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Rotation Curves of  Galaxies

• Observed rotation curves 
exhibit flat behavior at large 
distances 

• First observed for Coma 
cluster (more or less 
spherical) in 1933 by Zwicky 
using Virial Theorem.

• Suggested dark matter with 
universal halo density profile.

292 G. Bertone et al. / Physics Reports 405 (2005) 279–390

Fig. 2. Rotation curve of NGC 6503. The dotted, dashed and dash–dotted lines are the contributions of gas, disk and dark matter,

respectively. From Ref. [50].

In Newtonian dynamics the circular velocity is expected to be

v(r) =
√

GM(r)

r
, (37)

where, as usual, M(r) ≡ 4!
∫

"(r)r2 dr , and "(r) is the mass density profile, and should be falling
∝ 1/

√
r beyond the optical disc. The fact that v(r) is approximately constant implies the existence of an

halo withM(r) ∝ r and " ∝ 1/r2.
Among the most interesting objects, from the point of view of the observation of rotation curves, are the

so-called low surface brightness (LSB) galaxies, which are probably everywhere dark matter dominated,

with the observed stellar populations making only a small contribution to rotation curves. Such a property

is extremely important because it allows one to avoid the difficulties associated with the deprojection and

disentanglement of the dark and visible contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large distances, it is unclear

whether galaxies present cuspy or shallow profiles in their innermost regions, which is an issue of crucial

importance for the effects we will be discussing in the following chapters.

Using high-resolution data of 13LSBgalaxies, deBlok et al. [179] recently showed, that the distribution

of inner slopes, i.e. the power-law indices of the density profile in the innermost part of the galaxies,

suggests the presence of shallow, or even flat, cores (see Fig. 3). Furthermore, the highest values of the

power-law index are obtained in correspondence to galaxies with the poorest resolution, as can be seen

from the right panel of the same figure.

Following Salucci and Borriello [439], rotation curves of both low and high surface luminosity galaxies

appear to suggest a universal density profile, which can be expressed as the sum of an exponential

thin stellar disk, and a spherical dark matter halo with a flat core of radius r0 and density "0 = 4.5 ×
10−2(r0/kpc)−2/3M&pc−3 (here,M& denotes a solar mass, 2×1030 kg). In a similar way the analysis of
Reed et al. [425] leads to the conclusion that simulated halos have significantly steeper density profiles

than are inferred from observations.

(Kepler)
(Observed)v ∼ Const

Dark Matter?

v ∼ 1/
√

r

At large r, one expects:

Fritz Zwicky (1898-1974)
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Dark Matter Hypothesis

~200 kpc for bright galaxy
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Energy Budget

Standard ΛCDM Model of Cosmology

Ωbh
2 = 0.02260± 0.00053

ΩCDMh2 = 0.1123± 0.0035

ΩΛ = 0.728+0.015
−0.016

t0 = 13.75± 0.11 Gyr
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Figure 5: Evidence for dark energy. Shown are a combination of observations of the cosmic mi-

crowave background (CMB), supernovae (SNe) and baryon acoustic oscillations (BAO)

[12].

Figure 6: The properties of dark energy are close to a cosmological constant, wΛ ≈ −1 [11].

4 Big Bang Puzzles

It is somewhat of a philosophical questions whether initial conditions form part of a physical theory or

should be considered separately. The purpose of physics is to predict the future evolution of a system

given a set of initial conditions; e.g. Newton’s laws of gravity will predict the path of a projectile if

we define its initial position and velocity. It is therefore far from clear whether cosmology should

predict or even just explain the initial conditions of the universe. On the other hand, it would be

very disappointing if only very special and finely-tuned initial conditions would lead to the universe

as we see it, making the observed universe an ‘improbable accident’.

22

ρcr ≡
3H2

0

8πG
, Ωi ≡

ρi
ρcr

Ωmh2 = 0.1334+0.0056
−0.0055

ρcr = 1.9 · 10−29 h2g cm−3

H0 = 100h km sec−1 Mpc−1

h = 0.704± 0.014
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Four Different Approaches

• Cosmology:
CMB (Relic Density, Baryon Acoustic Oscillations (BAO)), 
Large Scale Structure, Big Bang Nucleosynthesis (BBN), 
Strong and Weak Gravitational Lensing, Bullet Cluster,
distant Type Ia supernovae, ...

• Direct Detection (Terrestrial): 
DM scatter off  nuclei in terrestrial detectors - recoil energy 
spectrum

• Indirect Detection (Astrophysical): 
DM annihilation into SM particles (gamma rays, electron/positron, 
antimatter, neutrinos etc) at massive astrophysical objects, in Sun or 
Earth

• Production and detected indirectly as missing energy at LHC
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Relic Density
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Relic Density of  a Particle Species
A particle species in the early Universe has to have a sufficiently fast

interaction rate to maintain its thermal equilibrium.

A particle will decouple when its annihilation rate falls below the Hubble

expansion rate of the Universe.

The abundance of a heavy particle is governed by the Boltzmann eq

dn

dt
+ 3Hn = �σv�

�
n

2
eq − n

2
�

Non-relativistic limit:

neq = g

�
mT

2π

�3/2

e−m/T , m � T

�σv� = a + b�v2� = a + 6
b

x
, x ≡ m

T

a and b are S and P wave contributions

a−3 d(na
3)

dt
=

χ+ χ → SM+ SMSM+ SM → χ+ χ

v ∼ 10−1
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xF ≡
m

TF
= ln

�
c(c + 2)

�
45
8

g

2π3

mMpl(a + 6b/xF )
√

g∗xF

�

ΩXh2 ≈ 1.07× 109GeV−1

MPl

xF√
g∗

1
a + 3b/xF

ΩXh2 ≈ 3×10−27cm3s−1

�σAv�

WIMP miracle

c is a order 1 constant fixed by matching later and early time evolution

≈ 0.1 pb
�σAv�

ΩCDMh2(WMAP) = 0.1123± 0.0035

Put lower limits on �σAv�

Typically xF ≈ 20− 30, and g∗ ≈ 80− 100. Thus

ΩXh2 ≈ 0.1
�xF

20

�� g∗
80

�−1/2
�

a+ 3b/xF

3× 10−26cm3/s

�−1

Freeze-out condition : n�σAv� ≤ ȧ/a ≡ H

≈
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Direct Detection
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Direct Detection

χ+N → χ(∗) +N

XENON100,ZEPLIN-III,...

EDELWEISS-II,CDMS-II,...

CRESST-II,...

DAMA,CoGeNT,TEXONO/CDEX,...

v ∼ 10−3
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Kinematics of  Direct Detection

• A WIMP striking a nucleus will induce a recoil energy

Elab
R =

|�q|2

2Mnucleus
=

µ2
χNv2

Mnucleus
(1− cos θ∗) [Exercise]

For mχ � Mnucleus and v ∼ 300 km/s, we have

ER ∼ Mnucleusv2 ∼ 1 - 100 keV

�q : WIMP’s momentum

µχN = reduced mass = mχMnucleus

mχ+Mnucleus

Tiny!
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and is related to the strange quark scalar density in the nucleon. The largest source of
uncertainty in fp

Tq stems from the determination of this quantity, for which the current
data implies ΣπN = (64 ± 8)MeV [10], which translates into a variation of a factor 4 in
fTs. Notice that in general the WIMP interaction with strange quarks would be the leading
contribution to the SI cross section, due to its larger Yukawa coupling. In this case, σ0 is
roughly proportional to fTs

2 and the above uncertainty in the strange quark content leads
to a variation of more than one order of magnitude in the resulting SI cross section [7; 9]).

Similarly, for the SD cross section the uncertainties in the strange spin contribution ∆s

are the dominant contribution to the error in σ0. However, in the case of the neutralino,
this can imply a correction of as much as a factor 2 in the resulting cross section [9], being
therefore much smaller than the above uncertainty for the SI cross section. It should be
emphasized, however, that uncertainties in the determination of the spin form factors S(q)
would also affect the theoretical predictions for the dark matter detection rate.

3 Astrophysics input

3.1 Local DM density

The differential event rate is directly proportional to the local WIMP density, ρ0 ≡ ρ(r =
R0) where R0 = (8.0 ± 0.5) kpc [11] is the solar radius. Any observational uncertainty in
ρ0 therefore translates directly into in an uncertainty in the event rate and the inferred
constraints on, or measurements of, the scattering cross-sections.

Exclusion limits are traditionally calculated assuming a canonical local WIMP density,
ρ0 = 0.3GeV cm−3. The local WIMP density is calculated by applying observational con-
straints (including measurements of the rotation curve) to models of the Milky Way and
the values obtained can vary by a factor or order 2 depending on the models used [12–15].
A recent study [16], using spherical halo models with a cusp (ρ ∝ r(r)−α as r → 0) finds
ρ0 = (0.30 ± 0.05)GeV cm−3.

3.2 Speed distribution

The standard halo model, conventionally used in calculations of exclusion limits and signals,
has an isotropic, Gaussian velocity distribution (often referred to as Maxwellian)

f(v) =
1√
2πσ

exp

(

−
|v|2

2σ2

)

. (25)

The speed dispersion is related to the local circular speed by σ =
√

3/2vc and vc = (220 ±
20) km s−1 [17] (see Sec.3.3) so that σ ≈ 270 km s−1. This velocity distribution corresponds
to an isotropic singular isothermal sphere with density profile ρ(r) ∝ r−2. The isothermal
sphere is simple, and not unreasonable as a first approximation, however it is unlikely to be an
accurate model of the actual density and velocity distribution of the Milky Way. Observations
and numerical simulations (see chapter 1) indicate that dark matter halos do not have a 1/r2

density profile and are (to some extent at least) triaxial and anisotropic.
If the velocity distribution is isotropic there is a one to one relation between f(v) and the

the spherically symmetric density profile given by Eddington’s formula [18], see Refs. [19; 20].
In general the steady state phase-space distribution of a collection of collisionless particles

6

Particle PhysicsAstrophysics

Recoil Energy Spectrum 
(per unit time per unit recoil energy)

Truncated Boltzmann-
Maxwell’s distribution 

in the galactic rest frame

DM local density

dR

dER
=

ρ0
mNmχ

� vmax

vmin

vf(v)
dσχN

dER
(v, ER) d

3v

vmin =
�
ERMN/2µ2

χN

�1/2
vmax = galactic escape velocity ≈ 650km/s

f (vgal) =
1�√
2πσ

� exp
�
− |vgal|2

2σ2

�

×Θ(vmax − vgal)

(Rotation curves)
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Model Example: MSSM 

376 G. Bertone et al. / Physics Reports 405 (2005) 279–390

q q

H, h
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q q

! !

Fig. 44. Tree level Feynman diagrams for neutralino–quark scalar (spin-independent) elastic scattering. From Ref. [319].
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Fig. 45. Feynman diagrams for neutralino–gluon scalar (spin-independent) elastic scattering. Notice that no tree level processes

exist. From Ref. [319].

The above expression is valid only at zero momentum transfer between the WIMP and the nucleon.

For finite momentum transfer, the differential cross section must be multiplied by a nuclear form factor.

The appropriate factor, called theWoods–Saxon form factor, is given by [221]

F(Q) =
(
3j1(qR1)

qR1

)2
exp[−(qs)2] , (202)

where j1 is the first spherical bessel function and the momentum transferred is q = √
smNQ. R1 is given

by
√

R2 − 5s2, where R and s are approximately equal to 1.2 fmA1/3 and 1 fm, respectively.

378 G. Bertone et al. / Physics Reports 405 (2005) 279–390
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Fig. 46. Tree level Feynman diagrams for neutralino–quark axial-vector (spin-dependent) elastic scattering. From Ref. [319].

which is roughly 10−9 picobarns, for TeV mass squarks. These results can vary dramatically, however,
depending on the characteristics of the model being considered (see Figs. 21 and 22).
We can contrast this with the much larger neutralino annihilation cross sections. Considering again

a gaugino-like neutralino, its amplitude for annihilations into bb̄ via psuedoscaler Higgs exchange (see
Eq. (164)) is roughly AA ∼ mb tan !

√
fh/mW± where fh is the higgsino fraction of the WIMP. The

annihilation cross section (Eq. (179)) is then roughly " ∼ 3m2
btan

2!fh/128#m2
$m

2
W± . For even a very

small higgsino fraction, say 1%, and a 200GeV neutralino, we find a cross section of ∼ 10−3 picobarns
for small values of tan ! and a few picobarns for tan ! = 30 (Fig. 46).

C.2. Axial–vector interactions

Next, we consider a WIMP with axial–vector interactions with quarks given by

LA = dq $̄%&%5$q̄%&%5q , (207)

where dq is the generic coupling.
For such a WIMP, the spin-dependent scattering cross section can be written as [259]

d"
d|$v|2 = 1

2#v2
|T (v2)|2 , (208)

where v, again, is the relative velocity of the WIMP, and T (v2) is the scattering matrix element. This
expression can be integrated over the Boltzman velocity distribution of haloWIMPs to arrive at an average
elastic scattering cross section. At zero momentum, the matrix element, T (v2), is given by

|T (0)|2 = 4(J + 1)
J

|(du'p
u + dd'p

d + ds'
p
s )〈Sp〉 + (du'n

u + dd'n
d + ds'

n
s )〈Sn〉|2 , (209)

where J is the nuclear spin and the '’s are the fraction of the nucleon spin carried by a given quark. Their
values are measured to be 'p

u ='n
d =0.78±0.02, 'p

d ='n
u =−0.48±0.02 and 'p

s ='n
s =−0.15±0.02.

〈Sp〉 and 〈Sn〉 are the expectation values of the total spin of protons and neutrons, respectively. Notice
that for target nuclei with even numbers of protons and neutrons, there is zero total spin, and the cross
section vanishes.
The values of 〈Sp〉 and 〈Sn〉 depend on the nucleus being considered. For 73Ge, the interacting shell

model finds 〈Sp〉 and 〈Sn〉 to be 0.011 and 0.468, respectively. For 28Si, they are given by −0.0019 and
0.133. For 27A, they are 0.3430 and 0.269. And for 39K, they are −0.184 and 0.054 [368].

By integrating out heavy Higgses, Z-boson and squarks in 
MSSM, effective interactions between DM and SM fields are 
obtained

Leff = fSI(χ̄χ)(q̄q) + fSD(χ̄γµγ5χ)(q̄γµγ5q)

O4O7
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   DarkSUSY!     Ellis et al!      Our!

fTu
(p)!      0.023!     0.020!     0.018!

fTu
(n)!      0.019!     0.014!     0.011!

fTd
(p)!      0.034!     0.026!     0.021!

fTd
(n)!      0.041!     0.036 !     0.035!

fTs
(p)!      0.14!     0.118!     0.053!

fTs
(n)!      0.14!     0.118!     0.053!

!u!      0.77!     0.78!     0.85  (0.84)!

!d!     -0.40!    -0.48!    -0.42  (-0.44)!

!s!     -0.12!    -0.15!    -0.08  (-0.03)!

                    Comparison with other works 

Cheng and Chiang, arXiv:1202.1292

Cheng and Chiang
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1204.2373 Drees and Gerbier

XENON10LE

XENON100
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CDMS

DAMA
(no channeling)

DAMA
(no channeling)

CDMS+EDELWEISS
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EDELWEISS

SUSY 68%, 95%

SUSY 68%, 95%,
+ LEP-CMSSM constraints
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Figure 1: Cross sections (normalized to nucleon assuming A2 dependence, see section 1.2.4) for
spin independent coupling versus mass diagrams. Please refer to the text to get the references
of corresponding publications of experimental results. The big dots on some curves show the
“WIMP safe” minimal mass for the corresponding experimental result (see details in text).
DAMA candidates region (no channeling) are from [50], shaded 68 and 95 % regions are SUSY
predictions by [51], together with recent constraints (light gray 68 and 95 % contours) placed
by LHC experiments, both on the CMSSM [52]. Here equal cross sections for scattering off
protons and neutrons have been assumed.

WIMPs for masses above 20 GeV, superseding an earlier KIMS result. PICASSO [30], a super-
heated droplet detector run at SNOLAB, obtained a better limit below 20 GeV on the same
type of WIMPs [47]. Finally, SIMPLE [30], a similar experiment run at Laboratoire Souterrain
de Rustrel, submitted results for publication that claim to provide the currently best limit on

13
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observed absence of any low amplitude particle-induced
events above 2.30 bar when weighted by the exposure,
and simulation expectations for En > 100 keV.
A pressure cut of ≤ 2.20 bar was then applied to the

signal records of all SDDs, reducing the Stage 2 exposure
to 6.71 kgd. An enhanced resolution analysis of the single
event below 2.20 bar indicates it to be a double-scattering
of ∼ 30 µs separation in a single detector, hence identi-
fiable as of neutron origin and yielding an upper limit
of 0.343 evt/kgd at a 90% C.L. The same pressure cut
was applied to the Stage 1 signal records, reducing the
exposure to 13.47 kgd. The refined re-analysis of the
neutron-like events reduced the number to 9 as a result
of 5 single detector double-scatterings, yielding an upper
limit of 0.289 evts/kgd at a 90% C.L. using the previ-
ous Feldman-Cousins approach [13] with the improved
neutron background estimate.
The first Stage 1 results furthermore resulted in part

from a theoretical bubble nucleation efficiency given by
η(E)=1 - Ethr/Edep [14]. This efficiency however rep-
resents only a first approximation to the statistical na-
ture of the energy deposition (Edep) and its conversion
into heat, described by η

′

=1-exp[-Γ(Edep/Ethr-1))] with
Γ an experimental parameter [9]. Previous monochro-
matic (54 and 149 keV) neutron irradiation data [15],
taken at 1 and 2 bar as a function of temperature, were
reanalyzed to yield Γ = 4.2±0.3, independent of pressure.
We show in Fig. 3 the impacts of the Stage 2 and

reanalyzed Stage 1 results on SD WIMP-proton scatter-
ing, together with the competitive results of other direct
[16–18] and indirect [19, 20] experiments. The contours
are calculated using η

′

, a standard isothermal halo and a
WIMP scattering rate [22] with zero momentum transfer,
spin-dependent cross section σSD

p for elastic scattering.
The form factors of [22] have been used for all odd-A nu-
clei, with the spin values of [23] used for 19F. For 35Cl and
37Cl, the spin values are from [24]; for 13C, the odd group
approximation. The Stage 2 result is seen to improve on
the original Stage 1 results by a factor ∼ 3. As evident,
the reanalyzed Stage 1 result, with a contour minimum of
σp =8.3×10−3 pb at 35 GeV/c2, constitutes the most re-
strictive direct search limit on SD WIMP-proton scatter-
ing to date, and begins to complement the more sensitive
results obtained by indirect detection measurements.
The above representation neglects the non-negligible

spin contribution of the neutron sector in 19F, which is
captured in a model-independent SD formulation [24].
At MW = 50 GeV/c2, combined with neutron-sensitive
XENON10 [25], the allowed area reduction is better than
2/3; MW above or below this choice yield slightly in-
creased limits for most all experiments. The relevant
results, in particular for MW ∼ 10 GeV/c2, for COUPP
[17], XENON10 [25, 26], XENON100 [27] and CDMS-II
[28, 29] are however unavailable.
The impact of the results in the SI sector is shown

in Fig. 4 in comparison with results from other leading
search efforts [18, 25–34], again calculated with the stan-
dard isothermal halo and WIMP elastic scattering rate of

FIG. 3: various spin-dependent WIMP-proton exclusion con-
tours for SIMPLE, together with the leading direct [16–18]
and indirect SuperK [19], IceCube [20] search results; shown
are both previous and reanalyzed Stage 1 results, Stage 2, and
a merging of the two. The region outlined in grey is favored
by cMSSM [21]

.

[22] using a Helm nuclear form factor and η
′

. Although
the Stage 2 contour displays a new minimum of 8.4×10−6

pb at 35 GeV/c2, the revised Stage 1 contour reaches to
6.8×10−6 pb at the same Mw. Owing to the low recoil
energy threshold, the results enter the light mass WIMP
region recently suggested by CoGeNT [34], eliminating
∼ 1/3 of the area.
The improved restrictions of the revised Stage 1 con-

tour are a direct result of the more detailed signal analy-
sis, improved radio-assays of the shielding materials, and
the revised nucleation efficiency in the analysis: Stage
2, with the additional benefit of its improved neutron
shielding, provides an almost identical sensitivity with
about half the Stage 1 exposure. A straightforwardmerg-
ing of the two results using a Feldman-Cousins approach,
based on observing 9 events against a background one
standard deviation below the estimated cumulative neu-
tron backgrounds of the two Stages, yields the ”merged”
contours indicated in each of Figs. 3 and 4; in the SI
case, this would appear to seriously question the recent
CoGeNT result [34] without suffering the recent criti-
cisms regarding the XENON [35] and CDMS [36] limits
in the low MW region.
While the merging may be questioned, the Stage 2 re-

sult alone is sufficient motivation for a larger exposure
measurement with further neutron background reduc-
tion, towards clarifying the situation. Variation of the
refrigerant between C3F8, C4F8, CF3I or one of the other
SDDs developed by SIMPLE in recent years [2] allows
for the variation of detector sensitivities between SI and
SD sectors [37]. An energy spectrum can be obtained,
should candidate events be finally identified, by either a

arXiv:1106.2014

SIMPLE Collaboration

XENON10

CMSSM

1 pb = 10−36 cm2

Spin -Dependent Results
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Fermionic DM Effective Operators

real or complex scalar, depending on the context. Also, f stands for a SM fermion, including

quarks and leptons. We will include all quarks and leptons in our analysis. We briefly discuss

in the Appendix a few hidden-sector models that can give rise to some of the operators used

in this work in certain limits. For dark matter of spin 1 and spin 3/2, the reader may refer

to the works in Refs. [27, 28].

The first set of operators that we consider is for fermionic DM. Its effective interactions

with a pair of fermions include vector-, axial-vector, or tensor-type exchanges, given by the

following dimension 6 operators

O1 =
�

f

C
f
1

Λ2
1

(χ̄γµχ)
�
f̄γµf

�
, (3)

O2 =
�

f

C
f
2

Λ2
2

�
χ̄γµγ5χ

� �
f̄γµf

�
, (4)

O3 =
�

f

C
f
3

Λ2
3

(χ̄γµχ)
�
f̄γµγ

5
f
�
, (5)

O4 =
�

f

C
f
4

Λ2
4

�
χ̄γµγ5χ

� �
f̄γµγ

5
f
�
, (6)

O5 =
�

f

C
f
5

Λ2
5

(χ̄σµνχ)
�
f̄σµνf

�
, (7)

O6 =
�

f

C
f
6

Λ2
6

�
χ̄σµνγ5χ

� �
f̄σµνf

�
, (8)

where Λi is the heavy mass scale for the connector sector that has been integrated out and Ci

is an effective coupling constant of order O(1) that can be absorbed into Λi. It is understood

that for Majorana fermion the vector and tensor structures are absent.

Next set of operators are for fermionic DM associated with (pseudo) scalar-type exchange

O7 =
�

f

C
f
7mf

Λ3
7

(χ̄χ)
�
f̄f

�
, (9)

O8 =
�

f

iC
f
8mf

Λ3
8

�
χ̄γ5χ

� �
f̄f

�
, (10)

O9 =
�

f

iC
f
9mf

Λ3
9

(χ̄χ)
�
f̄γ5

f
�
, (11)

O10 =
�

f

C
f
10mf

Λ3
10

�
χ̄γ5χ

� �
f̄γ5

f
�
. (12)

6

real or complex scalar, depending on the context. Also, f stands for a SM fermion, including

quarks and leptons. We will include all quarks and leptons in our analysis. We briefly discuss

in the Appendix a few hidden-sector models that can give rise to some of the operators used

in this work in certain limits. For dark matter of spin 1 and spin 3/2, the reader may refer

to the works in Refs. [27, 28].
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where Λi is the heavy mass scale for the connector sector that has been integrated out and Ci

is an effective coupling constant of order O(1) that can be absorbed into Λi. It is understood

that for Majorana fermion the vector and tensor structures are absent.

Next set of operators are for fermionic DM associated with (pseudo) scalar-type exchange
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6

The mf dependence in the coupling strength is included for scalar-type interactions be-

cause this factor appears naturally from dark matter models with scalar exchange diagrams.

Another light degree of freedom that couples to the fermionic dark matter is the gluon field
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�
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For operators involving gluons, the factor of strong coupling constant αs(2mχ) is also in-

cluded because these operators are induced at one loop level and evaluated at the scale 2mχ

where mχ is the dark matter mass.

Finally, we also write down the corresponding operators for complex scalar DM.
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We note that for real scalar dark matter the vector couplings in Eqs.(17) and (18) are absent.

In what follows, we simply focus on the complex scalar dark matter. Note also that we have

redefined the coefficients of some of the operators, which are different from our previous

works [13, 24], such that they can conform with the normalization for the nucleon matrix

elements used in the literature for the direct detection experiments.

In Ref. [13], we showed that in the calculation of the annihilation cross section for the

DM relic density, the relative importance of each operator can be understood by considering

the nonrelativistic expansion of the operator and studying the velocity dependence. We
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NR reduction for Direct Detection
• At present epoch, v/c ~ 10-3, NR limit is 

applicable

• Only O1,O4,O5,O7,O11,O16,O17 and O19 exist in 
NR reduction

• Furthermore, only O1, O4 and O7 are 
independence because

• SI: O1 and O7; SD : O4 
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The above effective operators are relativistically invariant and therefore appropriate for
the calculation in the relic density of the dark matter and its implication at collider physics.
However, for direct detection experiments, we need to have a nonrelativistic reduction of
these operators since the local dark matter velocity in the halo is of order (v/c) ∼ 10−3.
It is straightforward to demonstrate in the nonrelativistic limit only eight operators are
relevant for the direct detections. These are O1, O4, O5, O7, O11, O15, O17, and O19. One
can further show that only O1, O4 and O7 are independent, since we have the following
nonrelativistic reduction

O5 −→ O4 (2.21)

O11 −→ O7 (2.22)

O15 −→ O1 (2.23)

O17 −→ O7 (2.24)

O19 −→ O7 (2.25)

In table 1 we summarize some of the features of the operators discussed in this section. At
decoupling time, v/c ∼ 0.1 and hence non-relativistic reduction is no longer applicable. The
velocity scaling behaviours for each operator shown in the last column of table 1 for the
annihilation cross sections are just merely serving the purpose to illustrate the physics. For
our numerical work, we use the full expressions for the annihilation cross sections presented
at the appendix.

In our analysis in the following sections, we will treat one operator at a time. This
working assumption of treating one operator at one time may seem unreasonable. However
it is a matter of choosing between controlling the number of parameters and the assumptions
involved. If we treat each SM favor separately, then one operator at a time would mean the
DM only couples to one quark (say u quark) but not to the other (say d quark). It would be
very strange that the new physics only couples to up quark but not to the others. But if we
take more than one operators at the same time, the number of parameters will grow out of
control in such an analysis. On the other hand, we have summed over all SM fermions for
each operator. The quantum numbers of the new interaction for the SM fermions could be
very different from one another. It is entirely model dependent. There would be too many
parameters if we treat them all different. Even if we assumed different coefficients for each
SM generation, we would still introduce more parameters. Here in this work, we take the
democratic choice such that the coefficient for each SM fermion is of the same order, and we
have treated them the same. Therefore, we sum over all SM fermions in each operator.

We also note that the effective operators studied here in this work do not address the
issue of gauge invariance. Imposing SU(2) gauge invariance for the SM fermions would impose
certain relations among operators and hence their coefficients. Certain operators like those
with an explicit factor of SM fermion mass mf breaking SU(2) invariance explicitly can be
made covariant by introducing the Higgs field. Such issues have been partially addressed in
the literature, see for example in [6].

3 Relic density

In the standard cosmic picture, it is assumed that the DM particles were in thermal equi-
librium with the other SM particles via various fundamental processes such as χ̄χ ↔ PP̄
where P is any SM particles. At the high temperature Early Universe, the DM particles
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O1 (Majorana) and O7 (Majorana or Dirac)

• Coherent spin-independent cross section
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increase gradually, except those for O17 and O18 which approach a constant. This can be
understood by looking at the nonrelativistic limits of the annihilation cross sections listed in
the last column of table 1. For O17 and O18, they are proportional to 1/Λ4 and independent
of mχ, while for all other operators they are proportional to either m2

χ/Λ
4, m2

fm
2
χ/Λ

6, or

m4
χ/Λ

6, from which we can see that the power of Λ2 in the denominator is one or two higher
than the power of m2

χ in the numerator.

4 Direct detection

The solar system moves around in the Galactic halo with a nonrelativistic velocity v ∼ 10−3c.
When the dark matter particles move through a detector, which is usually put under a deep
mine or a mountain to reduce backgrounds, and create collisions with the detector, some
signals may arise in phonon-type, scintillation-type, ionization-type, or some combinations
of them, depending on the detector materials. The event rate is extremely low because
of the weak-interaction nature of the dark matter. There are controversies among various
direct detection experiments. Both CoGeNT [44] and DAMA [45] observed some positive
signals of dark matter detection, which point to a light dark matter (∼ 5− 10GeV) with the
σSI ∼ 10−41 cm2. On the other hand, CDMS [36] and the most recent XENON100 [3] have
found nothing and disagreed with what were found by CoGeNT and DAMA. In the following
we will use the excluded regions of the XENON100 data [3] for spin-independent cross sections
(σSI), and XENON10 [37], ZEPLIN [38] and SIMPLE [39] data for spin-dependent cross
sections (σSD) versus the DM mass mχ in constraining the effective DM interactions.

We will be interested in the non-relativistic limit only and consider one operator at a
time. Thus possible interference effects among different operators are ignored.

4.1 Spin-independent cross section

Both O1 and O7 contribute to the spin-independent cross section. For a nuclei N with Z
protons and (A− Z) neutrons, the cross section can be obtained as

σSI
χN (0) =

µ2
χN

π
|bN |2 (4.1)

from O1 for Dirac DM where

µχN =
mχmN

mχ +mN
(4.2)

is the reduced mass and
bN = Z bp + (A− Z) bn (4.3)

with

bp = 2
Cu
1

Λ2
1

+
Cd
1

Λ2
1

, (4.4)

bn =
Cu
1

Λ2
1

+ 2
Cd
1

Λ2
1

. (4.5)

There is no Majorana case for O1.
For O7 with Dirac DM, we have

σSI
χN (0) =

µ2
χN

π
|fN |2 (4.6)
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where
fN = Z fp + (A− Z) fn (4.7)

with

fp,n =
mp,n

Λ3
7







∑

q=u,d,s

Cq
7 f

(p,n)
Tq +

2

27
f (p,n)
TG

∑

Q=c,b,t

CQ
7







(4.8)

and
f (p,n)
TG ≡ 1−

∑

q=u,d,s

f (p,n)
Tq . (4.9)

For Majorana DM with the same effective operator, one should multiply the above cross
section (4.6) by a factor of 4.

For O11 with Dirac DM, the result is the same as O7 with the following couplings

fp,n =
mp,n

Λ3
11

2

27
f (p,n)
TG C11 . (4.10)

For Majorana DM, multiply the cross section by a factor of 4.
For O15 with complex scalar, the result is

σSI
χN (0) =

µ2
χN

π
|bN |2 (4.11)

which is same as O1 with the following replacements for the couplings in (4.4) and (4.5)

Cu,d
1 −→ Cu,d

15 , (4.12)

Λ1 −→ Λ15 . (4.13)

For O17 with complex scalar, the result is same as O7

σSI
χN (0) =

µ2
χN

4π
|fN |2 (4.14)

with fN = Zfp + (A− Z)fn and the following replacement in (4.8)

Cu,d
7 −→ Cu,d

17 , (4.15)

Λ7 −→ Λ17 . (4.16)

For O19 with complex scalar, the result is same as O7

σSI
χN (0) =

µ2
χN

4π
|fN |2 (4.17)

with fN = Zfp + (A− Z)fn and

fp,n =
mp,n

Λ3
19

2

27
f (p,n)
TG C19 . (4.18)

In our numerical calculations, we will use the default values for f (p,n)
q and f (p,n)

TG given in
DarkSUSY [46].4

4For a recent re-evaluation of these hadronic matrix elements using the up-to-date lattice calculation results
of the strange quark σs term and its content in the nucleon, see ref. [47].
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O4 (Majorana or Dirac)
• Spin-dependent cross section (for Dirac DM)
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Figure 2. The lower limits on Λ due to (a) spin-independent cross section limits from XENON100 [3],
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4.2 Spin-dependent cross section

For O4 with Dirac DM, its contribution to the spin-dependent cross section can be obtained
as [48]

σSD
χN (0) =

8µ2
χN

π
G2

F Λ̄
2J(J + 1) (4.19)

where J is the total spin of the nuclei N , GF is the Fermi constant and

Λ̄ =
1

J
(ap〈Sp〉+ an〈Sn〉) (4.20)

with 〈Sp〉 and 〈Sn〉 the average of the proton and neutron spins inside the nuclei respec-
tively, and

ap,n =
∑

q=u,d,s

1√
2GF

Cq
4

Λ2
4

∆q(p,n) (4.21)

with ∆q(p,n) being the fraction of the spin carried by the quark q inside the nucleon p and n.
The following combinations of isosinglet a0 and isovector a1 are often seen in the literature

a0 = ap + an , (4.22)

a1 = ap − an . (4.23)

For Majorana DM with the same effective operator, one should multiply the cross sec-
tion (4.19) by a factor of 4.

For O5 with Dirac DM, its contribution to the spin-dependent cross section is the same
as O4 with the following replacements in (4.21)

Cq
4 −→ 2Cq

5 , (4.24)

Λ4 −→ Λ5 . (4.25)

There is no Majorana case for O5.
The current best limits on spin-independent WIMP-nucleon cross sections come from

XENON100 [3]. In ref. [3], the collaboration searched for DM candidates in their pre-defined
signal region, but only found 3 signal events with an expected background of 1.8±0.6. Based
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Constraints on Effective Interactions

• Our approach (adopted by other several groups as 
well): 
(1) assumption: the connector sector must be heavy 
and integrated out
(2) DM can be (real/complex) scalar or (Majorana/
Dirac) fermionic; vector DM not considered
(3) effective interaction of  WIMP DM with SM 
particles
(4) model independent study for a large class of  
models

• Direct detection experiments can place upper limits on 
cross sections hence lower limits on effective scales Λ
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FIG. 2. The lower limits on Λ due to (a) spin-independent cross section limits from Xenon100 [34],

and (b) spin-dependent cross section limits from Xenon [35].

SD data in the way as how we treat the Xenon100 SI data. We take the central value for

the signal cross section to be zero and the 1σ error for each mχ is obtained by dividing the

90% CL curve by 1.645. The 2σ results for Λ of each relevant operator that contributes to

SD cross section are shown in Fig. 2(b).

V. MONOJET AND MONOPHOTON PRODUCTION AT COLLIDERS

In principle, dark matter particles can be directly produced in hadronic collisions. How-

ever, it would only give rise to something missing in the detection. We therefore need

some additional visible particles for trigger. One of the cleanest signatures is monojet or

monophoton production, which has only a high pT jet or photon balanced by a large missing

transverse momentum. Both CDF and DØ at the Tevatron and the ATLAS at the LHC

have searched for such signals, though in other context such as large extra dimensions.

FIG. 3. One of the contributing Feynman diagrams for monojet or monophoton production.

16

NR reduction: 
only O1 & O7 are 

independent.

NR reduction: 
O5 reduces to O4

SI 
(XENON100)

SD 
(XENON10, ZEPLIN, SIMPLE)

2σ Lower Limits for Λ From Direct Detection

Cheung, Tseng, Tsai, Yuan, arXiv:1201.3402
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FIG. 1. The upper limits on Λ due to the WMAP data of Eq. (1). We require the resulting relic

density less than the WMAP: central value plus 2× error.

here is the entropy density and nχ is the DM number density, the result is

1

Y0
− 1

YF
=

[

45GN

π

]−1/2 ∫ x0

xF

h∗(T )
√

g∗(T )

mχ

x2
〈σannv〉 dx , (30)

where the subscript 0 (F ) refers to current (freeze-out) temperature and h∗(T ) is the entropy

degree of freedom counting factor. The factor 1/YF % 1/Y0 and can be safely ignored.

Finally, the current DM relic density is given by

ρ0 = mχn0 = mχs0Y0 = mχh∗(T0)
2π2

45
T 3

0 Y0 (31)

and

Ωh2 =
ρ0h2

ρc
=

ρ0

8.0992 × 10−47 GeV2 . (32)
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Indirect Detection
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Indirect Detection

• Indirect signals from DM annihilation into gamma rays (line 
or continuum), neutrinos, antimatter like positrons and 
antiproton, ...

• Ambiguous due to possible astrophysical sources like pulsars, 
cosmic rays, ...

• If  the final states are charged (positron, antiproton, etc), 
predictions depend on parameters in propagation model, since 
they can lose energy while traversing in the cosmic medium

• Gamma rays and neutrinos have lesser propagation effects

• Pamela, Fermi-LAT, AMS-02, HESS, Veritas, ...

• Neutrino telescopes: IceCube, ANTARES, ...
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good description of PAMELA antiproton data with the
inclusion of the wino-annihilation signal. Given current
uncertainties on propagation parameters, this primary com-
ponent cannot be ruled out. It has also been suggested that
the PAMELA positron data can be explained without in-
voking a primary component. This is possible if secondary
production takes place in the same region where cosmic
rays are being accelerated [11]. An increase in the anti-
proton [33] and secondary nuclei abundances [34] are also
predicted in this model. The solid line in Fig. 3 shows the
prediction for the high-energy antiproton-to-proton flux
ratio. While this theoretical prediction is in good agree-
ment with the PAMELA data, in this energy region it does
not differ significantly from the expectation for standard
secondary production models. Comparisons with experi-
mental secondary cosmic-ray nuclei data are needed along
with higher energy antiproton measurements. New data on
the boron-to-carbon ratio measured by PAMELAwill soon
become available, while the antiproton spectrum is likely
to be probed at higher energies by AMS-02 experiment
[35] which will soon be placed on the International Space
Station.

We have measured the antiproton energy spectrum and
the antiproton-to-proton flux ratio over the most extended
energy range ever achieved and with no atmospheric over-
burden. Our results are consistent with pure secondary
production of antiprotons during the propagation of cosmic
rays in the Galaxy. We note that the quality of our data

surpasses the current precision of the theoretical modeling
of the cosmic-ray acceleration and propagation mecha-
nisms. Improved models are needed to allow the full
significance of these experimental results to be understood.
We acknowledge support from The Italian Space

Agency (ASI), Deutsches Zentrum für Luft- und
Raumfahrt (DLR), The Swedish National Space Board,
The Swedish Research Council, The Russian Space
Agency (Roscosmos) and The Russian Foundation for
Basic Research.

*On leave from School of Mathematics and Physics, China
University of Geosciences, CN-430074 Wuhan, China.

[1] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

[2] L. Bergström, Rep. Prog. Phys. 63, 793 (2000).
[3] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279

(2005).
[4] S. Hawking, Nature (London) 248, 30 (1974).
[5] P. Kiraly et al., Nature (London) 293, 120 (1981).
[6] M. Simon, A. Molnar, and S. Roesler, Astrophys. J. 499,

250 (1998).
[7] O. Adriani et al., Phys. Rev. Lett. 102, 051101 (2009).
[8] O. Adriani et al., Nature (London) 458, 607 (2009).

kinetic energy [GeV]
-110 1 10 210

/pp
-610

-510

-410

-310

PAMELA

FIG. 3 (color). The antiproton-to-proton flux ratio at the top of
the payload obtained in this work compared with theoretical
calculations. The dotted lines show the upper and lower limits
calculated for a pure secondary production of antiprotons during
the propagation of cosmic rays in the Galaxy by Donato et al.
[37] for a diffusion reacceleration with convection model. The
dashed line is a calculation by Kane et al. [14] including both a
primary antiproton component from annihilation of 180 GeV
winolike neutralinos and secondary antiprotons (dashed-dotted
line for the secondary component). The solid line shows the
calculation by Blasi and Serpico [33] for secondary antiprotons
including an additional antiproton component produced and
accelerated at cosmic-ray sources.
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PAMELA

FIG. 2 (color). The antiproton-to-proton flux ratio at the top of
the payload obtained in this work compared with contemporary
measurements [21–24,26] and theoretical calculations for a pure
secondary production of antiprotons during the propagation of
cosmic rays in the Galaxy. The dashed lines show the upper and
lower limits calculated by Simon et al. [6] for the leaky box
Model, while the dotted lines show the limits from Donato et al.
[37] for a diffusion reacceleration with convection model. The
solid line shows the calculation by Ptuskin et al. [36] for the case
of a plain diffusion model.
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* Data very close to background. 
* It can provide stringent constraints on contributions from DM.

PAMELA p̄ Data (2010)
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Diffuse Gamma Rays Spectrum 
(Fermi-LAT)

densities from radio data and dust reddening measurements
affect the distribution of HI in the local region (HI column
density). To quantify the uncertainty connected to the
residual count fraction, we used the nominal model and
examined the variation of the derived EGB when different
subregions of the jbj> 10! sky are fitted (subregions of
jbj> 10! sky). No single component dominates the un-
certainties shown in the lower half of Table I. We caution
that the uncertainties for the model components cannot be
assumed to be independent. Hence, there is no simple
relationship between the combination of individual com-
ponents and the total formal uncertainty.

The large statistics allow subsamples of the total data set
to be used as a cross check. We repeated our analysis for
events passing our enhanced selection with (1) different
on-board trigger rates and (2) conversions in the thin or
thick sections of the tracker [11]. The first subsample
ensures that we have properly estimated the residual CR
background, while the second checks that the small frac-
tion of misreconstructed Earth albedo events that enter the
LAT in the back section do not affect the result. The
derived EGB spectrum for these subsamples is completely
consistent with that derived from the full data set using the
same analysis procedure.

Finally, we note that our analysis also indicates a sig-
nificant detection of the combined solar disk and extended
solar IC emission. This finding will be explored in more
detail in a separate study.

Discussion.—Figure 4 shows the spectrum of the EGB
above 200 MeV derived in the present analysis, and from
EGRET data [2,24]. Our intensity extrapolated to 100MeV
based on the power-law fit Ið>100 MeVÞ ¼ ð1:03%
0:17Þ & 10'5 cm'2 s'1 sr'1 is significantly lower than
that obtained from EGRET data: IEGRETð>100 MeVÞ ¼
ð1:45% 0:05Þ & 10'5 cm'2 s'1 sr'1 [2]. Furthermore, our
spectrum is compatible with a featureless power law

with index ! ¼ 2:41% 0:05. This is significantly softer
than the EGRET spectrum with index !EGRET ¼ 2:13%
0:03 [2]. To check that the different spectra are not due
to the instrumental point-source sensitivities, we adopt
Fð>100 MeVÞ ¼ 10'7 cm'2 s'1, comparable to the
average EGRET sensitivity, and attribute the flux of all
detected LAT sources below this threshold to the EGB. We
obtain an intensity Iresð>100 MeVÞ ¼ ð1:19% 0:18Þ &
10'5 cm'2 s'1 sr'1 and a spectrum compatible with a
power law with index !res ¼ 2:37% 0:05. Therefore, the
discrepancy cannot be attributed to a lower threshold for
resolving point sources. Our EGB intensity is comparable
to that obtained in the EGRET reanalysis by [24] with an
updated DGE model, ISMRð>100 MeVÞ ¼ ð1:11% 0:1Þ &
10'5 cm'2 s'1 sr'1. However, our EGB spectrum does not
show the distinctive harder spectrum above *1 GeV and
peak at(3 GeV found in the same EGRET reanalysis. We
note that the LAT-measured spectra are softer above
*1 GeV than those measured by EGRET also for the
DGE at intermediate latitudes [20] and for the Vela
Pulsar [25].
The Fermi LAT Collaboration acknowledges support

from a number of agencies and institutes for both develop-
ment and the operation of the LATas well as scientific data
analysis. These include NASA and DOE in the United
States, CEA/Irfu and IN2P3/CNRS in France, ASI and
INFN in Italy, MEXT, KEK, and JAXA in Japan, and the
K.A. Wallenberg Foundation, the Swedish Research
Council and the National Space Board in Sweden.
Additional support from INAF in Italy and CNES in
France for science analysis during the operations phase is
also gratefully acknowledged. GALPROP development is
partially funded via NASA Grant No. NNX09AC15G.
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the HEALPIX [14] package.
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31Université de Bordeaux, Centre d’Études Nucléaires Bordeaux Gradignan, UMR 5797, Gradignan, 33175, France
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42Centre d’Étude Spatiale des Rayonnements, CNRS/UPS, BP 44346, F-30128 Toulouse Cedex 4, France
43Istituto Nazionale di Fisica Nucleare, Sezione di Roma ‘‘Tor Vergata’’, I-00133 Roma, Italy
44Department of Physics and Astronomy, University of Denver, Denver, Colorado 80208, USA

45Max-Planck Institut für extraterrestrische Physik, 85748 Garching, Germany
46Institut für Astro- und Teilchenphysik and Institut für Theoretische Physik, Leopold-Franzens-Universität Innsbruck,

A-6020 Innsbruck, Austria
47Space Sciences Division, NASA Ames Research Center, Moffett Field, California 94035-1000, USA

48NYCB Real-Time Computing Inc., Lattingtown, New York 11560-1025, USA
49Department of Chemistry and Physics, Purdue University Calumet, Hammond, Indiana 46323-2094, USA

50Institute of Space and Astronautical Science, JAXA, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan
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We report on the first Fermi Large Area Telescope (LAT) measurements of the so-called ‘‘extra-

galactic’’ diffuse !-ray emission (EGB). This component of the diffuse !-ray emission is generally

considered to have an isotropic or nearly isotropic distribution on the sky with diverse contributions

discussed in the literature. The derivation of the EGB is based on detailed modeling of the bright

foreground diffuse Galactic !-ray emission, the detected LAT sources, and the solar !-ray emission. We

find the spectrum of the EGB is consistent with a power law with a differential spectral index ! ¼
2:41" 0:05 and intensity Ið>100 MeVÞ ¼ ð1:03" 0:17Þ % 10&5 cm&2 s&1 sr&1, where the error is

systematics dominated. Our EGB spectrum is featureless, less intense, and softer than that derived

from EGRET data.

DOI: 10.1103/PhysRevLett.104.101101 PACS numbers: 95.85.Pw, 96.50.sb, 98.70.Sa

Introduction.—The high-energy diffuse !-ray emission
is dominated by ! rays produced by cosmic rays (CR)
interacting with the Galactic interstellar gas and radiation
fields, the so-called diffuse Galactic emission (DGE). A
much fainter component, commonly designated as ‘‘extra-
galactic !-ray background’’ (EGB), was first detected
against the bright DGE foreground by the SAS-2 satellite
[1] and later confirmed by analysis of the EGRET data [2].

The EGB by definition has an isotropic sky distribution and
is considered by many to be the superposition of contribu-
tions from unresolved extragalactic sources including ac-
tive galactic nuclei, starburst galaxies, and !-ray bursts ([3]
and references therein) and truly diffuse emission pro-
cesses. These diffuse processes include the possible sig-
natures of large-scale structure formation [4], emission
produced by the interactions of ultra-high-energy CRs
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tensities are fit to the LAT data via scale factors. We use the
GALPROP sky maps as templates with the component nor-
malizations per energy bin as fit parameters. The subdo-
minant high-latitude DGE components, bremsstrahlung
and !0 decay from H2, as well as HI and HII outside the
local region defined above, are taken from GALPROP pre-
dictions and do not vary in the fit. All sources with test
statistic above 200 (i.e., larger than !14") found in the
internal LAT 9-month source list are included with the flux
per energy band per source as a fit parameter. Weaker
sources are included with fluxes derived from the LAT
catalogue analysis. In addition, templates for the intensity

of the #-ray emission from CRs interacting in the solar disk
and radiation field [8–10] that take into account the relative
exposure as the Sun transits the celestial sphere are in-
cluded with their normalizations as fit parameters.
Results.—Figure 3 shows the #-ray intensity measured

by the LATand the fit results for the Galactic latitude range
jbj " 10#. Table I summarizes the numerical values and
uncertainties, including the intensity values for the indi-
vidually fitted DGE components that are not distinguished
in Fig. 3 for clarity. The residual intensity obtained after
fitting the DGE model components, solar emission, and
sources is the sum of CR background and EGB. The
simulation is used to estimate the CR background and
uncertainty, as described earlier. The CR background is
isotropic when averaged over the data taking period in this
Letter and is subtracted to obtain the EGB intensity.
Additional figures for different latitude bands and regions
of the sky can be found online [22].
Our formal uncertainty on the EGB comes from the fit

using the nominal model. However, the rms of the residual
count fraction between LAT data and our model for ener-
gies above 200 MeV is 8.2%, when averaged over regions
of 13:4 deg2 to ensure sufficient statistics. This is larger
than the 3.3% value expected solely from statistical fluc-
tuations. We also see correlation of the residual count
fraction with structures in the DGE model sky maps.
This suggests a limitation in the accuracy of the description
of the DGE model. We investigated the uncertainty on the
EGB flux related to the DGE components by varying the
relevant parameters in the model and reevaluating the fits
for jbj> 10#. At high latitudes, the model parameters
principally affecting the DGE are the following: the change
of the IC emission with different halo sizes and the calcu-
lation of the IC emission using the anisotropic-isotropic
formalism [23] (ICþ halo in Table I), variations of the CR
source distribution and XCO gradient (CR propagation
model), and how assumptions used to derive HI column
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FIG. 3 (color). LAT-measured #-ray intensity with fit results
for jbj " 10# including statistical and systematic errors. Fit
results by component are given in Table I. Note LAT data are
dominated by systematic uncertainties for the energy range
shown in the figure.

TABLE I. Fit results and uncertainties for the EGB and other components for jbj " 10#.

Intensity integrated over energy band (cm%2 s%1 sr%1)

Energy in GeV 0:2–0:4 0:4–0:8 0:8–1:6 1:6–3:2 3:2–6:4 6:4–12:8 12:8–25:6 25:6–51:2 51:2–102:4
Intensity scale factor &10%6 &10%7 &10%7 &10%8 &10%8 &10%9 &10%9 &10%9 &10%10

EGB 2:4' 0:6 9:3' 1:8 3:5' 0:6 12:7' 2:1 5:0' 1:0 14:3' 4:0 6:3' 1:5 2:6' 0:7 11:1' 2:9
Galactic diffuse (fit) 4:9' 0:4 25:9' 1:8 12:6' 1:3 50:7' 7:2 17:0' 3:0 50:0' 10 17:1' 3:6 6:1' 1:4 19:1' 5:2
Galactic diffuse (model) 5.0 26.0 11.5 43.3 14.7 47.9 15.7 5.2 17.0

IC (fit) 1:5' 0:1 6:8' 0:5 3:5' 0:4 16:1' 2:3 6:6' 1:2 23:3' 4:9 9:3' 2:1 3:9' 1:0 10:6' 3:7
IC (model) 1.2 5.3 2.3 9.7 4.0 16.2 6.3 2.4 8.7

local HI (fit) 2:7' 0:2 15:4' 1:1 7:4' 0:8 28:3' 4:0 8:3' 1:5 20:6' 4:2 5:9' 1:2 1:6' 0:4 7:0' 2:2
local HI (model) 3.1 17.0 7.6 27.6 8.7 26.0 7.7 2.3 6.8

Sources 0:8' 0:1 3:8' 0:2 1:7' 0:1 7:2' 0:8 2:7' 0:4 9:0' 1:3 3:4' 0:5 1:5' 0:2 6:3' 1:0
CR background 1:4' 0:6 4:2' 1:7 1:0' 0:4 2:8' 1:2 0:8' 0:4 6:3' 3:0 1:4' 0:8 0:6' 0:4 0:9' 0:9
Solar 0:1' 0:01 0:4' 0:04 0:2' 0:02 1:0' 0:2 0:4' 0:2 1:7' 0:4 0:7' 1:6 0:1' 0:04 0:8' 0:5
LAT 9:6' 0:8 44:0' 3:0 18:8' 2:0 72:9' 10 25:3' 4:5 81:3' 16 28:3' 5:7 10:6' 2:1 37:9' 7:7

Foreground modeling related uncertainty in cm%2 s%1 sr%1

HI column density þ0:1=%0:3 þ0:1=%1:7 þ0:1=%0:9 þ0:1=%3:6 þ0:1=%1:1 þ0:1=%2:4 þ0:1=%0:9 þ0:1=%0:2 þ0:1=%1:1
ICþ halo size þ0:1=%0:2 þ0:1=%0:8 þ0:1=%0:5 þ0:1=%1:8 þ0:1=%0:5 þ0:1=%0:7 þ0:3=%0:3 þ0:4=%0:1 þ2:9=%0:5
CR propagation model þ0:1=%0:3 þ0:1=%1:1 þ0:1=%0:6 þ0:1=%0:8 þ0:1=%0:3 þ0:1=%1:2 þ1:4=%0:1 þ0:4=%0:1 þ3:0=%0:1
Subregions

of jbj> 10# sky

þ0:2=%0:3 þ0:8=%1:5 þ0:4=%0:9 þ1:9=%2:1 þ0:7=%0:5 þ2:5=%1:9 þ1:0=%1:5 þ0:5=%0:3 þ2:7=%0:9
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Softer than 
EGRET!

EGB

* DM can make contribution to diffuse γ rays; 
hence constrained by Fermi-LAT measurement
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Figure 2. Same as figure 1 but the DM annihilation is due to a 50GeV dark matter particle with
the effective interaction operator O1 and Λ = 0.87TeV.
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Figure 3. Same as figure 1 but the DM annihilation is due to a 500GeV dark matter particle with
the effective interaction operator O1 and Λ = 1.9TeV.

straint on the annihilation cross section 〈σv〉(χχ̄ → qq̄) than the Fermi-LAT photon-flux data
for lighter DM (50 − 300 GeV), while Fermi-LAT gamma-ray data does constrain stronger
for heavier DM mass (300 − 500 GeV).

– 10 –

The photon spectrum E2(dΦ/dEγ) versus the photon energy

mχ = 50 GeV; O1 with Λ = 0.87 TeV
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FIG. 1. The photon spectrum E2(dΦ/dEγ) versus the photon energy for the diffuse background

gamma rays, including π0 decays (short-dashed-dotted) from interactions of cosmic rays with in-

terstellar medium, inverse Compton scattering IC (long-dashed-dotted), bremsstrahlung (dotted)

and extragalactic EGB (short-dashed). Their sum is shown as the lower solid line. A dark matter

component due to DM annihilation of χχ̄ → qq̄ is also shown (long-dashed) and added to the total

background (upper solid line). The DM annihilation is due to a 200 GeV DM particle with the

effective interaction operator O1 and Λ = 1.5 TeV.

in which all the q, q̄ (q = u, d, c, s, b) have probabilities fragmenting into π0, which then

decay almost entirely into two photons. As mentioned in the Introduction, we employ two

approaches of obtaining the photon spectrum due to fragmentation of light quarks. (i) Using

the process e+e− → qq̄ with initial radiations turned off in Pythia [22] and extracting the

photon spectrum in the final state. The photon mainly comes from the decay of π0, which

are in turn produced by fragmentation of light quarks, plus a very small fraction from the

bremsstrahlung photon off the quark legs. (ii) Using the fragmentation function of q, q̄, g

into π0 from the fitting of Ref. [23], then convoluting with the dN/dEγ(π0 → γγ) to obtain

the photon spectrum of quarks into photon. Both approaches give the photon spectra close

enough to each other for our purpose of numerical calculations. Thus, the resulting limits

using both approaches are also the same within numerical accuracy. However, we have
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(iii) Bremsstrahlung photons occur when high energy e± are deflected by the Coulomb field

of the interstellar medium.

(iv) Synchrotron radiation occurs when high energy e± are deflected by Galactic magnetic

field.

(v) An extragalactic background, which is expected to be isotropic and receives contri-

butions from many sources including unresolved point sources, diffuse emission from

large scale structure formation and from interactions between ultra-high energy cosmic

rays and relic photons, etc. This background is the least determined and so a fairly

large uncertainty is associated with it. The Fermi-LAT has a measurement of diffuse

gamma-ray in the mid-latitude region and fitted the extra-galactic background by

E2 dΦ

dE
= A

(

E

0.281 GeV

)δ

, (12)

where A and δ are fitted parameters (the power-law index is γ = |δ− 2|). In Ref. [21],

the power-law is fitted to be γ = 2.41 ± 0.05 and A can be determined by the to-

tal flux of EGB (“extragalactic” diffuse gamma-ray emission) as A = (0.95 +0.18
−0.17) ×

10−6 GeV cm−2 s−1 sr−1 for E > 100 MeV.

Since Fermi-LAT did not give details about the parameters of GALPROP (Cosmic ray

propagation code) [24] that they used in their treatment, we run GALPROP (the web

version) to obtain the various diffuse Galactic backgrounds (i) to (iv) and fit EGB component

in Eq. (12) to Fermi-LAT data. The relevant GALPROP parameters that we used are shown

in Table II. Our fitted EGB is given by

E2 dΦ

dE
= (0.99× 10−6)

(

E

0.281 GeV

)−0.36

GeV cm−2 s−1 sr−1 (13)

which gives a power-law index γ = 2.36 and E is in GeV. It is close enough to the one

obtained by Fermi-LAT. The χ2 = 2.435 for 7 d.o.f. The various curves are all within

the uncertainties quoted in the Fig. 6(a) of the Fermi-LAT paper [21]. Various diffuse

background curves and their sum are shown in Fig. 1.

B. Dark Matter Annihilation

The dominant DM contribution to photon flux in this scenario comes from

χχ → qq̄ → π0 +X → 2γ +X , (14)

10

(3σ)
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FIG. 6. The 2σ upper limits on Λ for each operator due to the low-latitude gamma-ray-flux data

of FERMI-LAT.

VIII. COMBINED ANALYSIS

IX. DISCUSSION AND CONCLUSIONS
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Table II. We have used the isothermal profile for the dark matter density.

In our case, the dominant contribution comes from

χχ → qq̄ → p̄ + X , (63)

in which all the q, q̄ (q = u, d, c, s, b) have probabilities fragmenting into p̄. We adopt a

publicly available code [39] to calculate the fragmentation function Dq→h(z) for any quark

q into hadrons h, e.g., p, p̄, π. The fragmentation function is then convoluted with energy

spectrum dN/dT of the light quark to obtain the energy spectrum of the antiproton dN/dTp̄.

The source term dN/dTp̄ is then implemented into GALPROP to calculate the propagation

from the halo to the Earth.

Here we adopt a simple statistical measure to quantify the effect of each operator. We
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Mono-jets/Mono-photons

• Mono-jet and mono-photon from CDF and D0

• Mono-jet from ATLAS

The effective DM interactions can contribute by 
attaching either a gluon or a photon to one of  the 
quark legs of  the relevant operators

Data sets:

DM Signals : Missing Energy

No excess is found. Put lower limits on effective scales. 
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Monojet + Missing ET

Oeff

Oeff

Oeff

(χχ)

(χχ)

(χχ)
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Global Fittings

• WMAP relic density can provide upper limits on 
Λ

• Direct detection, indirect detection and collider 
mono-photon/jet can provide lower limits on Λ

• Global fittings by combing all experiments can 
provide both upper and lower limits on Λ

• Idea works for any explicit model of  dark matter 
too
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Combining χ2

• For mixed mχ, varying Λ2 for each operator 
until
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The data set in this analysis comes from PAMELA in ref. [35]. We construct the chi-
square using the 46 data points from PAMELA antiproton flux and the ratio p̄/p. The data
point at the lowest energy is ignored because it does not have a central value. We included
the solar modulation effect because it is important for the data points of the low-energy
region. We used a modulation of 500 MV.

We found that the background estimation of p̄/p using the best-fit model parameters of
the GALPROP (which only took into account the isotopic ratios B/C, Be10/Be9, Oxygen,
and Carbon but not the p̄/p ratio) fits well to the data points. We, therefore, calculate the 2σ
limit on each scale Λi based on the fact that the independent background estimation agrees
well with the data points, by a chi-square difference of ∆χ2 ≡ χ2 − min(χ2

bkgd) = 4 (2σ).
We show the resulting limits for each operator in figure 6. We note that the limits are both
qualitatively and quantitatively similar to those obtained in the gamma-ray case.

In principle, one can use the PAMELA positron spectrum to constrain the interactions.
However, the uprising e+ spectrum observed could be an indication of DM annihilation if
there are no other known sources. In order to fit the e+ spectrum the size of annihilation
cross section σ · v ∼ 10−24 − 10−23 cm3 s−1, the range of which depends on the dark matter
mass. It corresponds to Λ1 = 0.84TeV for the operator O1 when σ · v = 5 × 10−24 cm3 s−1

and mχ = 200GeV. Given this is the fitted value, the limit obtained would be slightly worse
than that. It is obvious that this is negligible compared with the limit from antiproton
data (figure 6). Therefore, even including the e+ data would not improve our results in a
significant way.

8 Combined analysis

In this section, we do a combined chi-square analysis from all the experimental data sets
on each effective operator. Note that the relic density from WMAP7 constrains Λ from
above, while all the other experiments constrain Λ from below. Therefore, we combine the
chi-squares from (i) direct detection, (ii) collider, (iii) gamma-ray, and (iv) antiproton:

χ2(total) = χ2(direct) + χ2(collider) + χ2(gamma) + χ2(antiproton) . (8.1)

We vary the input parameter Λ until the increase in chi-square is 4 units from the minimum
value, i.e.,

∆χ2 ≡ χ2(total)− χ2(total)min = 4 . (8.2)

The limit on Λ thus obtained is a 2σ lower limit. Together with the upper limit due to
the WMAP7 data, we show the results for all the operators in figures 7, 8, 9, and 10. For
each operator there are two curves: one from WMAP7 bounded from above and one from
all other experimental data sets bounded from below. We indicate the allowed region by an
arrow for each curve. Except for operators O2, O9, and O16, the two arrows in each panel are
pointing away from each other, and therefore no region is allowed for all other operators. The
working assumption here is that the effective interaction between the DM and SM particles
thermalized the DM particles in equilibrium in the early Universe and later decoupled the
DM particles according to the standard Boltzmann equation, and there are no other sources
for the DM. Under this assumption most of the effective operators, except for O2, O9, and
O16, cannot give a smaller interaction constrained by direct detection, indirect detection and
collider, while at the same time provide a larger interaction allowed by the WMAP7 data.
This is the main result of this work.
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The data set in this analysis comes from PAMELA in ref. [35]. We construct the chi-
square using the 46 data points from PAMELA antiproton flux and the ratio p̄/p. The data
point at the lowest energy is ignored because it does not have a central value. We included
the solar modulation effect because it is important for the data points of the low-energy
region. We used a modulation of 500 MV.

We found that the background estimation of p̄/p using the best-fit model parameters of
the GALPROP (which only took into account the isotopic ratios B/C, Be10/Be9, Oxygen,
and Carbon but not the p̄/p ratio) fits well to the data points. We, therefore, calculate the 2σ
limit on each scale Λi based on the fact that the independent background estimation agrees
well with the data points, by a chi-square difference of ∆χ2 ≡ χ2 − min(χ2

bkgd) = 4 (2σ).
We show the resulting limits for each operator in figure 6. We note that the limits are both
qualitatively and quantitatively similar to those obtained in the gamma-ray case.

In principle, one can use the PAMELA positron spectrum to constrain the interactions.
However, the uprising e+ spectrum observed could be an indication of DM annihilation if
there are no other known sources. In order to fit the e+ spectrum the size of annihilation
cross section σ · v ∼ 10−24 − 10−23 cm3 s−1, the range of which depends on the dark matter
mass. It corresponds to Λ1 = 0.84TeV for the operator O1 when σ · v = 5 × 10−24 cm3 s−1

and mχ = 200GeV. Given this is the fitted value, the limit obtained would be slightly worse
than that. It is obvious that this is negligible compared with the limit from antiproton
data (figure 6). Therefore, even including the e+ data would not improve our results in a
significant way.

8 Combined analysis

In this section, we do a combined chi-square analysis from all the experimental data sets
on each effective operator. Note that the relic density from WMAP7 constrains Λ from
above, while all the other experiments constrain Λ from below. Therefore, we combine the
chi-squares from (i) direct detection, (ii) collider, (iii) gamma-ray, and (iv) antiproton:

χ2(total) = χ2(direct) + χ2(collider) + χ2(gamma) + χ2(antiproton) . (8.1)

We vary the input parameter Λ until the increase in chi-square is 4 units from the minimum
value, i.e.,

∆χ2 ≡ χ2(total)− χ2(total)min = 4 . (8.2)

The limit on Λ thus obtained is a 2σ lower limit. Together with the upper limit due to
the WMAP7 data, we show the results for all the operators in figures 7, 8, 9, and 10. For
each operator there are two curves: one from WMAP7 bounded from above and one from
all other experimental data sets bounded from below. We indicate the allowed region by an
arrow for each curve. Except for operators O2, O9, and O16, the two arrows in each panel are
pointing away from each other, and therefore no region is allowed for all other operators. The
working assumption here is that the effective interaction between the DM and SM particles
thermalized the DM particles in equilibrium in the early Universe and later decoupled the
DM particles according to the standard Boltzmann equation, and there are no other sources
for the DM. Under this assumption most of the effective operators, except for O2, O9, and
O16, cannot give a smaller interaction constrained by direct detection, indirect detection and
collider, while at the same time provide a larger interaction allowed by the WMAP7 data.
This is the main result of this work.
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• WMAP constrains Λ from above.
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Fermionic 
DM

• Arrow 
direction is 
allowed 
region

• Only O2 has 
allowed 
region from 
global fittings

• Other 
operators 
have lower 
limits higher 
than upper 
limits
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FIG. 7. The combined analysis for O1, O2, O3, O4, O5 and O6. In each panel, the WMAP7

data requires the area below the blue curve (indicated by the blue arrow) while all the other data

requires the area above the red curve (indicated by the red arrow). The allowed region is shaded

for O2.

VIII. COMBINED ANALYSIS

In this section, we do a combined chi-square analysis from all the experimental data sets

on each effective operator. Note that the relic density from WMAP7 constrains Λ from

26
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Fermionic 
DM 

(cont.)

• Only 
O9 has 
allowed 
regions 
from 
global 
fittings
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FIG. 8. The combined analysis for O7, O8, O9 and O10. In each panel, the WMAP7 data requires

the area below the blue curve (indicated by the blue arrow) while all the other data requires the

area above the red curve (indicated by the red arrow). The allowed region is shaded for O9.

above, while all the other experiments constrain Λ from below. Therefore, we combine the

chi-squares from (i) direct detection, (ii) collider, (iii) gamma-ray, and (iv) antiproton:

χ2(total) = χ2(direct) + χ2(collider) + χ2(gamma) + χ2(antiproton) . (58)

We vary the input parameter Λ until the increase in chi-square is 4 units from the minimum

value, i.e.,

∆χ2 ≡ χ2(total)− χ2(total)min = 4 . (59)

The limit on Λ thus obtained is a 2σ lower limit. Together with the upper limit due to

the WMAP7 data, we show the results for all the operators in Figs. 7, 8, 9, and 10. For

each operator there are two curves: one from WMAP7 bounded from above and one from

all other experimental data sets bounded from below. We indicate the allowed region by

an arrow for each curve. Except for operators O2, O9, and O16, the two arrows in each

27
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Fermionic 
DM 

(Gluonic 
Operators)
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FIG. 9. The combined analysis for operators O11, O12, O13 and O14. In each panel, the WMAP7

data requires the area below the blue curve (indicated by the blue arrow) while all the other

data requires the area above the red curve (indicated by the red arrow). Allowed region for these

operators do not exist.

panel are pointing away from each other, and therefore no region is allowed for all other

operators. The working assumption here is that the effective interaction between the DM

and SM particles thermalized the DM particles in equilibrium in the early Universe and later

decoupled the DM particles according to the standard Boltzmann equation, and there are no

other sources for the DM. Under this assumption most of the effective operators, except for

O2, O9, and O16, cannot give a smaller interaction constrained by direct detection, indirect

detection and collider, while at the same time provide a larger interaction allowed by the

WMAP7 data. This is the main result of this work.

Very little parameter space is allowed for most of the operators because we take the

assumption that only one operator exists for the early universe and for present day exper-

iments. If there are more than one operators exist at the same time, then the lower limit

28

• No 
allowed 
regions 
are 
found

44Wednesday, May 9, 2012



Scalar DM

• Only O16 
has 
allowed 
region 
from 
global 
fittings
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FIG. 10. The combined analysis for O15, O16, O17, O18, O19 and O20. In each panel, the WMAP7

data requires the area below the blue curve (indicated by the blue arrow) while all the other data

requires the area above the red curve (indicated by the red arrow). The allowed region is shaded

for O16.

obtained by all the detection experiments (collider, indirect, and direct) will be stronger;

on the other hand, the upper limit due to the relic density will be weaker. Therefore, there

would be more allowable regions. Also note that if we further extends to larger masses for

mχ in almost all of the operators, there could be some allowed regions.
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• No evidence of  DM from particle physics yet!

• All evidences are from heaven so far! (I know. We can’t ignore 
DAMA/LIBRA and CoGeNT yet.)

• Particle DM is definitely needed at various scales (1) largest 
cosmological scales (WMAP), (2) galaxy cluster scales (Coma 
Cluster), (3) dwarf  galaxies, (4) Bullet Clusters, ...

• Three important complementary particle DM probes: 
direct detection, indirect detection, and collider.

• No lack of  theoretical ideas for particle DM candidates. 
Popular model like MSSM is highly constrained now.

• Effective DM interaction -- model independent approach but 
has limitations.

• Combing results from different experiments provide 
important constraints on DM models or effective interactions.

• We live in exciting time!! Stay tuned for new results from 
LHC8 and AMS-02.
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