRAL
produce LE 
positrons
that then 

produce X-rays 
(511 keV)

neutrinos (ICECUBE, 
ANTARES)
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indirect detection

flux is high in galactic center, so are backgrounds

flux may be high in dwarfs
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indirect detection: charged
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indirect detection: charged

“diffusion zone”
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indirect detection: charged

diffusion constant 
(not a constant)

unknown

energy loss mechanisms:
pretty well known

source: 
what we want 

to know

steady state 
=0
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indirect detection: charged

Hooper + Simet ‘09
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collider signals
Unbalanced visible energy leads to MET 

(missing transverse energy)
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collider signals
Can you directly compare to 

direct detection? Almost 
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Figure 2: Left panel: the constraints on the spin-indepedent DM-proton scattering cross section. The
projected Tevatron constraints for the up-type and vector coupling operator are shown in the dot-
dashed line. Relevant experimental bounds are shown as labeled. Right panel: the same as the left
panel but for the constraints on the spin-indepedent DM-neutron scattering cross section.

At low DM speed the leading contributions to the scattering cross section in each case are

!Nq
1 =

µ2

"!4
B2

Nq , (6)

!Nq
2 =

µ2

"!4
f2
Nq , (7)

where µ is the reduced mass of the dark matter-nucleon system. The Tevatron limits on spin inde-

pendent dark matter scattering for the various operators is shown in Figure 2. The recent results

from CoGeNT [7], CDMS [3] and DAMA [6] with and without channeling are also shown in Figure 2.

Note that the limits are slightly di"erent for protons and neutrons simply because they are derived

from proton rather than neutron collisions. The up-type and vector coupling operator are the most

constrained operators. For dark matter with a mass below around 5 GeV, the mono-jet searches at

CDF provide the world-best spin-independent bound. In Fig. 2, we have also included a conservative

Tevatron projected limit (shown by the blue dot-dashed line) for the up-type operators, where both

CDF and DO are assumed to repeat the same analysis but using 8 fb!1 of data each. In principle,

one can improve this searches by including more bins with a higher jet pT .

3.2 Spin dependent

Models in which dark matter scattering is spin dependent are even more constrained by collider

experiments. This is because SD scattering is suppressed relative to SI at low momentum transfer,

7

Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, ’10; 
Bai, Fox, Harnik ’10; Bai, Fox, Harnik, Kopp, Tsai ’11

monojet (originally studied for large extra dimensions)
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OUTLINE

• Anomalies in direct detection

• DAMA

• CoGeNT

• CRESST

• Scenarios: light WIMPs, spin-dependent, inelastic 
WIMPs, other exotica

86



HINTS?
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cos!(t ! t0) with a period T = 2!

" = 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 including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton " yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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• The same beast?

Summary elastic SI scattering
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don’t really line up, but within spitting distance

NB: Not MSSM (Kuflick, Pierce, Zurek ’10)
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cos!(t ! t0) with a period T = 2!

" = 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 including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton " yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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DAMA

•What is it: annual modulation in scintillation events in 100/250 
kg NaI(Tl) crystal - DM?

•What’s to like: single hit, stable phase, low energy, no candidate 
“conventional” explanations

•What’s not to like: null results from other exps, data are still 
unavailable, no event discrimination
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cos!(t ! t0) with a period T = 2!

" = 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 including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton " yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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COGENT
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•What is it: events in an ionization experiment, x10 larger than 
expected background - DM?

•What’s to like: excellent energy resolution/calibration, good 
statistics

•What’s not to like: no discrimination, hasn’t been mercilessly 
beaten for a decade, no corroborating features [yet] (e.g. 
modulation), null results from other exps

COGENT
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CRESST

•What is it: an excess of events in a CaWO4 detector, 
consistent with Oxygen scattering (~10-40 keV)

•What’s to like: good discrimination vs electron recoil, not 
muon induced neutrons

•What’s not to like: lots of events at high (15 keV+ energy, 
should have been seen elsewhere), signal lies left, right, above 
and below clear background sources, still have only seen 2 of 9 
detectors, naively low energy looks too clean to be WIMP
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The controversy
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The controversy
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DAMA/CoGeNT agreement requires 
generous assumptions about QNa

Limits from XENON 
invoke unmeasured 
properties of LXe at 

low energies
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A resolution? 
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FIG. 1. (color online). Comparison of the energy spectra
for the candidate events and background estimates, co-added
over the 8 detectors used in this analysis. The observed event
rate (error bars) agrees well with the electron-recoil back-
ground estimate (solid), which is a sum of the contributions
from zero-charge events (dashed), surface events (+), bulk
events (dash-dotted), and the 1.3 keV line (dotted). The se-
lection e!ciencies have been applied to the background es-
timates for direct comparison with the observed rate, which
does not include a correction for the nuclear-recoil acceptance.
The inset shows the measured nuclear-recoil acceptance e!-
ciency, averaged over all detectors.

all selection cuts is shown in Fig. 1. Although the shape
of the observed spectrum is consistent with a WIMP sig-
nal, we expect that a significant number of the candidates
are due to unrejected electron recoils. Figure 2 shows
the distribution of candidates in the ionization-yield ver-
sus recoil-energy plane for T1Z5. Several populations of
events which can leak into the signal region at low energy
are apparent. For each population described below, we
measure the rate and energy spectrum in sidebands where
the contribution from low-mass WIMPs would be negligi-
ble, and extrapolate the observed spectrum to lower ener-
gies to estimate the leakage. The systematic errors intro-
duced by these extrapolations are potentially large and
are di!cult to quantify. However, as shown in Fig. 1 and
discussed below, these simple extrapolations can plausi-
bly explain all the observed candidates.

Events with ionization energies consistent with noise
are seen below the nuclear-recoil band. Most or all
of these “zero-charge” events arise from electron recoils
near the edge of the detector, where the charge carri-
ers can be completely collected on the cylindrical wall
rather than on the readout electrodes. At recoil energies
!10 keV, these events can be rejected using a phonon-
based fiducial-volume cut. At lower energies, reconstruc-
tion of the event radius using phonon information is un-
reliable. To maintain acceptance of low-energy nuclear
recoils, some zero-charge events are not rejected at ener-
gies "5 keV where the ionization signal for nuclear recoils
becomes comparable to noise. By extrapolating the expo-
nential spectrum observed for zero-charge events above
5 keV, we estimate that they contribute !50% of the
candidate events.
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FIG. 2. (color online). Events in the ionization-yield
versus recoil-energy plane for T1Z5. Events within the
(+1.25,!0.5)! nuclear-recoil band (solid) are WIMP candi-
dates (large dots). Events outside these bands (small, dark
dots) pass all selection criteria except the ionization-energy
requirement. The widths of the band edges denote variations
between data runs. Events from the 252Cf calibration data
are also shown (small, light dots). The recoil-energy scale as-
sumes the ionization signal is consistent with a nuclear recoil,
causing electron recoils to be shifted to higher recoil energies
and lower yields.

A second source of misidentified electron recoils comes
from events interacting near the detector surfaces, where
ionization collection may be incomplete. These events
are primarily concentrated just above the nuclear-recoil
band, with an increased fraction leaking into the sig-
nal region at low energies. For recoil energies !10 keV,
nearly all such surface events can be rejected [12] be-
cause they have faster-rising phonon pulses than nuclear
recoils in the bulk of the detector. This analysis does
not use phonon timing to reject these events since the
signal-to-noise is too low for this method to be e"ective
for recoil energies "5 keV. Extrapolating the exponen-
tial spectrum of surface events identified above 10 keV
implies that !15% of the candidates are surface electron
recoils.
At recoil energies "5 keV, the primary ionization-

based discrimination breaks down as the ionization sig-
nal becomes comparable to noise even for electron recoils
with fully collected charge. Extrapolating the roughly
constant electron-recoil spectrum observed above 5 keV
indicates that !10% of the observed candidates arise
from leakage of this background into the signal region.
Just above threshold, there is an additional contribution
to the constant electron-recoil spectrum from the 1.3 keV
line, which leaks above the 2 keV analysis threshold since
our recoil-energy estimate assumes the ionization signal
is consistent with a nuclear recoil. The measured in-
tensity of this line at ionization yields above the signal
region indicates that the 1.3 keV line accounts for !10%
of the observed candidates. T1Z5 has less expected leak-
age from these fully-collected electron-recoil backgrounds
than the average detector since it has the best ionization
resolution.
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FIG. 3. (color online). Top: comparison of the spin-
independent (SI) exclusion limits from these data (solid) to
previous results in the same mass range (all at 90% C.L.).
Limits from a low-threshold analysis of the CDMS shallow-
site data [16] (dashed), CDMS II Ge results with a 10 keV
threshold [12] (dash-dotted), recalculated for lower WIMP
masses, and XENON100 with constant (+) or decreasing (!)
scintillation-e!ciency extrapolations at low energy [17] are
also shown. The filled regions indicate possible signal regions
from DAMA/LIBRA [6, 8] (dark), CoGeNT (light) [7, 8], and
a combined fit to the DAMA/LIBRA and CoGeNT data [8]
(hatched). Bottom: comparison of the WIMP-neutron spin-
dependent (SD) exclusion limits from these data (solid),
CDMS II Ge results with a 10 keV threshold (dash-dotted),
XENON10 [18] (!), and CRESST [19] (!). The filled re-
gion denotes the 99.7% C.L. DAMA/LIBRA allowed region
for neutron-only scattering [20]. An escape velocity of 544
km/s was used for the CDMS and XENON100 exclusion lim-
its, whereas the other results assume an escape velocity from
600–650 km/s. Using the same halo parameters as assumed
for the allowed regions would lead to slightly stronger limits
(dotted).

These estimates indicate that we can claim no evi-
dence for a WIMP signal. However, since the back-
ground model involves su!cient extrapolation that sys-
tematic errors are di!cult to quantify, we do not sub-
tract backgrounds but instead set upper limits on the
allowed WIMP-nucleon scattering cross section by con-
servatively assuming all observed events could be from
WIMPs. Limits are calculated using the high statistics
version of Yellin’s optimum interval method [21]. Data
from multiple detectors are concatenated as described
in [16]. This method allows the choice of the most con-
straining energy interval on the lowest background de-
tector while applying the appropriate statistical penalty

for the freedom to choose this interval. The method and
the ordering of detectors by position within the tower
were specified with no knowledge of the WIMP candi-
dates to avoid bias. For WIMP masses from 5–8 GeV/c2,
the most constraining interval contains events only from
T1Z5 and has no dependence on the detector ordering
used. The standard halo model described in [22] is used,
with specific parameters given in [16, 23]. The candidate
event energies and selection e!ciencies for each detector
are given in [23].
The limits do not depend strongly on the extrapola-

tion of the ionization yield used at low energies since the
Neganov-Luke phonon contribution is small for recoil en-
ergies below 4 keV. Conservatively assuming 25% lower
ionization yield near threshold would lead to only !5%
weaker limits in the 5–10 GeV/c2 mass range.
Figure 3 (upper panel) shows the resulting 90% up-

per confidence limit on the spin-independent WIMP-
nucleon scattering cross section. This analysis provides
stronger limits than previous CDMS II Ge results for
WIMP masses below !9 GeV/c2, and excludes param-
eter space previously excluded only by the XENON10
and XENON100 experiments for a constant extrapola-
tion of the liquid xenon scintillation response for nuclear
recoils below 5 keV [17, 24, 25]. Our analysis provides
stronger constraints than XENON10 and XENON100 be-
low !7 GeV/c2 under conservative assumptions for the
scintillation response [8, 17, 26].
Spin-dependent limits on the WIMP-neutron cross sec-

tion are shown in Fig. 3 (lower panel), using the form fac-
tor from [27]. XENON10 constraints, calculated assum-
ing a constant extrapolation of the scintillation response
at low energy [18, 26], are stronger than these results for
WIMP masses above !7 GeV/c2.
These results exclude interpretations of the

DAMA/LIBRA annual modulation signal in terms
of spin-independent elastic scattering of low-mass
WIMPs (e.g., [8, 25]). We ignore the e"ect of ion
channeling on the DAMA/LIBRA allowed regions since
recent analyses indicate channeling should be negligi-
ble [25, 28]. These results are also incompatible with a
low-mass WIMP explanation for the low-energy events
seen in CoGeNT [7, 8].
The CDMS collaboration gratefully acknowledges the

contributions of numerous engineers and technicians; we
would like to especially thank Jim Beaty, Bruce Hines,
Larry Novak, Richard Schmitt and Astrid Tomada. In
addition, we gratefully acknowledge assistance from the
sta" of the Soudan Underground Laboratory and the
Minnesota Department of Natural Resources. This work
is supported in part by the National Science Founda-
tion (Grant Nos. AST-9978911, PHY-0542066, PHY-
0503729, PHY-0503629, PHY-0503641, PHY-0504224,
PHY-0705052, PHY-0801708, PHY-0801712, PHY-
0802575, PHY-0847342, and PHY-0855525), by the De-
partment of Energy (Contracts DE-AC03-76SF00098,

CDMS: Same 
target, same energy, 

should be 
comparable
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inelastic dark matter

• DM-nucleus scattering must be inelastic

• If dark matter can only scatter off of a nucleus by 
transitioning to an excited state (100 keV), the 
kinematics are changed dramatically

D.Tucker-Smith, NW, 
Phys.Rev.D64:043502,2001;Phys.Rev.D72:063509,2005
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Favors heavier targets

visible to 
DAMA

visible to 
DAMA
 and 

CDMS

Disfavors CDMS

n(v): velocity
distribution 
of WIMPs

WIMP velocity in km/s
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Enhanced modulation

Favors modulation experiments
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inelastic dark matter
• Favors heavy targets (Iodine) over light ones 

(Germanium)

• Enhances modulation (typically 50%, but up to 
100% - sensitive to the non-Maxwellian 
features of the halo)

• Depletes low energy events

• Together these effects can allow a positive 
DAMA signal consistent with other results 
(CDMS, XENON10, ZEPLIN, CRESST, KIMS) - 
although increasingly tense
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OUTLINE

• Anomalies in indirect detection

• INTEGRAL

• PAMELA/Fermi (electrons)

• WMAP/Fermi (photons)

• Scenarios: MeV DM, “eXciting” DM, decaying DM

• Dark forces and signals
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The step-child of dark matter anomalies: 
INTEGRAL

INTEGRAL/ SPI: (spectrometer) 
Energy range: 20 keV - 8 MeV 
Field of view: 16 deg
Angular resolution: 2.5 deg FWHM 
Launched: 2002 Oct 17 
Still operating...
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the step child of dark matter anomalies
1018 G. Weidenspointner et al.: The sky distribution of positronium continuum emission
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Fig. 2. A fit of the SPI result for the di!use emission from the GC re-
gion (|l|, |b| ! 16") obtained with a spatial model consisting of an 8"

FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular o!set of 16" (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling #1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
o!-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0", 0"), (±4", 0"), (0",±4"), (±8", 0"), (0",±8"),
(±4",±4"), (±8",±4"), (±4",±8").

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) $ (number of de-
tectors) $ (number of spectral channels). This number is then
multiplied by (number of spatial rasters) $ (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the !2 minimization problem.
This leads to #750$ 19$ 6 $ 21$ 2 # 3.6$ 106 folded-model
calculations per iteration step of the !2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex " to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the !2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) $ 10%3 ph cm%2 s%1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) $
10%4 ph cm%2 s%1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

%1.25) $ 10%6 ph cm%2 s%1 keV%1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The !2

# value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a !2 per degree of freedom of 99065.1/86289 & 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1$ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.
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distribution of the INTEGRAL 511 keV line
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Light (MeV) DM

• Want an MeV WIMP to annihilate to e+e-

• How does such a stable particle interact with 
us?

• Need MeV mass boson (precision g-2? tough, 
but OK)

Boehm & Fayet ’03; Boehm, Hooper, Silk, Casse, Paul ‘03  
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eXciting DM (XDM)

• Suppose TeV mass dark matter has an excited 
state ~ MeV above the ground state and can 
scatter off itself into the excited state, then 
decay back by emitting e+e-

D.Finkbeiner, NW, 
Phys.Rev.D76:083519,2007
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Need cross section near the geometric 
cross section, i.e.

Only possible if new force with mass 
less than q^2~ GeV^2 is in the theory

sigma ~ 1/q^2
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PAMELA
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PAMELA/Fermi

DM?
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PAMELA/Fermi

PAMELA sees no excess in 
antiprotons - excludes hadronic 
modes by order of magnitude 
(Cirelli et al, ’08, Donato et al, ’08)

The spectrum at PAMELA is very 
hard - not what you would expect 
from e.g., W’s

The cross sections needed are 
10-1000x the thermal cross section
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FIG. 1: The positron fraction as a function of energy for various dark matter masses, annihilation modes and di!usion
parameters, compared to the background from secondary production alone (bottom line). In each frame, the annihilation rate
was chosen to produce the best fit to the PAMELA data above 10 GeV. The required boost factor was calculated using our
default values for the annihilation cross section (!v = 3 ! 10!26 cm3/s) and the local dark matter density (0.35 GeV/cm3).

nels [29].

In summary, the PAMELA excess of high energy
positrons, confirming earlier excesses from HEAT and
AMS-01, raises the exciting possibility that we are seeing
evidence of dark matter annihilations. In this letter, we
have considered a range of dark matter annihilation chan-
nels and masses and find many scenarios which provide a
good fit to the data. In particular, dark matter annihila-
tions to leptons (especially e+e! and µ+µ!) quite easily
fit the observed spectrum. Annihilations to heavy quarks

or gauge bosons, in contrast, provide a poorer fit to the
data. This can be improved if most of the annihilations
occur locally (such as is expected if the Solar System re-
sides near a large subhalo or if the Galactic Magnetic
Field confines charged particles only to a region within
1-2 kpc of the Galactic Plane). In almost every case
we have considered, very large annihilation rates are re-
quired to produce the observed signal. In particular, 100
GeV (1 TeV) dark matter particles require annihilation
rates boosted by a factor of approximately !2.5 to 100
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Explaining PAMELA/Fermi
• Issues to address

• (1) Size of signal

• (2) Hard positrons

• (3) No antiprotons

• Dark matter could be produced non-thermally (gets 1, 
model build for 2/3)

• Dark matter could decay (gets 1, model build 2/3)

• Dark matter could interact through new, GeV scale force 
(gets 1,2,3, model build GeV scale)

112



Non-thermal Winos
(Grajek, Kane, Phalen, Pierce, Watson, ʼ08; Kane, Lu, Watson ʻ09 ) 

Requires new source of 
electrons; constrained by 

recent Fermi measurements
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Decaying DM
Eichler ʼ89; Chen, Takahashi, Yanagida ʼ08; Yin, Yuan, Liu, Zhang, Bi, Zhu ʼ08; Ibarra, Tran ʼ09; Arvanitaki, Dimopoulos, 

Dubovsky, Graham, Harnik, Rajendran ʼ09... 

Arvanitaki, et al ʻ09

Why is lifetime 10^27 s?

Why is dominantly going to leptons?

Some SUSY ideas, or decaying into light bosons

nRel ∼ T 3

nNR ∼ (mT )3/2exp(−m/T )

TeV 5

M4
GUT

∼ (1026sec)−1

2
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New Dark Forces

• Revisit XDM setup: theory has light mediator  Φ

• Mass must be below ~ GeV, what are 
consequences?
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freezeout into a dark photon
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←− time −→
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FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

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

Because of the presence of a new light state, the annihilation "" " ## 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 $0 and p̄ signals. Consequently, an

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

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

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , 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

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # 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 "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’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 # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 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 ! m" [44].

χ
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f

!

A!

Finkbeiner, NW astro-ph 0702587v2; Pospelov,Ritz,Voloshin arxiv 0711.4866
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cosmic rays: PAMELA/Fermi
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FIG. 3: The annihilation diagrams !! ! "" both with (a) and without (b) the Sommerfeld enhancements.

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

Because of the presence of a new light state, the annihilation "" " ## 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 $0 and p̄ signals. Consequently, an

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

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

A scalar # can couple with a dilaton-like coupling #Fµ!Fµ! , 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

# with the standard model Higgs with a term %#2h†h. Should # acquire a vev ##$ ! m", then we yield a small mixing

with the standard model Higgs, and the # will decay into the heaviest fermion pair available. For m"
<! 200 MeV

it will decay directly to e+e!, while for 200 MeV<! m"
<! 250 MeV, # 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 "
µ!Fµ! . This possibility was considered

some time ago in [40]. Such an operator will cause a vector #µ to couple directly to charge. Thus, for m"
<! 2mµ it

will decay to e+e!, while for 2mµ
<! m"

<! 2m# it will decay equally to e+e! and µ+µ!. Above 2m#, it will decay

40% e+e!, 40%µ+µ! and 20%$+$!. At these masses, no direct decays into $0’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 # will decay to quarks, producing a wider range of hadronic states, including $0’s, and, at

suitably high masses m"
>! 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 ! m" [44].

χ

χ

A’

A’

A’

f-

f+

mA’<GeV (no antiprotons, hard leptons)
(Finkbeiner, NW, arxiv 0702587v2; Cholis, Goodenough, NW arxiv 0802.2922)
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Sommerfeld Enhancement

High velocity

Low velocity

If particles interact via a “long range” force, cross sections can 
be much larger than the perturbative cross section

If these signals arise from thermal dark matter, 
dark matter must have a long range force

Hisano, Nojiri, Matsumoto, ’04; Cirelli, Strumia, Tamburini, ’07; Arkani-
Hamed, Finkbeiner, Slatyer, NW, ’08; Pospelov, Ritz, ’08 

nRel ∼ T 3

nNR ∼ (mT )3/2exp(−m/T )

TeV 5

M4
GUT

∼ (1026sec)−1

range ∼ fm ∼ (200MeV)−1

2
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TeV Gamma Rays from Geminga and the Origin of the GeV Positron Excess

Hasan Yüksel,1 Matthew D. Kistler,2 and Todor Stanev1

1Bartol Research Institute and Department of Physics andAstronomy, University of Delaware, Newark, Delaware 19716
2Center for Cosmology and Astro-Particle Physics and Department of Physics, Ohio State University, Columbus, Ohio 43210

(Dated: May 5, 2009)

The Geminga pulsar has long been one of the most intriguing MeV–GeV gamma-ray point sources.
We examine the implications of the recent Milagro detection of extended, multi-TeV gamma-ray
emission from Geminga, finding that this reveals the existence of an ancient, powerful cosmic-ray
accelerator that can plausibly account for the multi-GeV positron excess that has evaded explana-
tion. We explore a number of testable predictions for gamma-ray and electron/positron experiments
(up to ! 100 TeV) that can confirm the first “direct” detection of a cosmic-ray source.

PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.-f

Introduction.— Geminga holds a place of distinction
among gamma-ray sources, being the first pulsar to be
discovered through gamma rays, with a history of obser-
vations through a variety of techniques [1]. While one
of the brightest MeV–GeV gamma-ray point sources in
the sky, there was no certain evidence of high-energy ac-
tivity beyond the immediate neighborhood of the pulsar
or its x-ray pulsar wind nebula (PWN) until the recent
detection by Milagro of gamma rays at ! 20 TeV from
a region of ! 3! around the pulsar [2, 3]. This detection
places Geminga among the growing class of TeV PWNe
(e.g., [4, 5]) and is important for understanding aged pul-
sars and their winds. An immediate consequence is the
existence of a population of high-energy particles.

The relative proximity of Geminga raises an interesting
possibility, namely that these high-energy particles, most
likely electrons and positrons, may be at the root of the
explanation of the “positron excess”, the observed [6, 7,
8] overabundance of multi-GeV positrons as compared
to theoretical expectations [9] (see Fig. 1). Severe energy
losses of high-energy positrons require a local source of
some kind [10], such as Geminga [11] or even dark matter
through its annihilation products [12].

Here, we connect the Milagro TeV gamma-ray “halo”
to electrons and positrons with energies up to at least
100 TeV, expected to be accelerated in PWNe (e.g.,
[13, 14]; for a review see [15]), and present several pre-
dictions. Principally, while Geminga is apparently young
enough to still produce high-energy particles, it is old
enough that multi-GeV electrons and positrons from its
more active past could have made it to Earth. The ex-
tended gamma-ray emission is strong evidence for e± pro-
duction, acceleration, and escape, suggesting an explana-
tion of the positron excess. Moreover, this single nearest
high-energy astrophysical source can reasonably account
for the e" + e+ spectrum as measured by Fermi [16] and
HESS [17, 18] with an extension to energies beyond sev-
eral TeV, where no signal might be expected otherwise.

The Gamma-ray Source Next Door.— The observation

of high-energy gamma rays from an astrophysical source
implies the presence of higher-energy particles, typically
e± or protons, that gave rise to them. One striking ele-
ment of the observation of ! 20 TeV gamma rays (with a
significance of 4.9 ! in the PSF-smoothed map [2], 6.3 !
for an extended source [3]) from Geminga by Milagro is
the extent of the emission, " ! 3! [2], which corresponds
to a physical size of sG ! 10 pc ("G/3!)(rG/200 pc),
where rG is the distance to Geminga. Since the angu-
lar resolution of Milagro is better than a degree and the
characteristic age of the pulsar, tG ! 3 " 105 yr [19],
seemingly excludes a typical TeV supernova remnant, we
shall consider an extended PWN with emission from a
much larger region than seen in x-rays [20, 21]. We will
draw guidance from the TeV-PWN HESS J1825–137 [4],
which, while only a tenth the age of Geminga, would
appear tens of degrees wide if placed at rG ! 200 pc.

We first examine whether the gamma rays can be ex-
plained through inverse-Compton (IC) up-scattering of
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FIG. 1: The cosmic-ray positron fraction. Shown are data
compiled from Refs. [7, 8, 31, 34], and scenarios based on the
secondary model of Ref. [9] (shaded) and a plausible Geminga
contribution (solid, dashed, and dotted lines) dependent upon
distance and energetics (see text for details).
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since the di!usion solution may transition [27] to a wind-
like n ! r!2 form (as does HESS J1825–137 [4]) near the
source, although the data allow no firm conclusions.

For a continuously emitting source such as Geminga,
the injection rate can be parametrized as dṄ/d! !
Le±(t)!!!e!"/"max , with Le± the e± luminosity. The lo-

cal particle density is n"(!) =
! tG dt n(rG, t, !). Assum-

ing braking via magnetic dipole radiation, the spin-down
luminosity evolves as ! (1 + t/t0)!2 [28], with a pulsar-
dependent timescale, t0, and Le±(t) = (EG/tG) [1+(tG"

t)/t0]!2/
! tG dt#[1 + (tG " t#)/t0]!2. For t0 # 3 $ 104 yr,

the present spin-down power, # 1034.5 erg s!1, corre-
sponds to an upper limit on the total e± output of
# 5 $ 1048 erg (larger for smaller t0 [25]). Geminga’s
transverse velocity is # 200 km s!1 [29]. A similar radial
velocity would result in a # 100 pc displacement in tG.

In Fig. 3, we display the local flux of e! + e+,
J" = (c/4")n", from our benchmark model of # = 2,
within a reasonable range of parameters. These have dis-
tances varying (from birth % present) as rG = 150 %
250 pc, 220 pc, 250 % 200 pc; e± energy budgets of
EG = 1 , 2 , 3 $ 1048 erg; and $ = 0.4 , 0.5 , 0.6, respec-
tively (lower dotted, solid, dashed lines). The energy in
e± estimated for several younger TeV PWN are at least
as large as these (e.g., [4, 5, 23]). Since the bulk of the
energy is released in this early spin-down phase, the ini-
tial location is the most important. Adding to these the
primary e! spectrum of Moskalenko and Strong [9], with
the normalization decreased by 35% and an added ex-
ponential cuto! at 2 TeV (in order to not exceed HESS
data), yields the total e! + e+ flux (upper lines).

The spectral feature at # 1 TeV naturally results from
a combination of energy losses and pulsar age and dis-
tance (see Fig. 4 of Ref. [11] for comparison). The multi-

TeV extension (beyond the last HESS point) is due to the
continuous injection of particles, as evidenced by the Mi-
lagro observations today. Combining these with the ex-
pectations for the secondary e± fluxes [9] (see also [30]),
we compare our positron fraction to measurements in
Fig. 1 (note that solar modulation may account for dis-
agreements between data below # 10 GeV [8, 31]).

It is thus plausible that Geminga is the long-sought [32]
local source of electrons and positrons, influencing the
spectra measured by Fermi [16] (down to tens of GeV)
and HESS [17, 18] in the TeV, although we emphasize
that certain parameters and the underlying Galactic pri-
mary spectrum remain uncertain. The PAMELA [33]
and AMS [34] experiments can measure the e! and e+

spectra separately to isolate this component (since the
e! spectrum from Geminga should be identical to the
e+).

Conclusions.— The discovery of high-energy gamma
rays from an extended region around Geminga by Mila-
gro reveals the presence of >

# 100 TeV e±, as observed
indirectly within the x-ray PWN [20, 21]. A considerable
amount of data should become available as new experi-
ments examine the surrounding area. This will help in
developing more detailed models that account for both
time and spatial evolution in the e± spectra, directly
coupled to cosmic-ray propagation [35]. One need is a
better-determined distance, the most recent quoted be-
ing rG # 250+120

!62 pc [29]. We briefly discuss implications
for several categories of experiments.

Fermi: While the observed features of Geminga will
depend upon details such as whether the source is roughly
spherical or preferentially oriented, we would generally
expect the source to become “larger” with decreasing
energy, reflecting the decrease in IC cooling time with
energy. Our inspection of the point-source subtracted
sky map from EGRET [36] indicates emission in the
GeV range of a size comparable to the Milagro source.
Fermi [37] should be able to more e!ectively separate the
bright pulsed signal to study di!use emission.

TeV gamma rays: Obtaining a detailed spectrum and
morphology of the source in the TeV regime will be vi-
tal for further interpretation of the nature of the parti-
cles present. Already, VERITAS [38] has placed rather-
tight upper limits on a point source at the location of
Geminga [39]. Further study of the expected extended
source is needed to better estimate the total energet-
ics. In HESS J1825–137, the surface brightness was seen
to drop o! as # 1/%, inconsistent with pure di!usion
and suggestive of convection, and the gamma-ray spec-
trum was measured to soften with increasing distance
from its pulsar [4]. We expect similar behavior from
Geminga if the same mechanisms are at work, the lat-
ter of which would be a distinct signature of e± cool-
ing [4]. Also, studying the extended TeV emission from

pulsars
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no anisotropy (yet)
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FIG. 8: Upper limits on the dipole anisotropy ! versus the
minimum energy for di!erent confidence levels; •, 90 % CL;
!, 95% CL.

provide a possible explanation for these features. Indeed,
the electron/positron emission from a few nearby (up to
a few hundreds of parsec distance) pulsars may give rise
to observable anisotropies.

In order to evaluate the contribution of Galactic
sources to the CRE anisotropy, we have performed a
simulation with the GALPROP code [30], assuming a
model that has been already used to interpret the CRE
spectrum measured by the Fermi-LAT [11]. In this
model, the electron injection spectrum was assumed to
be described by a broken power law with a spectral
index of 1.6 (2.7) below (above) 4 GeV, and the di!usion
coe"cient was parameterized according to the usual
power-law energy dependenceD(E) = D0(

E
E0

)0.33, where

D0 = 5.8 ! 1028cm2s!1 and E0 = 4 GeV. The di!usive
reacceleration was characterized by an Alfven velocity
vA =30 km s!1 and the halo height was set to 4 kpc.

The top panel of Fig. 9 shows the GALPROP
predictions for the CRE energy spectrum together with
the Fermi-LAT [11] and H.E.S.S. data [31, 32] (only
statistical errors are shown). In the same panel, the
fluxes expected from individual sources located in the
Vela (290 pc distance and 1.1!104 yr age) and Monogem
(290 pc distance and 1.1 ! 105 yr age) positions are
also shown. For the single sources, we have adopted an
instantaneous injection spectrum of an electron source,
i.e. a burst-like spectrum in which the duration of the
emission is much shorter than the travel time from the
source, described by a power law with index # = 1.7 and
with an exponential cut-o! Ecut=1.1 TeV, i.e. Q(E) =
Q0 E(GeV )!! exp("E/Ecut). The spectrum of CREs
at the solar system can be evaluated from the following
equation [27]:
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FIG. 9: Top panel: e+e! spectrum evaluated with
GALPROP and for single sources by means of Eq. 18. Solid
line: GALPROP spectrum; long dashed line: Monogem
source; long-dot dashed line: Vela source; dashed line:
GALPROP+Monogem; dot-dashed line: GALPROP+Vela;
circles: Fermi-LAT data [11]; triangles: H.E.S.S. data
[31, 32]. Bottom panel: Dipole anisotropy ! versus the
minimum energy for GALPROP (solid line), Monogem source
(dashed line), and Vela source (dotted line). The 95 %
CL from the data is also shown with circles. The solar
modulation was treated using the force-field approximation
with "=550 MV [45].
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For both sources, the value of the normalization constant
Q0 has been chosen to obtain a total flux not higher
than that measured by the Fermi-LAT and H.E.S.S. (top
panel of Fig. 9).
The bottom panel of Fig. 9 shows the dipole anisotropy

as a function of minimum energy, calculated using the
e+e! spectrum evaluated with GALPROP by means

Monogem

Vela GALPROP
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A resolution in 2013?
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FIG. 5: CMB power spectra for three di!erent DM annihilation models, with power injection normalized to that of a 1 GeV
WIMP with thermal relic cross section and f = 1, compared to a baseline model with no DM annihilation. The models give
similar results for the TT (left), TE (middle), and EE (right) power spectra. This suggests that the CMB is sensitive to only
one parameter, the average power injected around recombination. All curves employ the WMAP5 fiducial cosmology: the
e!ects of DM annihilation can be compensated to a large degree by adjusting ns and !8 [4].

known to within a factor of ! 2 (which is then squared
to determine the annihilation rate), and density enhance-
ments from local substructure could also contribute an
O(1) boost to the cosmic-ray flux. The excess measured
by Fermi requires generically smaller boost factors than
ATIC, by a factor of ! 2 " 3: such models are not ruled
out by WMAP5 even without taking into account astro-
physical uncertainties, but will be constrained by Planck.

The degree of uniformity between the models should
not be surprising, despite the wide range of masses and
boost factors. The variations in f(z) between di!erent
channels arise in large part from the energy carried away
by annihilation products other than photons and elec-
trons – but these annihilation products also do not con-
tribute to the cosmic-ray excesses measured at ATIC and
PAMELA. The cosmic-ray excesses are more sensitive
measures of the high-energy spectrum of the annihilation
products than the CMB, whereas the CMB is sensitive to
soft photons and electrons which may be absorbed into
the background in cosmic-ray measurements, but to a
first approximation both measurements are simply prob-
ing the total power in electrons (at least when the power
in photons produced by annihilation is small).

B. Implications for Sommerfeld-enhanced DM
annihilation

As described in the Introduction, the CMB has the po-
tential to act as an especially sensitive probe of DM mod-
els with Sommerfeld-enhanced annihilation. The sim-
plest example of the Sommerfeld enhancement with a
massive mediator is the case of WIMPs interacting via a
Yukawa potential. More complicated models can contain
small mass splittings among the dark sector particles,

and multiple light force carriers (e.g. [23]), but in this
work we will consider only the simplest case.

If the dark matter particle couples to a scalar media-
tor ! with coupling strength ", then the enhancement is
solely determined by the dimensionless parameters,

#v =
(v/c)

$
, #! =

m!

$MDM
, (5)

where $ = "2/4%. In the limit where the ! mass goes to
zero (#! # 0), the enhancement to the annihilation cross
section – denoted S – can be determined analytically, and
S ! %/#v at low velocities. For nonzero #!, there are two
important qualitative di!erences. The first is that the
Sommerfeld enhancement saturates at low velocity–the
attractive force has a finite range, and this limits how
large the enhancement can become. Once the deBroglie
wavelength of the particle (MDMv)!1 exceeds the range
of the interaction m!1

! , or equivalently once #v drops
beneath #!, the Sommerfeld enhancement saturates at
S ! 1

"!
[23]. The second e!ect is that for specific values

of #!, resonances occur where the enhancement scales as
! 1/#2v instead of ! 1/#v, potentially increasing the en-
hancement factor by several orders of magnitude. In the
resonant case the velocity at which the enhancement sat-
urates is also smaller than in the non-resonant case (for
the same value of #!).

1. Saturation of the enhancement

At first glance it might appear that our calculation
would not apply to Sommerfeld-enhanced models, due
to the variation of the enhancement with velocity, since
we have assumed a constant $&Av% with respect to z.
However, for models which are not already ruled out

Null results: clear
Positive results?

Finkbeiner, Padmanabhan ’05; Galli, Iocco, Bertone, Melchiorri ’09; 
Slatyer, Padmanabhan, Finkbeiner, ’09
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A resolution in 2013?

Null results: clear
Positive results?

Finkbeiner, Padmanabhan ’05; Galli, Iocco, Bertone, Melchiorri ’09; 
Slatyer, Padmanabhan, Finkbeiner, ’09
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New Collider Pheno: Lepton Jets
• Production of Gdark states, yield boosted, highly 

collimated leptons (“lepton jets”)
Arkani-Hamed, NW, ’08; Baumgart, Cheung, Ruderman, Wang, Yavin, ‘ 09; Bai, Han 

‘09

q̃

q̃

χ̃

χ̃

q

q

hdark

hdark

h̃dark

h̃dark

cf “Hidden Valley” models, Strassler and Zurek ‘06
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SEARCHES AT LOW 
ENERGY

• Very weakly coupled, ~ GeV mass state

• LHC/Tevatron not the best place to make it
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Beam

FIG. 5: The layout of the experimental setup — see text for

details.

positron and one of the electrons, gives a spectrometer

efficiency of ∼ 0.14%.

IV. EXPERIMENTAL SETUP

In this section, we describe the experimental setup of

the APEX experiment in JLab Hall A. Many of these

features are also readily adaptable to other experimental

facilities.

The APEX experiment will measure the invariant mass

spectrum of e+e− pairs produced by an incident beam

of electrons on a tungsten target. The experiment uses

the two high-resolution spectrometers (HRS) [82] avail-

able in Hall A at JLab (see Table I for design specifica-

tions), together with a septum magnet constructed for

the PREX experiment [26], see Figure 5. The physical

angle of the HRS with respect to the beam line does not

go below ∼ 12
◦
, but the septum allows smaller angles to

be probed down to ∼ 4
◦ − 5

◦
by bending charged tracks

outward. The detector package in each HRS available in

JLab Hall A includes two vertical drift chambers (VDC),

the single photo-multiplier tube (PMT) trigger scintilla-

tor counter (“S0 counter”), the Gas Cherenkov counter,

the segmented high-resolution scintilator hodoscope, and

the double-layer lead-glass shower counter.

The electron beam has a current of 80 µA (correspond-

ing to ∼ 7 C on target per day!), and will be incident on

a solid target located on a target ladder in a standard

scattering chamber. The target will be made of tungsten

wires strung together in a horizontal plane orthogonal to

the beam direction. The target plane will be mounted at

an angle of about 10 mrad with respect to the horizontal

plane. The beam will be rastered by ±0.25 mm in the

horizontal and ±2.5 mm in the vertical direction to avoid

melting the target.

The electron will be detected in the the right HRS

(HRS-R) and the positron will be detected in the left

HRS (HRS-L). The trigger will be formed by a coinci-

dence of two signals from the S0 counters of the two arms

Beam

zig!zag tilted target

5

0.5
o

o

.

.

0.01 mm diameter W wires

Electrons

Positrons

FIG. 6: The top view of the tilted target. The beam is

rastered over an area 0.5×5 mm
2
(the latter is in the ver-

tical direction). The beam intersects the target in four areas

spread over almost 500 mm. Pair components will be de-

tected by two HRS spectrometers at a central angle of ±5
◦
.

Each zig-zag of the target plane is tilted with respect to the

beam by 0.5
◦
and consists of a plane of parallel wires perpen-

dicular to the beam. This reduces the multiple scattering of

the outgoing e+e− pair (produced in a prompt A�
decay), as

described in the text.

and a coincidence of the signal in the S0 counters with

a signal from the Gas Cherenkov counter of the HRS-L

(positive polarity arm). A timing window of 20 ns will be

used for the first coincidence and 40 ns for the second co-

incidence. The resulting signal will be used as a primary

trigger of data acquisition (DAQ). An additional logic

will be arranged with a 100 ns wide coincidence window

between signals from the S0 counters. This second type

of trigger will be prescaled by a factor 20 for DAQ, and

is used to evaluate the performance of the primary trig-

ger. Most of the DAQ rate will come from events with

a coincident electron and positron within a 20 ns time

interval.

Note that since we want to search for a narrow peak

in the invariant mass spectrum of e+e− pairs, which re-

quires a high level of statistical precision, it is especially

important to have a very small level of systematics and a

smooth invariant mass acceptance. In [1], we show that

APEX has these properties.

A. The long tilted target

The experiment will utilize the standard Hall A scat-

tering chamber as it is used by the PREX experiment,

with a target consisting of a 50-cm-long tilted wire mesh

plane. The concept of the target is presented in Figures 6

and 7. The wires comprising each plane are perpendicu-

lar to the beam-line. The tilt angle of 10 mrad is sufficient

to ensure stability of the beam-target geometry, and at

the same time such a tilt angle is 10 times smaller than

the central angle to the HRS, which results in a reduc-

tion of the path length traversed by the produced e+e−

pairs. The wires comprising of each zig-zag plane are

spaced so that outgoing e+e− pairs coming from prompt

A�
decays inside a wire only travel through a single wire

(for some configurations, the outgoing e+e− pair may not

have to traverse any wire if the A�
does not decay inside
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FIG. 5: Left: Experimental scenario for a small two-arm spectrometer for benchmark point B (� ∼ 3 × 10−5, mA� ∼ 200
MeV). An electron beam is incident upon a thin 0.1 radiation length tungsten target. A small two-arm spectrometer with
silicon-strip trackers and a fast calorimeter or scintillator trigger is downstream from the target. Signal events are identified by
requiring a displaced vertex ∼ 1 cm behind the target. More details are given in the text. Right: Regions corresponding to 10
or more events within acceptance in 106 sec for three different geometries. From right to left: 6 GeV electron beam at 100 nA
(0.1 C delivered), with angular acceptance from 20 to 55 mrad and a 1 m long detector (solid red line); 6 GeV beam at 5 nA
(5× 10−3 C delivered), with angular acceptance from 10 to 27 mrad in a 2 m-long detector region (dashed darker red line); and
2 GeV beam at 0.5 nA (5× 10−4 C delivered) with the same geometry as the dashed red line (solid dark red line). In all cases,
we require that the A� carry at least 83% of the beam energy, the track impact parameters at the target exceed 50 µm, and
the reconstructed vertex displacement exceed 1 cm. We assume 50% φ coverage. 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.

within ∼ 5− 10 cm.
Another basic requirement is that the occupancy in the

tracking system be acceptably low. High-resolution sili-
con strip detectors are beneficial in this regard. Within
a cone of opening angle of 10 mrad at a distance of 50
cm downstream of the target, we estimate that the den-
sity of electrons and photons produced in the target with
energy above 1 MeV is of order 109/cm2/s [58]. In this
scenario, the silicon is placed further from the beam, but
this rate serves as a rough upper bound, which would give
one percent occupancy for a 1 cm × 25 µm strip. While
these numbers are encouraging, a serious simulation is
certainly required.

C. Silicon Strip Layers in a Diffuse Electron Beam;
� = 10−4; mA� = 50 MeV

At even higher � and lower masses, there exists the
option of halving the number of silicon strip tracking ele-
ments and placing them directly into a defocused primary
electron beam of low intensity. For this study, we choose
the beam size to be about 1 cm × 1 cm and the beam
energy to be 1 GeV. The beam intensity is limited by
silicon occupancy to about 108 e−/s, if we require occu-
pancy of about 1% in 1 cm × 25 µm strips with a timing
window of 20 – 50 ns.

Triggering is again accomplished by a calorimeter, with
a strategy similar to case B and the same limitations. For
A� masses of 20–50 MeV, decay opening angles ∼ 20−50
mrad are anticipated, so the calorimeter must extend
close to the beam. For simplicity we consider an an-
nular calorimeter with angular coverage above 20 mrad
(for example, located at 2.5 meters from the target, with
inner radius of 5 cm). The beam electrons emerge from
a 0.1 radiation-length tungsten target in a Molière dis-
tribution, with typical transverse momenta of 5 MeV.
Therefore less than 1% of the electron beam hits the
calorimeter, leading to a <∼ 1 MHz singles rate, which
is high but manageable for a trigger requiring two hits.

With these parameters the A� production rate is about
1 every ten hours. Off-line track reconstruction can
be used to remove the backgrounds associated with
the Coulomb scattering pile-up and other background
sources, in particular Bethe-Heitler pair production from
the target. The quality of the experiment will depend
crucially on the precision of the vertex reconstruction
using the silicon strip information. Our sample point
has typical impact parameter ∼ 160 µm and laboratory
decay lengths of order 2.3 mm, which should be cleanly
resolvable. The sensitivity of this configuration, assum-
ing several different resolutions, is illustrated in Figure
6.

For smaller masses, the calorimeter must be placed at

9

(as mentioned previously, similar considerations apply
to pseudo-vectors, scalars, and pseudo-scalars with sub-
GeV mass that couple to electrons). It is useful to param-
eterize the coupling g� of the A� to electrons by a dimen-
sionless � ≡ g�/e, where e is the electron charge. Cross-
sections for A� production then scale as α�/α = �2, where
α� = g�2/(4π) and α = e2/(4π) are the fine-structure con-
stants for the dark photon and ordinary electromagnetic
interactions, respectively. This experiment will search
for A� bosons with mass mA� ∼ 65 MeV – 550 MeV and
α�/α � 6 × 10−8, which can be produced by a reaction
analogous to photon bremsstrahlung (see §III) and de-
cays promptly to e+e− or other charged particle pairs.
We refer the reader to Figure 1 for a summary of the
reach of this experiment.
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FIG. 1: Anticipated 2σ sensitivity in α�/α = �2 for the A�

experiment (APEX) at Hall A in JLab (thick blue line), with

existing constraints on an A�
from electron and muon anoma-

lous magnetic moment measurements, ae and aµ (see [27]),

the BaBar search for Υ(3S) → γµ+µ−
[28], and three beam

dump experiments, E137, E141, and E774 [29–31] (see [3]).

The aµ and Υ(3S) limits assume equal-strength couplings to

electrons and muons. The red region indicates the region of

greatest theoretical interest, as described in the text. The

gray dashed line indicates the scale used for other plots in

this paper. The irregularity of the reach is an artifact of com-

bining several different run settings (see Table II). The precise

mass range probed by this type of experiment can be varied by

changing the spectrometer angular settings and/or the beam

energies. We stress this point as other experimental facilities

may be able to perform experiments similar to APEX, but

targeting complementary regions of parameter space.

A. Motivation for New Physics Near the GeV Scale

New light vector particles, matter states, and their as-
sociated interactions are ubiquitous in extensions of the
Standard Model [2, 32–40]. However, the symmetries of
the Standard Model restrict the interaction of ordinary
matter with such new states. Indeed, most interactions
consistent with Standard Model gauge symmetries and
Lorentz invariance have couplings suppressed by a high
mass scale. One of the few unsuppressed interactions is
the coupling of charged Standard Model particles ψ

δL = g�A�
µψ̄γ

µψ (1)

to a new gauge boson A�, which is quite poorly con-
strained for small g� (see Figure 1)[3]. Similar couplings
between the A� and other Standard Model fermions
are also allowed, with relations between their couplings
(anomaly cancellation) required for the A� gauge symme-
try to be quantum-mechanically consistent. For example,
the A� can couple only to electrons and muons, with op-
posite charges g�e = −g�µ ( a U(1)e−µ boson), or can have
couplings proportional to the electromagnetic charges qi
of each fermion, gi = �eqi.
A� couplings to Standard Model matter with the lat-

ter structure can be induced by ordinary electromagnetic
interactions through the kinetic mixing interaction pro-
posed by Holdom [2],

δL =
�Y
2
F �
µνF

µν
Y , (2)

where F �
µν = ∂µA�

ν − ∂νA�
µ is the field strength of the

A� gauge boson, and similarly Fµν
Y is the hypercharge

field strength. This effect is generic, ensures that the
A� interactions respect parity, and (as we discuss below)
naturally produces small g� and A� masses near the GeV
scale. This mixing is equivalent in low-energy interac-
tions to assigning a charge �eqi to Standard Model parti-
cles of electromagnetic charge qi, where � = �Y /(cos θW )
and θW is the Weinberg mixing angle. The A� couplings
to neutrinos and parity-violating couplings are negligible
compared to Z-mediated effects (see e.g. [13]).
As noted in [2], a new gauge boson A� that does not

couple to Standard Model matter at a classical level
can still couple through quantum-mechanical corrections.
For example, loops of any particle X that couples to both
the A� and Standard Model hypercharge generates mix-
ing of the form (2), with

� ∼ 10−3 − 10−2 (α�/α ∼ 10−6 − 10−4). (3)

These quantum effects are significant regardless of the
mass mX of the particle in question, which could be well
above the TeV scale (or even at the Planck scale) and
thus evade detection.
Smaller � are expected if nature has enhanced sym-

metry at high energies. For example, it has been con-
jectured that the strong and electroweak gauge groups
of the Standard Model are embedded in a grand unified

3
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of relative coupling !!/! = "2 (color online). Also shown are
the previous results by BaBar [10] and for aµ of the muon [1].

RESULTS AND INTERPRETATION

In order to interpret the result in terms of the e!ective
coupling ! of a possible dark photon candidate, a model
for the production process has to be used. Unfortunately,
it turns out that the Weizsäcker-Williams-approximation
used in Ref. [7] fails in this energy range by orders of
magnitude, mainly since the recoil of the nucleus cannot
be neglected. Taking into account the nuclear recoil, the
peak at (Ee++Ee!) = E0 in Ref. [7] is regularized and the
cross section at this point becomes zero. In addition, the
assumption of a real initial photon exactly in direction
of the electron beam introduces a peak in the angular
distribution, which is not present in electro-production
due to helicity conservation of the scattered electron.

Instead, we used as a model for the "! production the
coherent electro-production from the Tantalum nucleus,
calculated as the coherent sum of the graphs of Fig. 1.
The charge distribution of Tantalum was approximated
as a solid sphere. For the QED background we used the
coherent sum of the graphs of Fig. 2. The corresponding
cross sections were included on an event by event basis
in the simulation. The simulation including this model
shows excellent agreement with data, as demonstrated
in Fig. 6, where the background subtracted yields as an
estimate for the QED background graphs is compared to
the simulation of this process.

The remaining model dependence of this interpretation
mainly a!ects the nuclear vertex, since e.g. the possible
breakup of the recoil nucleus is neglected. Since this

vertex is common to both the signal and the QED back-
ground channels, to further reduce the model dependence
we use only the ratio of signal to QED background of
the simulation in addition to the accidental background.
The ratio can be translated to the e!ective coupling for
a given mass resolution #m by using Eqn. (19) of Ref. [7]

d$(X ! "! Y ! e+e"Y)

d$(X ! "#Y ! e+e"Y)
=

3%

2Nf

!2

&

m!"

#m

and the measured event rate as estimate for the back-
ground channel. The number of final states Nf includes
the ratio of phase space for the corresponding decays
above the µ+µ" threshold.
Figure 7 shows the result of this experiment in terms

of the ratio of the e!ective coupling to the fine structure
constant &!/& = !2. For clarity of the figure, the ex-
clusion limit was averaged. Also shown are the existing
limits published by BaBar [10] and the Standard Model
prediction [1] of the muon anomalous magnetic moment
aµ = gµ/2 " 1. The existing exclusion limit has been
extended by an order of magnitude.
In this experiment, the discovery potential of the ex-

isting high luminosity electron accelerators has been
demonstrated. The background conditions are well under
control due to excellent timing and missing mass resolu-
tion. An extensive program to cover further mass regions
with similar experiments is planned at MAMI and Jef-
ferson Lab [11].
The authors would like to thank the MAMI accelera-
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intensity necessary for this experiment, and T. Beranek
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Fermi haze/bubbles
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Fermi 1 < E < 5 GeV
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 ! 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 ! 5
GeV map, and large sources, including the inner disk (!2! < b < 2!,!60! < ! < 60!), have been masked. Top middle: The 1 ! 5
GeV map minus SFD dust map (top right panel) which is used as a template of "0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2" harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
!50! < b < 50!). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.

Su, Finkbeiner, Slatyer
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Fig. 4.— GALPROP IC at 3 GeV due to e± production by DM annihilations with di!erent assumptions about the halo shape and
di!usion model: a spherical Einasto halo with isotropic di!usion (upper left), an axis ratio 2 prolate halo with isotropic di!usion (upper
right), a spherical halo with anisotropic di!usion e!ects (lower left), and a prolate halo with anisotropic di!usion e!ects (lower right).
All plots are arbitrarily normalized to the same intensity at (!, b) = (0, 50) degrees. The spherical halos are clearly inconsistent with the
haze morphology (see the right hand panels of Figure 1) while the prolate halos provide a significantly improved fit. In particular, the
anisotropic di!usion case gives a morphology that has both the observed axis ratio and concentration.
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Fig. 5.— The same as the bottom right panel of Figure 4 but for several di!erent models of the ordered magnetic field (see Table 1).
Di!erent magnetic field models can lead to various IC morphologies including forked (top left, due to increased synchrotron losses towards
r = 0 kpc), circular and centrally concentrated (top right), circular and more uniform (lower left), and also more hourglass-shaped (lower
right). See §4 for a description.

could potentially absorb the starlight and IR morpholo-
gies, while leaving the CMB morphology which appears
more bubble-like. That is, if the intrinsic haze morphol-
ogy is more oval-shaped, pulling out only the CMB com-
ponent would may leave a bubble morphology.

In Figure 7 we show the residual “haze” map,

HE1

E0
= EE1

E0
! SE1

E0
+Agp "G(E), (15)

as well as the residual map,

RE1

E0
= EE1

E0
! SE1

E0
. (16)

As shown in the figure, the three component model pro-
vides a remarkably good fit to the data. There is some

Dobler, Cholis, 
NW

sharp edges difficult to explain (for anyone)
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WMAP
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Interstellar Dust from IRAS, DIRBE (Finkbeiner et al. 1999)
Map extrapolated from 3 THz (100 micron) with FIRAS. 
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Ionized Gas from WHAM, SHASSA, VTSS (Finkbeiner 2003)
H-alpha emission measure goes as thermal bremsstrahlung. 
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Synchrotron at 408 MHz  (Haslam et al. 1982) 
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Fig. 1.— The WMAP foreground grid; see detailed discussion in §2.7.

The same energies of e+/e- (5 GeV+) that show up
at PAMELA synchrotron radiate in the WMAP 

frequencies
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Dobler and Finkbeiner ’08
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Dobler and Finkbeiner ’08

electrons spiraling in magnetic 
field create microwaves

A “Haze”
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