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Introduction

Some of us believe in 
the WIMP miracle.

DM is a neutral, very long lived, 
feebly interacting particle.

galactic rotation curves
weak lensing (e.g. in clusters)

‘precision cosmology’ (CMB, LSS)

DM exists

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions
- give automatically correct abundance

�v = 3 · 10�26cm3/sec
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Charged CRs

1. the PAMELA/Fermi/HESS ‘excesses’
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore
  mild: Einasto
  smooth: isothermal, Burkert
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto

(effect of baryons?)
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Positrons from PAMELA:

M.Boezio (PAMELA coll.) 2008

 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?

[backgnd]

(9430 e+ initially collected)
(errors statistical only in this plot, 
that’s why larger at high energy)

e+

e+ + e�
positron fraction:

Adriani et al., Nature 458 (2009) 607; ApP 34 (2010) 1

Positrons & Electrons
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keynote:/Users/mcirelli/Documents/talks%20and%20seminars/31.DMinCR/42.DMinCR.Sinaia.key?id=BGSlide-93


Positrons from PAMELA and FERMI:

 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?
e+

e+ + e�
positron fraction:

Adriani et al., Nature 458 (2009) 607; ApP 34 (2010) 1
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Positrons from PAMELA and FERMI and AMS-02:

 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?
e+

e+ + e�
positron fraction:

Adriani et al., Nature 458 (2009) 607; ApP 34 (2010) 1
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Fermi coll., 1109.0521

Positrons & Electrons

AMS-02 coll., PRL 110, 141102 (2013)
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Antiprotons from PAMELA:

 - consistent with 
the background

(about 1000      collected
initially)

p̄

Adriani et al., PRL 105 (2010) 121101, 1007.0821

background

Antiprotons



Electrons + positrons adding FERMI and HESS:

 - no                 excess e+ + e�

background ?

 - spectrum               .� E�3.04

 - a (smooth) cutoff?

Indirect Detection: hints
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positron fraction antiprotons

background ?

electrons + positrons

YES: few TeV, leptophilic DM 
with huge 
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Are these signals of Dark Matter?
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positron fraction antiprotons

background ?

electrons + positrons

YES:

NO:

few TeV, leptophilic DM 
with huge 

a formidable ‘background’ for future searches

⇥�v⇤ � 10�23 cm3/sec
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Are these signals of Dark Matter?
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PS: post AMS 2013
positron fraction antiprotons

background ?

electrons + positrons

YES: one TeV, leptophilic DM 
with huge 
‘tension’ between positron frac and e++e-

⇥�v⇤ � 10�23 cm3/sec
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Are these signals of Dark Matter?



Gamma constraints

Bertone, Cirelli, Strumia, Taoso 0811.3744

+FERMI 

+HESS

GR��

GC��

The PAMELA  
+FERMI regions 

are in conflict 
with gamma 
constraints, 

unless...

‘natural’ scale



Gamma constraints

Bertone, Cirelli, Strumia, Taoso 0811.3744

‘natural’ scale



Gamma constraints
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...not-too-steep profile needed.

‘natural’ scale



Cirelli, Panci, Serpico 0912.0663

The PAMELA  and 
FERMI regions 
are in conflict 

with these gamma 
constraints, 
and here...
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Figure 2: The regions on the parameter space m�–⇤⇥v⌅ that are excluded by the di�use galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e�, the second into µ+µ� and the third into ⇤+⇤�; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3⇥ ⇥ 3⇥’ region (blue short dashed line), ‘5⇥ ⇥ 30⇥’ region (orange
dashed line), the ‘10⇥ � 20⇥ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60⇥ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space m�–⇤⇥v⌅ that are excluded by the di�use galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e�, the second into µ+µ� and the third into ⇤+⇤�; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3⇥ ⇥ 3⇥’ region (blue short dashed line), ‘5⇥ ⇥ 30⇥’ region (orange
dashed line), the ‘10⇥ � 20⇥ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60⇥ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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Figure 2: The regions on the parameter space m�–⇤⇥v⌅ that are excluded by the di�use galactic
gamma ray measurements by the Fermi satellite. The first column of panels refers to DM annihila-
tions into e+e�, the second into µ+µ� and the third into ⇤+⇤�; the three rows assume respectively
an NFW, an Einasto and a cored Isothermal profile. Each panel shows the exclusion contour due
to Fermi observations of the ‘3⇥ ⇥ 3⇥’ region (blue short dashed line), ‘5⇥ ⇥ 30⇥’ region (orange
dashed line), the ‘10⇥ � 20⇥ strip’ (red long dashed line) and the ‘Galactic Poles’ |b| > 60⇥ region
(black long dashed line). We also report the regions that allow to fit the PAMELA positron data
(green and yellow bands, 95 % and 99.999 % C.L. regions) and the PAMELA positron + Fermi and
HESS data (red and orange blobs, 95% and 99.999% C.L. regions).
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PS: post AMS 2013
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Theorist’s reaction



Theorist’s reaction

1. the ‘PAMELA frenzy’



Needs:

- TeV or multi-TeV masses

- no hadronic channels

- very large flux

Challenges for the 
‘conventional’ DM candidates

SuSy DM KK DM

difficult ok

difficult difficult

no ok

for any Majorana DM, 
s-wave annihilation cross section

�ann(DMD̄M� ff̄) ⇥
�

mf

MDM

⇥2



Enhancement

- DM is produced non-thermally:

- astrophysical boost

- resonance effect

- Sommerfeld effect

at freeze-out today

How to reconcile                                   with                             ?� = 3 · 10�26cm3/sec � � 10�23cm3/sec

the annihilation cross section 
today is unrelated to the 
production process

no clumps clumps

off-resonance on-resonance

v/c � 0.1 v/c � 10�3

+ (Wimponium)



Sommerfeld Enhancement
NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.



Sommerfeld Enhancement

Hisano et al. hep-ph/0412403In terms of Feynman diagrams:
First order cross section:

Adding a rung to the ladder: �
�

�M

mW

⇥

�M/mV � 1For                             the perturbative expansion breaks down, 
 need to resum all orders
 i.e.: keep the full interaction potential.

NP QM effect that can enhance the annihilation cross section by orders of 
magnitude in the regime of small velocity and relatively long range force.



- Minimal extensions of the SM: 
heavy WIMPS (Minimal DM, Inert Doublet) 

- More drastic extensions: 
New models with a rich Dark sector

- Decaying DM

Model building

Tytgat et al. 0901.2556Cirelli, Strumia et al. 2005-2009

Ibarra et al., 2007-2009          Nardi, Sannino, Strumia 0811.4153

M.Pospelov and A.Ritz, 0810.1502: Secluded DM - A.Nelson and C.Spitzer, 0810.5167: Slightly Non-Minimal DM - Y.Nomura and J.Thaler, 0810.5397: DM through the 
Axion Portal - R.Harnik and G.Kribs, 0810.5557: Dirac DM - D.Feldman, Z.Liu, P.Nath, 0810.5762: Hidden Sector - T.Hambye, 0811.0172: Hidden Vector - K.Ishiwata, 
S.Matsumoto, T.Moroi, 0811.0250: Superparticle DM - Y.Bai and Z.Han, 0811.0387: sUED DM - P.Fox, E.Poppitz, 0811.0399: Leptophilic DM - C.Chen, F.Takahashi, 
T.T.Yanagida, 0811.0477: Hidden-Gauge-Boson DM - E.Ponton, L.Randall, 0811.1029: Singlet DM - S.Baek, P.Ko, 0811.1646: U(1) Lmu-Ltau DM - I.Cholis, G.Dobler, 
D.Finkbeiner, L.Goodenough, N.Weiner, 0811.3641: 700+ GeV WIMP -  K.Zurek, 0811.4429: Multicomponent DM - M.Ibe, H.Murayama, T.T.Yanagida, 0812.0072: Breit-
Wigner enhancement of DM annihilation - E.Chun, J.-C.Park, 0812.0308: sub-GeV hidden U(1) in GMSB - M.Lattanzi, J.Silk, 0812.0360: Sommerfeld enhancement in 
cold substructures - M.Pospelov, M.Trott, 0812.0432: super-WIMPs decays DM - Zhang, Bi, Liu, Liu, Yin, Yuan, Zhu, 0812.0522: Discrimination with SR and IC - Liu, Yin, 
Zhu, 0812.0964: DMnu from GC - M.Pohl, 0812.1174: electrons from DM - J.Hisano, M.Kawasaki, K.Kohri, K.Nakayama, 0812.0219: DMnu from GC - R.Allahverdi, 
B.Dutta, K.Richardson-McDaniel, Y.Santoso, 0812.2196: SuSy B-L DM - S.Hamaguchi, K.Shirai, T.T.Yanagida, 0812.2374: Hidden-Fermion DM decays - D.Hooper, 
A.Stebbins, K.Zurek, 0812.3202: Nearby DM clump - C.Delaunay, P.Fox, G.Perez, 0812.3331: DMnu from Earth - Park, Shu, 0901.0720: Split-UED DM - .Gogoladze, 
R.Khalid, Q.Shafi, H.Yuksel, 0901.0923: cMSSM DM with additions - Q.H.Cao, E.Ma, G.Shaughnessy, 0901.1334: Dark Matter: the leptonic connection - E.Nezri, M.Tytgat, 
G.Vertongen, 0901.2556: Inert Doublet DM - J.Mardon, Y.Nomura, D.Stolarski, J.Thaler, 0901.2926: Cascade annihilations (light non-abelian new bosons) - P.Meade, 
M.Papucci, T.Volansky, 0901.2925: DM sees the light - D.Phalen, A.Pierce, N.Weiner, 0901.3165: New Heavy Lepton - T.Banks, J.-F.Fortin, 0901.3578: Pyrma baryons - 
K.Bae, J.-H. Huh, J.Kim, B.Kyae, R.Viollier, 0812.3511: electrophilic axion from flipped-SU(5) with extra spontaneously broken symmetries and a two component DM 
with Z2   parity - ...

A.Arvanitaki, S.Dimopoulos, S.Dubovsky, P.Graham, R.Harnik, S.Rajendran, 0812.2075

http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Gogoladze%2C%20Ilia%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Khalid%2C%20Rizwan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shafi%2C%20Qaisar%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22
http://www-spires.dur.ac.uk/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Yuksel%2C%20Hasan%22


�DM ⇥ 3 · 1027sec
�

1 TeV
MDM

⇥5 �
MGUT

2 · 1016 GeV

⇥4

Decaying DM
DM need not be absolutely stable, 
just                                                  .�DM � �universe � 4.3 1017sec

Motivations from theory?
- dim 6 suppressed operator in GUT

- or in TechniColor

Arvanitaki, Dimopoulos et al., 2008+09

Nardi, Sannino, Strumia 2008

The current CR anomalies can be due to decay with:

- gravitino in SuSy with broken R-parity...

�decay � 1026sec



Indirect Detection
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What sets the overall expected flux?

Indirect Detection
    and      from  DM decay in halop̄ e+

� n �decay

��1
decay = �decay � 1026sec



FIG. 10: Same as Fig. 1, but for the decay channels φDM → "+"−. Upper panels: φDM → e+e−

with MDM = 2000GeV (solid) and 300GeV (dotted). Middle panels: φDM → µ+µ− with MDM =

2500GeV (solid) and 600GeV (dotted). Lower panels: φDM → τ+τ− with MDM = 5000GeV

(solid) and 2000GeV (dotted).

with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray

flux. The most promising decay channels for a fermionic or a scalar dark matter particle are

listed in Tab. II, where we also show the approximate mass and lifetime which provide the

best fit to the data. It should be borne in mind that the astrophysical uncertainties in the

propagation of cosmic rays and in the determination of the background fluxes of electrons

and positrons are still large. Besides, the existence of a possibly large primary component

of electrons/positrons from astrophysical sources, such as pulsars, cannot be precluded.

21

FIG. 5: Same as Fig. 1, but for the decay channels ψDM → "±"∓ν. Upper panels: ψDM → e−e+ν

with MDM = 2000GeV (solid) and 400GeV (dotted). Middle panels: ψDM → µ−µ+ν with MDM =

3500GeV (solid) and 1000GeV (dotted). Lower panels: ψDM → τ−τ+ν with MDM = 5000GeV

(solid) and 2500GeV (dotted).

In some decaying dark matter scenarios, the dark matter particles decay into charged

leptons of different flavors and not exclusively in just one channel. As an illustration of the

predictions of this class of scenarios, we show in Fig. 4 the positron fraction and the total

electron plus positron flux for a dark matter particle that decays democratically into the three

flavors, for MDM = 2000 GeV (solid) and 300 GeV (dotted). Although these scenarios could

explain the PAMELA excess, the predicted spectral shape of the total flux is not consistent

with the Fermi data: either the energy spectrum falls off at too low energies or it presents

16

Decaying DM
Which DM spectra can fit the data?
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E.g. a fermionic                             with                             : MDM = 3.5 TeV

E.g. a scalar                           with                            : 

DM� µ+µ�⇥

DM� µ+µ� MDM = 2.5 TeV



Decaying DM
But, again: gamma ray constraints

(although: no radio, neutrino constraints)

Cirelli, Moulin, Panci, Serpico, Viana 1205.5283
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Figure 3: The regions on the parameter space MDM–�dec that are excluded by the Fermi and
H.E.S.S. constraints and that can be explored by CTA, together with the regions of the global
fit to the charged CR data, for di�erent decay channels.
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Figure 3: The regions on the parameter space MDM–�dec that are excluded by the Fermi and
H.E.S.S. constraints and that can be explored by CTA, together with the regions of the global
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The PAMELA  and FERMI regions are in conflict 
with these gamma constraints.
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- TeV mass DM
- new forces (that Sommerfeld enhance)

- leptophilic because: - kinematics (light mediator)

                  - DM carries lepton #
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The “Theory of DM”
Arkani-Hamed, Weiner, Finkbeiner et al. 0810.0713

0811.3641

Basic ingredients:
Dark Matter particle, decoupled from SM, mass             
new gauge boson (“Dark photon”), 

couples only to DM, with typical gauge strength, 
- mediates Sommerfeld enhancement of         annihilation:

        fulfilled

- decays only into            or              
for kinematical limit
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Extras:
�       is a multiplet of states and        is non-abelian gauge boson:

    splitting                                (via loops of non-abelian bosons)
- inelastic scattering explains DAMA
- eXcited state decay                     explains INTEGRAL
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The “Theory of DM”
Phenomenology:

MDM

bo
os

t

M
ar

do
n,

 N
om

ur
a,

 S
to

la
rs

ki
, 

Th
al

er
 0

90
1.

29
26

M
ea

de
, P

ap
uc

ci
, V

ol
an

sk
i 0

90
1.

29
25

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV
⌃
v
in
cm

3 �sec

DM DM � 4⌅, isothermal profileGR⇥⇤

FSR⇥⇤

GC⇥radio

PAMELA and FERMI

⇧

IC

freeze⇥out

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV

⌃
v
in
cm

3 �sec

DM DM � ⌅�⌅⇥, isothermal profile
GC⇥⇤

GR⇥⇤

dS⇥⇤

FSR⇥⇤

GC⇥radio

PAMELA and FERMI

⇧

CMB

IC

freeze⇥out

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV

⌃
v
in
cm

3 �sec

DM DM � ⌥�⌥⇥, isothermal profile
GC⇥⇤

GR⇥⇤

dS⇥⇤

FSR⇥⇤

GC⇥radio

PAMELA and FERMI

⇧

CMB

IC

freeze⇥out

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV

⌃
v
in
cm

3 �sec
DM DM � 4⌅, NFW profile

GC⇥⇤GR⇥⇤

dS⇥⇤

FSR⇥⇤

GC⇥radio

GC⇥VLT

PAMELA and FERMI

⇧

IC

freeze⇥out

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV
⌃
v
in
cm

3 �sec

DM DM � ⌅�⌅⇥, NFW profile

GC⇥⇤GR⇥⇤

dS⇥⇤

FSR⇥⇤

GC⇥radio

GC⇥VLT

PAMELA and FERMI

⇧

CMB IC

freeze⇥out

102 103 104
10⇥26

10⇥24

10⇥22

10⇥20

DM mass in GeV

⌃
v
in
cm

3 �sec

DM DM � ⌥�⌥⇥, NFW profile

GC⇥⇤
GR⇥⇤

dS⇥⇤

FSR⇥⇤

GC⇥radio

GC⇥VLT

PAMELA and FERMI

⇧

CMB IC

freeze⇥out

Figure 6: Bounds on DM annihilations into leptonic channels. The Fermi bounds are
denoted as FSR� (continuous blue line) and IC� (red curves, for L = 1, 2, 4 kpc from upper to
lower). Other bounds are described in the text; their labels appear along the corresponding lines
only when these bounds are significant enough to appear within the plots. Cosmological freeze-
out predicts ⇤v ⇤ 3 10�26 cm3/ sec (lower horizontal band) and connections with the hierarchy
problem suggest M ⇥ (10 ÷ 1000)GeV. The region that can fit the e± excesses survives only
if DM annihilates into e’s or µ’s and DM has an isothermal profile. All bounds are at 3⇤;
the green bands are favored by PAMELA (at 3⇤ for 1 dof) and the red ellipses by PAMELA,
FERMI and HESS (at 3 and 5⇤, 2 dof, as in [9]).

time [22]; c) more realistic boundary conditions as described above; and presumably d) the fact
that Fermi observes 100GeV � rays also away from the GC suggests that L is not small.

Fig.s 6 and 7 show again the Fermi bounds at 3⇤ (the IC� bounds is plotted for a few values
of the height of the di�usion volume, L = 1, 2, 4 kpc), together with the regions favored by the
e± excesses and with various other 3⇤ bounds already considered in previous papers [15, 23, 9]:

- The GC-� (blue continuous curves) and GR-� (dot-dashed blue curves) bounds refer to the
HESS observations [24, 25] of the photon spectrum above ⇤ 200GeV (so that it constrains
FSR� and heavier DM, rather than IC� and lighter DM) in the ‘Galactic Center’ region
(
⇧
⌦2 + b2 < 0.1⇤) and in the ‘Galactic Ridge’ region (|⌦| < 0.8⇤ and |b| < 0.3⇤). In these
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Variations
(selected)

Axion Portal:       is pseudoscalar axion-like
Nomura, Thaler 0810.5397

�

pioneering: Secluded DM, U(1) Stückelberg extension of SM
Pospelov, Ritz et al 0711.4866 P.Nath et al 0810.5762

singlet-extended UED:      is KK RNnu,      is an extra bulk singlet
Bai, Han 0811.0387

� �

DM carrying lepton number:      charged under                    ,      gauge bosonU(1)Lµ�L⇥
� �

Cirelli, Kadastik, Raidal, Strumia 0809.2409 Fox, Poppitz 0811.0399 (m� � tens GeV)

split UED:     annihilates only to leptons because quarks are on another brane�
Park, Shu 0901.0720

New Heavy Lepton:     annihilates into       that carries lepton number and 
decays weakly

� �

Phalen, Pierce, Weiner 0901.3165

(� TeV) (� 100s GeV)

......



2. the ‘130 GeV line’
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So what are the 
particle physics 
parameters?

1. Dark Matter mass 

2. annihilation cross section �ann
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What if a signal of DM is  already  hidden 
in Fermi diffuse     data?�

Fermi 130 GeV line

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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are listed in Tabs. 1, 2 and 3.
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Fig. 3.— All-sky CLEAN 3.7 year maps in 5 energy bins, and a residual map (lower right). The residual map is the 120− 140 GeV map
minus a background estimate, taken to be the average of the other 4 maps where the average is computed in E2dN/dE units. This simple
background estimate is sufficient to remove the Galactic plane and most of the large-scale diffuse structures and even bright point sources.
A cuspy structure toward the Galactic center is revealed as the only significant structure in the residual gamma-ray map. All of the maps
are smoothed with a Gaussian kernel of FWHM = 10◦ without source subtraction.

are available on the Internet, and it is from these files
that we build our maps.
The point spread function (PSF) is about 0.8◦ for 68%

containment at 1 GeV and decreases with energy as r68 ∼
E−0.8, asymptoting to ∼ 0.2◦ at high energy. The LAT
is designed to survey the gamma-ray sky in the energy
range from about 20 MeV to several hundreds of GeV.
We use the latest publicly available data and instru-

ment response functions, known as Pass 7 (P7 V6)4. For
most figures in this work we use the CLEAN event class,
which has larger effective area than ULTRACLEAN and
lower background than SOURCE. In a few cases, we show
figures made with ULTRACLEAN or SOURCE events as ev-
idence that this choice has no qualitative effect on our
results.
Photons coming from the bright limb at Earth’s

horizon, dominantly produced by grazing-incidence CR
showers in the atmosphere, are a potential source of con-
tamination. We minimize this background by selecting
events with zenith angle less than 100◦ as suggested in

4 Details at http://fermi.gsfc.nasa.gov/ssc/

data/analysis/documentation/Pass7 usage.html

the Fermi Cicerone5. We also exclude some time in-
tervals, primarily while Fermi passes through the South
Atlantic Anomaly.

2.2. Map Making

We generate full-sky maps of counts and exposure us-
ing HEALPix, a convenient equal-area iso-latitude full-
sky pixelization widely used in the CMB community.6

Spherical harmonic smoothing is straightforward in this
pixelization, and we smooth each map by the kernel re-
quired to obtain an approximately Gaussian PSF of some
target FWHM, usually 10◦. We generate maps for front-
and back-converting events separately, smooth them to
a common PSF, and then combine them.
We construct maps both with and without point source

subtraction. We subtract point sources listed in the Sec-
ond Fermi-LAT catalog (2FGL), which is based on 24
months of P7 V6 LAT observations.7 The PSF and ef-

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/.
6 HEALPix software and documentation can be found at

http://healpix.jpl.nasa.gov, and the IDL routines used in
this analysis are available as part of the IDLUTILS product at
http://sdss3data.lbl.gov/software/idlutils.

7 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog,
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Figure 1. Map at 120-140 GeV showing regions with positive and negative excesses around the background.
Three most significant regions from [2] are shown with white circles, the remaining regions from [2] are
shown with green circles.

Region Power law parameters χ2 Prominent Significance
Features σ

REG 1 Γ = 3.4± 0.4; N100 = 4.3 ± 0.6 0.98 Line at 115 GeV 3.86
REG 2(overall) Γ = 2.2± 0.2; N100 = 7.1 ± 0.6 0.94 –
REG 2(60–110 GeV) Γ = 1.4± 0.8; N100 = 8.0 ± 2.0 2.12 Dip at 95 GeV -4.7
REG 2(110–200 GeV) Γ = 2.7± 0.5; N100 = 7.8 ± 1.4 0.29 –
REG 3 Γ = 3.6± 0.5; N100 = 2.3 ± 0.4 0.79 Line at 80 GeV 2.86

Table 1. Continuum fits for regions REG 1, REG 3, REG 2. We fit the background at overall (60-200 GeV)
or specified energy band using the power law (N(E) = N100(E/100 GeV−Γ) and show the most prominent
feature above this background together with its formal significance.

1 Introduction

It has been recently reported in [1] that the γ-ray emission from the region around the Galactic
Center (GC) exhibits a line-like excess at the energies ∼ 130 GeV. An interest to this result is
based on the expectation that any signal of astrophysical origin at high energies would have a
broad (compared to the Fermi spectral resolution) spectral shape. Diffuse emission with the line-
like spectrum has therefore been considered as an exotic one, e.g. as a “smoking gun” for dark
matter annihilation [3]. The region of [1] was selected by maximizing signal-to-noise ratio for
the expected dark matter annihilation signal. The preprint of [1] was followed by [2] where the
claim was confirmed and it was demonstrated that a similar excess originates from several regions
of the size ∼ 3◦ around the Galactic plane. A number of works [2, 4–7] have discussed possible

– 2 –

Similar excesses found elsewhere 
(fluctuation?)

B
oy

ar
sk

y,
 M

al
ys

he
v,

 
R

uc
ha

ys
ky

i, 
12

05
.4

70
0

4.6� (3.3� with LEE)

h�vi��!�� '
1.3 · 10�27cm3/s
(large!)

And there might be 2 lines:
111 GeV, 129 GeV

R
aj

ar
am

an
, T

ai
t,

 W
hi

te
so

n 
12

05
.4

72
3

Su
, F

in
kb

ei
ne

r 
12

06
.1

61
6

Su
 F

in
kb

ei
ne

r 
12

07
.7

06
0

Fermi 130 GeV line



What if a signal of DM is  already  hidden 
in Fermi diffuse     data?�

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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The Fermi coll’s cold shower.   An instrumental effect? 



Theorist’s reaction

2. the ‘130 GeV line’ frenzy



Challenges
DM is neutral: need ‘something’ to couple to �

It’s ‘easy’ to make a line: 

any 2-body final state 

with at least one     . But:�



DM is neutral: need ‘something’ to couple to 
Challenges

Lee & Park2 1205.4675Dudas et al., 1205.1520

a loop Chern-Simons axions magn dipole ...

Heo, Kim 1207.1341‘Higgs in space!’ 0912.0004

X

X 2 SM
MSSM
dark sector...

Kyae, Park 1205.4151
Cline 1205.2688
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Model building  not exhaustive! Ex. 1: ‘resonance, loop and forbidden channel’
Jackson, Servant, 

Shaughnessy, 
Tait, Taoso, 

‘Higgs in space’, 
0912.0004

(a) DM charged under U’(1)
(b) Z’ is tR-philic
(c) mDM ≲ mtop

line(s)

today: 
    kinematically forbidden
    little in other channels

      small continuum

Early Universe: 
         relic abundance

However:
 - anomalies, need 
   to UV complete

(c)

(b)

(b)

with large rate 
if on resonance 
(masses & couplings)

(a)

(only via Z-Z’ mixing)



Model building  not exhaustive! Ex. 2: ‘resonance, tri-boson vertices, Chern-Simons’

LCS = ↵ "µ⌫⇢� Z 0
µZ⌫FY

⇢�

line

 Dudas, Mambrini,
Pokorski, Romagnoni 

2009-2012, 1205.1520

relic abundance

(a) DM charged under U’(1)
(b) anomaly cancellation → tri-boson CS terms

(c) mZ’ < mDM

(b)

a different diagram wrt to line,
open thanks to (c), works
for large gauge coupling 
and small (loop?) CS coeff
Continuum? Under control



Model building  not exhaustive! Ex. 3: ‘pseudo-scalar mediation, p- and s-waves’
(a) DM charged under U(1)PQ 
(b) anomalies → tri-boson terms

line
with large rate 
if on resonance (a)

Continuum? Assume couplings 
to W and Z are suppressed

 Lee, Park2, 1205.4675

relic abundance

Exchange of s/h is p-wave, 
i.e. v dependent.
Suppressed today, large in EU.

(b)



Model building  not exhaustive! Ex. 4: ‘magnetic moments and coannihilations’
(a) DM has a magnetic moment 

(b) DM sits in a multiplet with ~10 GeV splitting

line
with large rate 
if μ is large
Continuum? Under control (it’s same order as γγ)

Tulin, Yu, Zurek 1208.0009
Cline, Moore, Frey 1208.2685

relic abundance

(a)µ

µ

µ

is set by coannihilations,
they would be too effective for large μ,  
but the splitting (b) suppresses.

Continuum? Ultra suppressed by the splitting (b)

µ �̄1�µ⌫�2 Fµ⌫



Model building  not exhaustive! Ex. 5: ‘asymmetric DM’
(a) DM-DM initial asymmetry 
(b) DM-DM mixing → late time oscillations, re-balance

Nussinov 1985
Kaplan, Luty, Zurek 2009

Cirelli, Panci, Servant, Zaharijas 2011
Tulin, Yu, Zurek 1208.0009

relic abundance
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Challenges
DM is neutral: need ‘something’ to couple to 

The ‘something’ implies usually a suppression,
but one needs a large          cross section (o(1027 cm3/s))��

DM

DM

�

�

= 10-n x
DM

DM

so the corresponding unsuppressed  processes
are too large:

- may overshoot other observations
- too large annihilation in the EU

Buchmuller, Garny 1206.7056
Cohen et al. 1207.0800
Cholis, Tavakoli, Ullio 1207.1468
Huang et al. 1208.0267

But solutions exist

�



- may overshoot other observations
- too large annihilation in the EU

But solutions exist

Model building



- may overshoot other observations
- too large annihilation in the EU

But solutions exist

Model building

In summary:
 kinematically forbidden channel
 different diagrams
 s-wave vs p-wave
 coannihilations and splitting
 DM production is decoupled from annihilations
 ...



3. the ‘DAMA/CoGeNT/CRESST anomaly’
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At least two pieces of information in order to

recognize nuclear recoil

extract rare events from background

  (self consistency)

+ fiducial cuts (self shielding, bad regions)

A blooming field

As much information 

As large a signal to noise ratio 

as possible

1. WIMPs
2. CDMS
3. Future

[credit: B.Sadoulet]

Background rejection Ionization YieldIonization Yield

Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
y g

divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!
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CDMS coll.
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nuclear recoil band
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Annual modulation seen (     ):8�

DAMA/Libra

DAMA Coll., 0804.2741, 2008

Summary of the results obtained in the additional 
investigations of possible systematics

 
or side reactions

(DAMA/LIBRA +
 

NIMA592(2008)297, EPJC56(2008)333)

Source Main comment Cautious upper
limit (90%C.L.)

RADON Sealed Cu box in HP Nitrogen atmosphere, <2.5�10-6 cpd/kg/keV
3-level of sealing, etc.

TEMPERATURE Installation is air conditioned+
detectors in Cu housings directly in contact <10-4 cpd/kg/keV
with multi-ton shield� huge heat capacity
+ T continuously recorded

NOISE Effective full noise rejection near threshold <10-4 cpd/kg/keV

ENERGY SCALE Routine + instrinsic calibrations <1-2 �10-4 cpd/kg/keV

EFFICIENCIES Regularly measured by dedicated calibrations <10-4 cpd/kg/keV

BACKGROUND No modulation above 6 keV;
no modulation in the (2-6) keV <10-4 cpd/kg/keV
multiple-hits events;
this limit includes all possible 
sources of background

SIDE REACTIONS Muon flux variation measured by MACRO <3�10-5 cpd/kg/keV

+ even if larger they cannot 
satisfy all the requirements of 
annual modulation signature

Thus, they

 
can not

 
mimic

 the observed

 
annual

 modulation

 
effect

An instrumental effect?

e.g. P.Belli, KITP workshop 12.2009‘NO!’
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Annual modulation seen (     ):8�

DAMA/Libra
CDMS

CDMS coll., Science 327 (2010), 0912.3592

2 events seen, 
with 0.6 exp’d background

detector T1Z5

Events Passing Timing Cut

All WIMP search data 

passing the timing cut

Event 1:            

Tower 1, ZIP 5 (T1Z5)           

Sat Oct 27 2007Sat. Oct. 27, 2007

8:48pm CDT

Event 2:            

Tower 3 ZIP 4 (T3Z4)Tower 3, ZIP 4 (T3Z4)           

Sun. Aug. 5, 2007

2:41 pm CDT

12

2 events in the NR band pass the timing cut!

DAMA Coll., 0804.2741, 2008

Ge+Si

cited 500 times
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Annual modulation seen (     ):8�

DAMA/Libra Edelweiss

Edelweiss coll, TeVPA 2010
and 1011.2319

3 events seen
‘background starts to appear’ 

DAMA Coll., 0804.2741, 2008

Ge

prelim
inary

*

cited 500/10 = 50 times
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Annual modulation seen (     ):8�

DAMA/Libra Edelweiss

Edelweiss coll, 1103.4070

DAMA Coll., 0804.2741, 2008

Ge
5 events seen, 

with 3 exp’d background
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Figure 3: Ionization yield vs recoil energy of fiducial events recorded by EDELWEISS-II in an
exposure of 427 kg·d. The WIMP search region is defined by recoil energies between 20 and
200 keV, and an ionization yield inside the 90% acceptance band (full red lines, corresponding
to an effective exposure of 384 kg·d). WIMP candidates are highlighted in red. The average
(resp. worst) one-sided 99.99% rejection limits for electron recoils are represented with a
continuous (resp. dashed) blue line. The average (resp. worst) ionization thresholds are
represented with a continuous (resp. dashed) green line.
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Annual modulation seen (     ):8�

DAMA Coll., 0804.2741, 2008

DAMA/Libra CoGeNT

We lack a satisfactorily explanation [...]. 
It is tempting to consider a cosmological 
origin [...]. Prudence and past experience 
prompt us to continue work to exhaust 
less exotic possibilities.

3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

‘irreducible excess of bulk 
events below 3 KeVee’

CoGeNT Coll., 1002.4703

Ge
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DAMA Coll., 0804.2741, 2008

DAMA/Libra CoGeNT
‘irreducible excess of bulk 

events below 3 KeVee’

CoGeNT coll., 1106.0650

Ge

4

FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.

radon levels by a factor ∼4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-off gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to affect
a much broader spectral region than observed [26].

The CDMS collaboration has recently claimed [7] to
exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. Uncertainties affecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties affecting these searches are examined in [18].

In conclusion, presently available CoGeNT data favor
the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown, the
spectral and temporal information are prima facie con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].
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account the more detailed information of the individual
event multiplicities in order to clarify the contributions of
the two types of neutron sources to the total background.
We will, however, see that the result is compatible with
the simple estimates of the limiting cases given here.

An independent aspect of the neutron background con-
cerns the corresponding recoil energy spectrum. Within
our narrow accepted energy range, the energy spectra
induced by the two types of neutron events are found
to be very similar, according to the calibration data
discussed above. The spectrum can be parametrized by
a simple exponential dNn/dE ⌅ exp (�E/Edec). We
determine the parameter Edec from a fit to the spec-
trum obtained in the AmBe neutron calibration run. In
the energy range between 12 keV to 40 keV we obtain
Edec = (23.54± 0.92) keV.

This similarity in the spectra induced by neutrons from
the two quite di�erent sources (in agreement with Monte
Carlo results [5]) indicates how the Pb/Cu shielding sur-
rounding the detectors will moderate an incoming neu-
tron flux regardless of its origin. The primary spectrum of
the neutrons is washed out by inelastic scatterings in the
shielding. This finding supports our use of the results of
the neutron calibration to estimate the e�ects of a gen-
eral neutron background. The only exception to this ar-
gument might be a neutron-producing contamination in
close vicinity of the detectors. In this case, we would ex-
pect a recoil spectrum reaching to much higher energies
and fewer singles for a given number of coincidences. In
this case, the application of our above calibration results
would lead to a conservative neutron background estimate.

4.4 Lead Recoil Background

To illustrate the lead recoil background from 210Po decay,
Fig. 8 displays the data set of a di�erent detector mod-
ule as in Fig. 6. Compared to Fig. 6, a more prominent
population of 206Pb recoils below the tungsten band is
visible, with a rather long tail extending down to the ac-
ceptance region. Since the lead band and the acceptance
region overlap considerably, a leakage of some 206Pb events
into the acceptance region cannot be excluded.

For an estimate of this background, we follow a sim-
ilar strategy as for the �-background. We define a refer-
ence region for each detector module which contains pre-
dominantly 206Pb recoils, and model the spectral energy
density dNPb/dE in this region. This model is then ex-
trapolated into the energy range of the acceptance region.

As a reference region, we choose the lead recoil band
at energies above the acceptance region, where a possible
WIMP signal cannot contribute. In some detector modules
with wider bands, the lead band still overlaps with the
oxygen band around the lower edge of this energy range.
In this case, we additionally restrict the reference region
to the lower part of the lead band without overlap with
the oxygen band in order to be independent of possible
neutron-induced events on oxygen. The event distribution
of the Pb recoils peaks at the full lead recoil energy of
103 keV and the upper boundary of the reference region

Fig. 8. (Color online) The data of detector module Ch51,
shown in the light yield vs. recoil energy plane. Again, the
shaded areas indicate the bands, where alpha (yellow), oxygen
(violet), and tungsten (gray) recoil events are expected. Ad-
ditionally highlighted are the acceptance region (orange), the
region where lead recoils with energies between 40 and 90 keV
are expected (green), and the events observed in these regions.
The highlighted lead recoil region (green) serves as a reference
region for estimating the 206Pb recoil background.

module nPb
ref

Ch05 17

Ch20 6

Ch29 14

Ch33 6

Ch43 12

Ch45 15

Ch47 7

Ch51 12

total 89

Table 3. Observed counts nPb
ref in the lead reference regions of

the detector modules.

is set at 90 keV so that it covers the low energy tail. An
example of the resulting reference region is highlighted
in green in Fig. 8. Table 3 summarizes the counts nPb

ref
observed in the reference region of each detector module.

Fig. 9 presents the energy spectrum of the events found
in the 206Pb reference regions of all detector modules, but
includes also lead recoils with higher energies to illustrate
the peak at the full nominal recoil energy of 103 keV. In
the energy range of the reference region (below 90 keV),
the tail of the distribution can be modeled by an expo-
nential decay on top of a constant contribution:

dNPb

dE
(E) = APb ·

⇤
CPb + exp

�
E � 90 keV

EPb
decay

⇥⌅
. (1)

For a first rough estimate of the recoil background,
we simply fit such a function to the spectrum of Fig. 9.
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composite target like CaWO4, the total scattering rate is dominated by recoils of tungsten. However,
in a real experiment with a finite energy threshold other nuclei can be relevant, as tungsten recoils
may not be energetic enough to be detected. Fig. 1 shows the contribution of the three types of nuclei
in CaWO4 to a recoil spectrum measured in the energy interval from 10 to 40 keV. WIMPs with a
mass below 10 GeV would not be able to produce visible tungsten recoils above threshold, most of the
observable recoils would be on oxygen and some on Ca. For a small range of WIMP masses above 10
GeV, Ca is most important while for WIMP masses above 20 GeV tungsten recoils dominate.

Figure 1: Relative contribution of the three types of recoil nuclei in CaWO4 as a function of the WIMP
mass. The calculation assumes that recoils above 10 keV can be measured.

2 Detection Principle and Setup

The low-temperature calorimeters consist of a target crystal with a superconducting phase transition
thermometer on its surface. The thermometer is made of a tungsten film evaporated onto the target
crystal. Its temperature is stabilized within the transition from the superconducting to the normal
conducting state, which occurs at temperatures of about 10mK. A typical width of the transition is
about 1mK. A small temperature rise, e.g. from a WIMP–nucleus scattering event, of typically some
µK, leads to an increase of resistance of some µ�, which is measured with a SQUID (Superconducting
Quantum Interference Device). A weak thermal coupling of the thermometer to the heat bath restores
the equilibrium temperature again after an interaction. In CRESST-II, 300 g scintillating CaWO4

crystals are used as target. In these crystals a particle interaction creates mostly phonons which are
detected by the phase transition thermometer. In addition, a small fraction of 1 to 2% of the deposited
energy is transformed into scintillation light and detected in a separate cryogenic detector, optimized for
light detection. The thermal signal measures the energy deposited in the scintillating target crystal with
high accuracy, while the amplitude of the corresponding light signal depends on the type of interaction.
Nuclear recoils from WIMP or neutron scattering events emit substantially less scintillation light than
fully ionizing interactions, e.g. ⇥ or � interactions. As the overwhelming part of the background consists
of � and ⇥ interactions, this phonon/light technique provides a very e⇥ective method of background
suppression.

For a particular class of background events, it is desirable that all the inside of the detector housing
is scintillating. These are events from surface alpha decays. The main source of such backgrounds is the

2
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FIG. 6: A comparison of the parameter space favored by
the CoGeNT spectrum with that favored by the modulation
spectrum reported by DAMA/LIBRA [7]. Good agreement is
found, but somewhat large quenching factors for low energy
nuclear recoils on sodium are required (QNa ⇥ 0.40�0.45) [7].

A. Comparison With Results From DAMA/LIBRA

The only direct detection experiment other than Co-
GeNT to report the observation of an annual modula-
tion is DAMA/LIBRA [6]. The statistical significance
of DAMA’s modulation is very high (8.9�), and demon-
strates a phase which is compatible with that measured
by CoGeNT (peaking at May 16±7 days between 2 and 4
keV and May 26±7 days between 2 and 6 keV, compared
to April 18±16 days for CoGeNT). The combination of
CoGeNT and DAMA/LIBRA data favor a modulation
that peaks in early May, which is consistent with expec-
tations from dark matter simulations [12].

In Fig. 6, we compare the regions of the dark mat-
ter parameter space favored by the CoGeNT spectrum
to those favored by the modulation spectrum reported
by DAMA/LIBRA (the DAMA region has been taken
from Ref. [7], and we have used the velocity distribution
parameters from that study for comparison). The agree-
ment is clearly very good, but requires the quenching fac-
tors for low energy nuclear recoils on sodium to be some-
what larger than are often assumed (QNa ⌅ 0.40 � 0.45
rather than QNa ⌅ 0.3, see also Ref. [17]) [7]. We have
not included any e�ects of channeling [16] in these re-
sults. If significant channeling occurs in DAMA’s NaI
crystals, the favored range of masses and cross sections
would be modified.

4 5 6 7 8 9 10 11 12
10�41

10�40

10�39

mDM �GeV⇥
⇤

DM
�
N
�cm2 ⇥

v0 ⇥ 220 km⇤s
vesc ⇥ 544 km⇤s

CDMS

XENON100

FIG. 7: Constraints on light dark matter particles as pre-
sented by the CDMS (dot-dash) [25] and XENON100 (dot-
ted) [18] collaboration. For a discussion of these con-
straints and their implications for CoGeNT, see the text and
Refs. [21, 22, 27].

B. Constraints From CDMS and XENON

The CDMS and XENON100 collaborations have each
presented results which they interpret to exclude or
strongly constrain dark matter interpretations of the Co-
GeNT signal (see Fig. 7). Here, we will briefly review
these results and discuss means by which they could po-
tentially be reconciled with CoGeNT.

In April of 2011, the XENON100 collaboration pre-
sented the result of their first 100 live days of data [18],
and conclude that (for a velocity distribution given by
v0 = 220 km/s, vesc = 544+64

�46 km/s) a dark matter
particle with a mass of 7 GeV is required to possess a
nucleon-level cross section less than ⌅3⇥10�41 cm2. The
constraint falls o� quickly with the mass of the dark mat-
ter, however; for a 6 GeV mass, for example, the quoted
constraint is weaker by a factor of five, to ⌅1.5 ⇥ 10�40

cm2 (see Fig. 7). At face value, this result appears to
exclude the region of parameter space consistent with
the spectrum reported by CoGeNT. There are a num-
ber of ways, however, in which this constraint could be
significantly weaker than it appears. Firstly, any uncer-
tainties in the scintillation e⌅ciency of liquid xenon, Le� ,
and/or in the quenching factor of germanium, could im-
pact the corresponding constraints for dark matter parti-
cles with mass in the range of interest. The XENON100
constraints have been derived using measurements of Le�

as described in Refs. [19, 20], which have been criticized
in Refs. [21, 22]. Even modest changes to these values
at the lowest measured energies (⌅3-4 keV) can lead to
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Figure 7: Upper left: Standard fit. DAMA and CoGeNT do not overlap, and are excluded

by many experiments. In the other plots we vary the DM velocity distribution, finding minor

changes. On the top right: we use the smooth distribution of Eq. (2.8) with k = 3. Bottom

left A higher v0 = 270 km/s and lower vesc = 500 km/s are assumed. Bottom right: A higher

vesc = 600 km/s is taken. In all plots fp/fn = 1 and qNa = 0.3. See Section 4.1 for the color

coding.

4.2 Standard fit

In Fig. 7a we show the “standard” fit, in terms of elastic spin-independent DM, using the cross-

section in Eq. (2.2), and assuming no form factor, FDM = 1 and fn = fp = 1. We see that (i)

DAMA and CoGeNT do not overlap and (ii) they are excluded or strongly disfavored by many

experiments. As a result the global best fit (green dot) has a very high �2, and corresponds to

roughly no e�ect in DAMA.
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FIG. 3: Allowed regions (90% and 99% CL) and limits (90% CL) in the DM mass–cross section plane

for elastic spin-independent scattering. We use data from CoGeNT [1] (modulated and unmodulated),

DAMA/LIBRA [3] modulation, CDMS low-threshold Ge [4], CDMS Si [46], and XENON100 [6]. For

DAMA/LIBRA we show the allowed regions for two illustrative assumptions on the quenching factor of

sodium, for XENON100 we show the limit for two assumptions on the light-yield factor Le� .

data [3], which show annual modulation at significance of about 8.9�. We fit the lowest 12
bins in energy for the modulated event rate in DAMA, and use the unmodulated spectrum
as an upper bound on the predicted rate, see [11, 34] for details. In the following we assume
that ion-channeling does not occur, following the results of [40]. This leaves scattering on the
Na atoms as possible explanation of the DAMA signal [41, 42]. Hence the quenching factor
of sodium, qNa, is an important input into the analysis. In our fit we take into account the
uncertainty of qNa and marginalize the ⇥2 with respect to this parameters. In fig. 3 we show
the DAMA allowed region for the two assumptions qNa = 0.3 ± 0.03 (the “default” value
used in many analyses) and qNa = 0.5± 0.1. We have arbitrarily adopted such a high value,
following the suggestion of [43] to reconcile CoGeNT and DAMA regions. We stress, however,
that a recent measurement in [44] obtains a value of qNa = 0.25±0.06 at Enr = 10 keV, which
taken at face value strongly disfavors large quenching factors. In particular, the example of
qNa = 0.5±0.1 used in fig. 3 is in clear conflict with the measurement from [44] and we adopt
it only for illustrative purpose. Most of the older measurements compiled in Tab. 10 of [45]
also seem to indicate a value qNa ⇥ 0.3. The DAMA allowed region is clearly separated from
the region which can explain the CoGeNT unmodulated event excess, while there is some
overlap of the region indicated by the CoGeNT modulation data. This holds even for the
extreme assumption on the sodium quenching factor.2

2 Let us mention that our results di�er here from the ones of Ref. [8] where a better agreement between

CoGeNT and DAMA is obtained. The region from the CoGeNT unmodulated event rate in [8] is obtained

at somewhat larger cross sections, whereas the DAMA region is found at cross sections of about a factor

8
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Figure 8. 2D credible regions for the individual experimental bounds and regions
assuming the SMH, combined in a single plot. For DAMA (shaded) and CoGeNT
(cyan) we show the 90% and 99% contours. The black solid line represents the 90S%
bound for CDMSSi, and the pink dot-dash curve for Xenon100. For CDMSGe we show
both the 90S% and 99S% contours in blue dashed lines, while the red dotted line is
the 90% contour for CDMSGe(LE) corresponding to ��2

e� = 4.6.

the other hand, the 90S% region (black dashed line, corresponding to �⇥2
e� � 4.2 or

S � 3.3) is independent of the mDM and �SI
n prior boundaries, and agrees well with the

exclusion limit constructed by the CDMS collaboration [17].

SMH state of the art We summarise our results for fixed astrophysics in figure 8, in

which we show all experimental constraints in one plot. For DAMA and CoGeNT we

indicate the 90% and 99% credible regions, while for the exclusion limits of the other

three experiments we show the invariant 90S% contours (also 99S% for CDMSGe).

We find that the parameter region favoured by DAMA is incompatible with the

90S% credible regions of Xenon100 and CDMSSi, and partially allowed by the 99S%

region of CDMSGe. In contrast, the CoGeNT preferred region is only marginally

incompatible with these exclusion limits. Of particular interest is the compatibility

between CoGeNT and Xenon100. While the Xenon100 collaboration claims that their

exclusion limit has ruled out the CoGeNT preferred region [19], we find that when

uncertainties in the scintillation e⇤ciency Le�(E) at low recoil energies are accounted

for, the CoGeNT and the Xenon100 data can find some common ground.
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rate
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CoGeNT

CDMS

5

FIG. 1: ξσ
(nucleon)
scalar as a function of the mass mχ of a generic DM particle which interacts with nuclei by an elastic coherent

scattering. The halo DF is taken to be given by the isothermal sphere ((A0) in the notations of Subsect.IIA and Ref.[14]). The
parameters are: i) in the left panel, v0 = 170 km sec−1, ρ0 = 0.18 GeV cm−3 ii) in the right panel, v0 = 270 km sec−1, ρ0 = 0.45
GeV cm−3 (see text for further details). The three (colored) hatched regions denote the DAMA annual modulation regions,
under the hypothesis that the effect is due to a WIMP with a coherent interaction with nuclei and in 3 different instances:
i) without including the channeling effect ((green) vertically–hatched region), ii) by including the channeling effect according
to Ref.[38] ((blue) horizontally–hatched region), and iii) without the channeling effect but using the energy–dependent Na
and I quenching factors as established by the procedure given in Ref. [44] ((red) cross–hatched region). They represent the
domain where the likelihood–function values differ more than 7.5 σ from the null hypothesis (absence of modulation). The
(non–hatched) region denoted by a (black) solid contour is the allowed region by the CoGeNT experiment when considering
the modulation result given in Ref. [4] and the assumptions given in the text for the quenching factor and the form factor.
This region is meant to include configurations whose likelihood–function values differ more than 1.64 σ from the null hypothesis
(absence of modulation). This corresponds roughly to 90% CL far from zero signal. In fact due to the presently more modest
C.L. (about 2.9 σ) of this result with respect to the 9 σ C.L. of the DAMA/NaI and DAMA/LIBRA evidence for Dark Matter
particles in the galactic halo, no region is found if the stringent 7.5 σ from absence of modulation is required as for DAMA. It
is worth noting that, depending on other possible uncertainties not included here, the channeled (blue) region could span the
domain between the present channeled region and the unchanneled one.

the CoGeNT regions have been obtained by fitting the
measured modulation amplitudes with the WIMP expec-
tation (Sm) and using the 0.45–3.15 keV energy region (R
in the following) of the energy spectrum as a constraint.
The χ2 function is:

χ2 =
∑

k=1,2

(Sm,k −Ak)2

σ2
A,k

+
∑

R

(S0,k − rk)2

σ2
k

Θ(S0,k− rk) ,

(1)
where Ak and σA,k are the modulation amplitudes and
their errors in the two considered energy bins; rk and
σk are the rates and their errors in the k energy bin.
The Θ Heaviside function occurs in the second term
to account for the constraint of the rate in those en-
ergy bins (R). In particular, we derived from Ref.
[4] the following modulation amplitudes: A(0.5 − 0.9)
keV = (0.91 ± 0.61) cpd/kg/keV; A(0.5 − 3.0) keV =

(0.45 ± 0.18) cpd/kg/keV. Thus, we consider in eq. 1
Ak=1 = A(0.5−0.9) keV and we infer Ak=2 = A(0.9−3.0)
keV = (0.36± 0.18) cpd/kg/keV. The values of the mod-
ulation amplitudes have been obtained here under the
assumption that the period and the phase of the mod-
ulation are fixed at their nomimal values of 1 year and
June 2nd. If one allows the phase and the period to be
free parameters, the ensuing modulation amplitudes oc-
cur to be larger, but still compatible within the quoted
errors.
The (non-hatched) regions denoted by (black) solid

contours in Figs. 1, 2 and 3 denote the allowed regions
by the CoGeNT experiment; such regions contain con-
figurations whose likelihood–function values differ more
than 1.64 σ from the null hypothesis (absence of mod-
ulation). This corresponds roughly to 90% CL far from
zero signal. In fact due to the presently more modest

Comments:
- the ballparks agree,
   but the individual
   regions differ
   [do not ask me why]

- DAMA and CoGeNT
  overlap or not???
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Figure 9. Same as figure 8, but with variable astrophysics, assuming the Cored
isothermal (top left), NFW (top right), Einasto (bottom left), and Burkert (bottom
right) profiles.

Figure 10. 3D marginal posterior pdf for DAMA and CoGeNT for {mDM,⇥SI
n } and

the circular velocity v0 (left), the escape velocity vesc (centre), and the local DM density
�� (right), assuming the NFW profile. The third parameter direction is represented
by the colour code.
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Figure 7: Upper left: Standard fit. DAMA and CoGeNT do not overlap, and are excluded

by many experiments. In the other plots we vary the DM velocity distribution, finding minor

changes. On the top right: we use the smooth distribution of Eq. (2.8) with k = 3. Bottom

left A higher v0 = 270 km/s and lower vesc = 500 km/s are assumed. Bottom right: A higher

vesc = 600 km/s is taken. In all plots fp/fn = 1 and qNa = 0.3. See Section 4.1 for the color

coding.

4.2 Standard fit

In Fig. 7a we show the “standard” fit, in terms of elastic spin-independent DM, using the cross-

section in Eq. (2.2), and assuming no form factor, FDM = 1 and fn = fp = 1. We see that (i)

DAMA and CoGeNT do not overlap and (ii) they are excluded or strongly disfavored by many

experiments. As a result the global best fit (green dot) has a very high �2, and corresponds to

roughly no e�ect in DAMA.
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FIG. 2: As in Fig. 1 except that here the halo DF is taken to be given by the Jaffe distribution [33] ((A4) in the notations of
Subsect.IIA and Ref.[14]). The parameters are: i) in the left panel, v0 = 170 km sec−1, ρ0 = 0.26 GeV cm−3 ii) in the right
panel, v0 = 270 km sec−1, ρ0 = 0.66 GeV cm−3

FIG. 3: As in Fig. 1 except that here the halo DF is taken to be given by a triaxial distribution [34] ((D2) in the notations of
Subsect.IIA and Ref.[14]). The parameters are: i) in the left panel, v0 = 170 km sec−1, ρ0 = 0.50 GeV cm−3 ii) in the right
panel, v0 = 270 km sec−1, ρ0 = 1.27 GeV cm−3

C.L. (about 2.9 σ) of the CoGeNT result with respect to
the 9 σ C.L. of the DAMA/NaI and DAMA/LIBRA evi-
dence for DM particles in the galactic halo, obviously no
region is found if the stringent 7.5 σ from absence of mod-
ulation is required as for the DAMA cases; thus, it will
be very interesting to see future CoGeNT data releases

with increased significance. Anyhow, all the examples
given here, as well as the proper inclusion of possible
uncertainties in the assumptions adopted for CoGeNT,
and additional accounting of other uncertainties, offer a
substantial agreement between the two experiments (as
well as with some preliminary possible positive hint by
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Plotolympics 2011: fits performed by different groups
Discipline: Astro Fit: modifying velocity distrib, local density, profile...
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FIG. 2: The 90% (solid) and 99% (dashed) confidence level contours for the spectrum of events observed by CoGeNT, for 9
choices of the velocity distribution parameters (v0 and vesc). Also shown are contours for the predicted fractional modulation
(given as a percentage of the overall rate) over the energy range of 0.5 to 3.0 keVee.

0.5 and 3.0 keVee. If the rate observed by CoGeNT did
not demonstrate an annual modulation at approximately
this magnitude, it would be di⇤cult to interpret their
excess events as a product of elastically scattering dark
matter.

In Fig. 4, we plot the rate of events observed by Co-
GeNT with energies between 0.5 and 3.2 keVee as a func-
tion of time, after subtracting the contribution from L-

shell peaks. Based on our analysis of this data, we find
that the presence of an annual modulation is favored
over a flat event rate at a confidence level correspond-
ing to 2.7� (the CoGeNT collaboration, in their own
analysis, finds a similar significance of 2.8� for events
between 0.5 and 3.0 keVee [3]). In particular, we find
a modulation of 16±5% (including the flat background,
but after the subtraction of L-shell peaks), and with a
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Figure 8: Top left: Standard fit assuming a higher quenching factor for Sodium, qNa = 0.4.

Top right: Global fit assuming isospin-violation, dictated by the fp/fn parameter. The sit-

uation significantly improves, but the best fit (marked with a green dot) remains very poor.

Color coding is described in Section 4.1. Bottom: DM predictions for the best fit point, al-

lowing a floating fp/fn. The signal is plotted against the DAMA and CoGeNT modulated and

unmodulated data.

4.3 Astrophysical uncertainties

We explore the sensitivity to modifications in the velocity distributions (under the assumption

of isotropy) by first considering the smoothed cuts discussed in section 2.1, as controlled by

the parameter k: bigger k implies a smoother distribution while the sharply cut, Maxwell

Boltzmann distribution is obtained in the k � 0 limit. These velocity distributions are shown

in Fig. 1a. As can be seen in Fig. 7b the fits to the experimental data assuming a DM velocity

distribution with a smooth k = 3 cut are quite similar to the ones for k � 0 (Fig. 7a). In

view of the very minor di�erence from now on we stick to sharp cuts and we do not show the

intermediate case k = 1.

The improvement in changing v0 is also small. The slope of DAMA (CoGeNT) spectrum

fixes the value of µ2v20/mN , hence for low-mass WIMPs raising v0 favors smaller DM masses.

The e�ects are shown in Fig. 7c. Similarly, changing the maximal DM velocity vesc does not
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FIG. 5: Left: A2
e�/A

2 defined in eq. (9), as a function of the ratio of DM coupling to neutron and proton for

various elements. Right: regions (90% and 99% CL) and limits (90% CL) in the DM mass–cross section plane

for elastic spin-independent scattering with fn/fp = �0.7. The cross section on the vertical axis corresponds

to �̄ defined in eq. 8. We use data from CoGeNT [1] (unmodulated spectrum), DAMA/LIBRA [3], CDMS

Ge low-threshold [4] and Si [46], XENON100 [6], and SIMPLE [56].

4.2. Generalized isospin dependence

Motivated by the observation that Higgs-mediated SI scattering leads to roughly equal
couplings of DM to neutron and proton (due to the dominance of the strange quark con-
tribution), conventionally fn ⇥ fp is assumed, which leads to an A2 factor for the SI cross
section. This assumption needs not to be fulfilled in general. As pointed out recently in
[24, 54] there might be negative interference between scattering o� neutrons and protons,
which would lead to a vanishing cross section for fn/fp = �Z/(A� Z) (for a realization of
such isospin violating DM in a technicolor model see [55]). If a given element consists only
of one isotope the cancellation can be complete, whereas if di�erent isotopes are present
only the contribution of one particular isotope can be cancelled exactly.

Assuming natural isotopic abundances we show in the left panel of fig. 5 the suppression
factor compared to the case fn = fp, where the e�ective atomic number in case of general
couplings, A2

e� , is defined in eq. (9). We zoom into the region around the neutron/proton
cancellation fn/fp ⇥ �1. One observes that due to the di�erent neutron/proton ratios
in the various elements, the cancellations occur at di�erent values of fn/fp for di�erent
elements, which might allow better compatibility of some experiments. In particular, there
is a minimum of the cross section for xenon at fn/fp ⇥ �0.7, which can be used to weaken
the limit from XENON100 compared to CoGeNT (Ge) by more than one order of magnitude
in the cross section [7, 24, 54].

Fig. 5 (right) shows the DAMA and CoGeNT allowed regions compared to limits from
various other experiments for fn/fp = �0.7, chosen in order to weaken the XENON100
constraint. Due to the enhancement of Na compared to Ge (see left panel) the DAMA region
appears at lower cross sections and overlaps with the CoGeNT region at 99% CL, and indeed
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Plotolympics 2011: fits performed by different groups
Discipline: Isospin Fit: assuming different coupling to p and n...
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FIG. 1: Best-fit parameter regions for DAMA and CoGeNT (coloured regions) as well as exclusion limits from XENON10,
XENON100, CDMS II and the unmodulated CoGeNT signal. In the upper panels, � = 0 keV and fn/fp = 1 (left) and
fn/fp = �0.7 (right). The lower panels have � = 15 keV and fn/fp = �0.7 (left and right). In the lower right panel we have
taken the sodium quenching factor to be QNa = 0.43. In the other panels we take the standard value QNa = 0.3. Notice the
upper left panel uses a di�erent scale for �n. It is clear that employing the IVDM and iDM mechanisms significantly weakens
the constraints from null searches, and allows for a small region of agreement when the sodium quenching factor is varied within
a reasonable range.

values close to those required for an explanation of the
DAMA and CoGeNT observations. An approved analysis
of the data taken by CRESST could have a significant
impact on the preferred region in our scenario.

The CRESST experiment also o�ers the potential to
test the inelastic nature of the DM because of the pres-

ence of both tungsten and oxygen in the detector. For
an elastic DM explanation of the oxygen band events a
signal in the tungsten band is implied. This signal lies
at lower energies, ER � 4 keV, and is usually small.
However, for inelastic scattering the picture changes, as
scattering rates for tungsten are enhanced in comparison
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Figure 12: Fit with inelastic dark matter and free fp/fn and DM splitting, �. Left: An example

of endothermic DM (� > 0), which does not improve the global fit. Right: exothermic DM (� <

0) improves the global fit. Color coding is described in Section 4.1. Bottom: DM predictions

at such best fit, plotted against the DAMA and CoGeNT modulated and unmodulated data.

4.8 Inelastic light Dark Matter scattering

It is possible that DM scatters inelastically with the nucleus. For inelastic scattering to take

place, two semi-degenerate DM states are assumed, with mass splitting � = M �
DM �MDM. Up-

scattering of the lighter DM state requires it to have enough energy, thereby suppressing the

rate for small values of the recoil energy. Since up-scattered iDM kinematically favors heavy

targets, it was originally able to ameliorate the tension between the DAMA modulation and

the null CDMS result [9], requiring MDM ⇥ 100 GeV and � ⇥ 100 keV.

This original iDM scenario seems now excluded by the recent Xenon100 results [55, 56].

Here we study a di�erent iDM regime with significantly smaller splitting and lighter DM (for

previous study see [14]). In this window the tension with the null experiments is ameliorated

mostly due to the small DM mass, while the DM scattering rate is falling above a few keV,

much like in the elastic case. The e�ect of �, is to modify the minimal velocity needed for

scattering to occur, in accord with Eq. (2.4).

For the masses and recoil energies of interest, the splitting � is required to be smaller than
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FIG. 1: Best-fit parameter regions for DAMA and CoGeNT (coloured regions) as well as exclusion limits from XENON10,
XENON100, CDMS II and the unmodulated CoGeNT signal. In the upper panels, � = 0 keV and fn/fp = 1 (left) and
fn/fp = �0.7 (right). The lower panels have � = 15 keV and fn/fp = �0.7 (left and right). In the lower right panel we have
taken the sodium quenching factor to be QNa = 0.43. In the other panels we take the standard value QNa = 0.3. Notice the
upper left panel uses a di�erent scale for �n. It is clear that employing the IVDM and iDM mechanisms significantly weakens
the constraints from null searches, and allows for a small region of agreement when the sodium quenching factor is varied within
a reasonable range.

values close to those required for an explanation of the
DAMA and CoGeNT observations. An approved analysis
of the data taken by CRESST could have a significant
impact on the preferred region in our scenario.

The CRESST experiment also o�ers the potential to
test the inelastic nature of the DM because of the pres-

ence of both tungsten and oxygen in the detector. For
an elastic DM explanation of the oxygen band events a
signal in the tungsten band is implied. This signal lies
at lower energies, ER � 4 keV, and is usually small.
However, for inelastic scattering the picture changes, as
scattering rates for tungsten are enhanced in comparison
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Plotolympics 2011: fits performed by different groups
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FIG. 6: Allowed regions and limits at 90% CL in the DM mass–cross section plane for inelastic spin-

independent scattering with fn/fp = �0.7 and DM mass splittings � = 15 keV (left) and � = 25 keV (right).

The cross section on the vertical axis corresponds to ⇥̄ defined in eq. 8. We use data from CoGeNT [1]

(modulation and limit from the unmodulated spectrum), DAMA/LIBRA [3], CDMS Ge low-threshold [4]

and Si [46], XENON100 [6], and SIMPLE [56]. The best fit point of the CoGeNT modulation data is marked

with a triangle.

consistency with XENON100 is obtained, especially if the uncertainty on Le� is taken into
account. Obviously, the CDMS low-threshold constraint from Ge cannot be circumvented
due to the same material as in CoGeNT. Moreover, scattering on Si is enhanced compared
to Ge (see left panel), which makes the conflict with the CDMS Si data more severe. In
addition we show in this plot also a limit from the SIMPLE experiment [56]. This experiment
uses a C2ClF5 target and upper limits of 0.289 and 0.343 events/kg/day at 90% CL have
been reported from 13.47 and 6.71 kg day exposures, respectively, with a threshold of 8 keV.
The limits from SIMPLE are less stringent in the cases discussed so-far, but as visible from
the left panel of fig. 5 the scattering on both Cl and F is enhanced compared to Ge for
fn/fp = �0.7, and in this case SIMPLE excludes the CoGeNT/DAMA region.

We conclude that invoking a cancellation between neutrons and protons can lead to
a consistent description of DAMA and CoGeNT (unmodulated excess), and weaken the
XENON100 limit su⇤ciently. However, the corresponding parameter region is excluded by
CDMS Ge, Si and SIMPLE data. While we have shown results explicitly only for the choice
fn/fp = �0.7 which minimizes the cross section for xenon, it is clear from fig. 5 (left) that
also other choices for fn/fp cannot improve the global situation.

4.3. Combining inelasticity and general isospin couplings

It has been suggested in [7] to use inelastic scattering as well as fn/fp = �0.7 in order to
reconcile the CoGeNT modulation with DAMA and other constraints. We reconsider this
idea in fig. 6, showing regions and limits for DM mass splittings of � = 15 and 25 keV. As
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Plotolympics 2011: fits performed by different groups
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FIG. 1: Constraints on elastic, spin-independent, isospin-conserving DM–nucleon scattering. We show the

parameter regions preferred by the CRESST-II and DAMA signals (for CoGeNT see fig. 2), together with

constraints from KIMS, CDMS (high threshold and low threshold analyses), XENON-100 and the CRESST

commissioning run.

recent CRESST analysis and the commissioning run data are based on di⇥erent acceptance
cuts, and a direct comparison might be subject to systematic uncertainties.

In order to quantify agreement or disagreement between data sets, we use the parameter
goodness of fit (PG) test [71]. This test is based on the ⇥2 function

⇥2
PG = �⇥2

1 +�⇥2
2 with �⇥2

i = ⇥2
i (global bf)� ⇥2

i,min , (5)

where the index i = 1, 2 labels the data sets whose compatibility is to be tested, and
�⇥2

i is the di⇥erence between the ⇥2 of the i-th data set at the global best fit point (i.e.,
at the minimum of ⇥2

1 + ⇥2
2) and the minimum ⇥2 from a fit to the i-th data set alone.

⇥2
PG measures the “price” one has to pay for combining the data sets, compared to fitting

them independently. ⇥2
PG follows a ⇥2 distribution with a number of degrees of freedom

corresponding to the number of parameters to which both data sets are sensitive (see [71]
for a precise definition). As shown in Table I, the PG test finds consistency between the
full CRESST-II data set and the data from the commissioning run at the level of 10%. The
combined best fit point is obtained at m� = 12.9 GeV and �p = 2.0⇥ 10�41 cm2.

For comparison we show in fig. 1 also constraints imposed on the eSI DM mass and cross
section by various null searches, confirming that an interpretation of CRESST data in terms
of elastically scattering spin-independent and isospin-conserving dark matter is ruled out by
XENON-100 [10], CDMS [8], and the CDMS low threshold analysis [9]. As we can see from
Table I, the PG test gives a probability for consistency between CRESST versus CDMS and
XENON of less than 10�5.

Below,we discuss modified particle physics models with the aim of bringing CRESST
results into agreement with those bounds. Before we do that, however, let us briefly address
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FIG. 1: All published data on Le�: The black datapoints
– used for the global fit in the XENON100 paper [1] – are
all published direct measurements of Le�. The red data
(Sorensen (XENON10) [5] and Lebedenko (ZEPLINIII) [6])
are from comparisons of data with Monte Carlo simulations.
They were not used on the global fit because of their possibly
larger systematic uncertainties. The three blue solid contours
are the result from a global fit to all direct measurements
(black) in the region from 5 – 100 keVr. The thinner contours
above and below are the ±90% confidence level contours. The
dashed lines below 5 keVr are the extrapolations as explained
in the text. For the first XENON100 data analysis, only the
best fit and the lower 90% CL contour are used.

extrapolation below 5 keVr as explained above. The thin-
ner contours above and below are the ±90% confidence
level contours from this fit. To be very conservative, the
lower contour is logarithmically extrapolated to energies
below 5 keVr, with Le� = 0 around 1 keVr. The slope
of the extrapolation is far from “arbitrary” but fixed by
a fit to the low energy part of the Yale points [7] and
matched to the lower 90% confidence contour at 5 keVr.

The logarithmic extrapolation is very conservative
since a linear extrapolation describes the low energy part
of the data points from ref. [7] equally well, and would re-
sult in a much higher Le� and hence stronger constraints
on low-mass WIMPs. From the three contours in Fig. 1,
only the central (“global fit”) and the lower one (“lower
90% CL contour”) are used in the XENON100 analysis,
as clearly stated in [1].

3. No satisfactory theory describing the behaviour of
Le� in liquid xenon exists so far. The authors state that
a kinematic cuto� to the production of scintillation is
expected whenever the minimum excitation energy Eg of
the system exceeds the maximum possible energy transfer
to an electron by a slow-moving recoil ion, Emax. They
refer to papers by Ahlen&Tarle [9] and Ficenec, Ahlen,
Tarle et al. [10]. These papers deal with protons in or-
ganic scintillators. Their arguments do not necessarily
apply to Xe-Xe collisions. It is known in fact that Lind-
hard theory [11, 12] is not adequate at very low energies,
where mostly the tails of the ion-ion potential are probed

and the Thomas-Fermi treatment becomes a crude ap-
proximation. For Xe-Xe collisions this corresponds to
about 10 keVr. The electron cannot be treated separately
from the Xe atom and the maximum energy transferred
to an electron cannot be given by simple kinematics, as
advocated in [2].
The collision mechanism for heavy ions at very low

energies may be better described by, e.g., the molecu-
lar orbit theory [13], which involves many-body kinemat-
ics. The argument by Collar and McKinsey is based on
two-body kinematics and would not apply for heavy ion
collisions in the energy region concerned here. In fact,
Ficenec et al. [10] state that “No evidence for a response
cuto� is observed at velocities extending well below the
electron-excitation threshold of 6� 10�4c expected from
two-body kinematics” even for protons. Besides, if Emax

for Xe-Xe is 39 keVr, the kinematics argument cannot
explain the scintillation observed below 39 keVr at all.
Apart from the uncertainty in stopping power calcula-
tions which a�ect directly nuclear quenching, other fac-
tors may a�ect Le� through electronic quenching. How-
ever, the current experimental and theoretical situation
is such that there is no proven mechanism which justi-
fies a decreasing Le� with decreasing energy, as strongly
advocated by Collar and McKinsey.
We are fully aware of the impact of Le� on the over-

all sensitivity of noble liquid dark matter experiments
and our answer is simply that we will measure it again,
extending it to the lowest possible energies. We need
accurate data on this quantity and, within the XENON
collaboration, we have already developed two new and in-
dependent set-ups optimized to measure the energy and
field dependence of both electron and nuclear recoils in
liquid xenon.
4. Finally, Collar and McKinsey doubt that we have

properly taken into account the e�ects of the low number
of photoelectrons at our threshold. (Note that this e�ect
had not been accounted for in the preliminary plots pre-
sented in their reference [17].) We agree that this has a
crucial impact on the XENON100 sensitivity to low mass
WIMPs, however, it is a fact that an imperfect thresh-
old due to a finite energy resolution leads to a mixing of
events below threshold into the sample and vice versa.
Since the expected WIMP spectrum is a steeply falling
exponential (see Fig. 2), many more sub-threshold events
fall in the energy region above threshold than vice versa.
Due to the low number of detected photoelectrons at

the XENON100 threshold, the energy resolution is com-
pletely dominated by counting statistics, therefore the
expected true di�erential rate is convoluted with a Pois-
son function to account for this behavior. We also point
out that the XENON100 e⇤ciency is still very high down
to 3 PE.
Figure 2 shows the e�ect of Poisson broadening of our

threshold for a DAMA benchmark case: There is a small
amount of rate from a 10 GeV/c2 WIMP with a cross
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