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Introduction
• Many evidences suggest the existence of  DM

Gravitation:
   (1) Rotation curves
   (2) WMAP relic density
   (3) Bullet Clusters
   (4) Strong and weak gravitational lensing
   (5) Structure formation
Direct Experiment:
   (1) DAMA modulation
   (2) CoGeNT
Indirect Experiments:
   (1) PAMELA positron excess
   (2) Fermi-LAT electron+positron spectrum
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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
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On the theoretical side, one can calculate the DM relic 
density by the freeze-out condition:

ΩXh2 ≈ 3×10−27cm3s−1

�σAv�

≈ 0.1 pb
�σAv�

ΩCDMh2(WMAP) = 0.1123± 0.0035

WIMP miracle

Put lower limits on �σAv�

Relic Density & WIMP (cont)
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XENON100 Cross Sections Limits [arXiv:1104.2549] 5
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section

σ as function of WIMP mass mχ. The new XENON100 limit

at 90% CL, as derived with the Profile Likelihood method

taking into account all relevant systematic uncertainties, is

shown as the thick (blue) line together with the 1σ and 2σ
sensitivity of this run (shaded blue band). The limits from

XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,

orange), and CDMS [5] (dashed, orange, recalculated with

vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-

tions from CMSSM are indicated at 68% and 95% CL (shaded

gray) [17], as well as the 90% CL areas favored by CoGeNT

(green) [18] and DAMA (light red, without channeling) [19].

and a density of ρχ = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
σ = 7.0×10−45 cm2 at aWIMPmass ofmχ = 50GeV/c2.
The impact of Leff data below 3 keVnr is negligible at
mχ = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1σ and 2σ region. Due to the presence of
two events around 30 keVnr, the limit at higher mχ is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a mχ = 100GeV/c2 WIMP, of 1471 kg × days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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LHC Focus Group CYCU 9/2010 7

PAMELA: e+ data
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Pulsars or 
DM?

Positron excess in the 10-100 GeV range.
Below 10 GeV, data are affected by solar modulation.

Indirect Detection
PAMELA, Nature 458 (2009) 607
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• Fermi-LAT recently confirmed the PAMELA 
result, using the Earth B- field

Indirect Detections

• Fermi-LAT recently confirmed the PAMELA 
result, using the Earth magnetic field.

Indirect Detection (Cont.)
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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
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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.

PRL 105, 121101 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

17 SEPTEMBER 2010

121101-4

Data very close to background. 
It can provide stringent constraints on DM physics.

PAMELA p̄ Data (2010) PRL 105 (2010) 121101

χχ̄ → qq̄ or gg → p̄+X

Indirect Detection (Cont.)
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Constraints on Effective Interactions
• Origin of  DM 

(1) MACHOS
(2) massive neutrinos
(3) axions
(4) WIMP
(5) etc

• WIMP Models are favored by relic density constraint of  WMAP
(1) MSSM with R-parity (LSP)
(2) UED with KK parity (LKP)
(3) Little Higgs models with T-parity (LTP)
(4) Darkon (Scalar Phantoms) model (Silveira & Zee, 1985)
(5) Inert doublet model (IDM) [See P. Osland’s talk]
(6) etc

• Our approach (adopted by many other groups as well): 
(1) effective interaction of  WIMP DM with SM particles
(2) assumption: the connector sector must be heavy and integrated 
out
(3) DM can be scalar or fermionic; vector DM not considered
(4) Twist 2 and higher operators are ignored
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J
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P
0
6
(
2
0
1
1
)
0
2
3

Operator Coefficient Velocity Scaling in 〈σv〉
Dirac DM, (axial) vector/tensor exchange
O1 = (χγµχ) (q̄γµq) C

Λ2 m2
χ

O2 = (χγµγ5χ) (q̄γµq) C
Λ2 m2

χv2

O3 = (χγµχ) (q̄γµγ5q) C
Λ2 m2

χ

O4 = (χγµγ5χ) (q̄γµγ5q) C
Λ2 m2

χv2

O5 = (χσµνχ) (q̄σµνq) C
Λ2 m2

χ

O6 = (χσµνγ5χ) (q̄σµνq) C
Λ2 m2

χ

Dirac DM, (pseudo) scalar exchange

O7 = (χχ) (q̄q) Cmq

Λ3 m2
qm

2
χv2

O8 = (χγ5χ) (q̄q) iCmq

Λ3 m2
qm

2
χ

O9 = (χχ) (q̄γ5q) iCmq

Λ3 m2
qm

2
χv2

O10 = (χγ5χ) (q̄γ5q) Cmq

Λ3 m2
qm

2
χ

Dirac DM, gluonic
O11 = (χχ)GµνGµν Cαs

4Λ3 m4
χv2

O12 = (χγ5χ)GµνGµν iCαs

4Λ3 m4
χ

O13 = (χχ)GµνG̃µν Cαs

4Λ3 m4
χv2

O14 = (χγ5χ)GµνG̃µν iCαs

4Λ3 m4
χ

Complex Scalar DM, (axial) vector exchange

O15 = (χ†←→∂µχ) (q̄γµq) C
Λ2 m2

χv2

O16 = (χ†←→∂µχ) (q̄γµγ5q) C
Λ2 m2

χv2

Complex Scalar DM, (pseudo) scalar exchange

O17 = (χ†χ) (q̄q) Cmq

Λ2 m2
q

O18 = (χ†χ) (q̄γ5q) iCmq

Λ2 m2
q

Complex Scalar DM, gluonic
O19 = (χ†χ)GµνGµν Cαs

4Λ2 m2
χ

O20 = (χ†χ)GµνG̃µν iCαs

4Λ2 m2
χ

Table 1. The list of effective interactions between the dark matter and the light degrees of freedom
(quark or gluon). We have suppressed the color index on the quark and gluon fields. These operators
have also been analyzed in refs. [3, 5, 8, 13].

results are also applicable to Majorana dark matter. Note also that due to the following
identity

σµνγ5 =
i

2
εµναβσαβ , (2.2)

the axial tensor σµνγ5 is related to the tensor σαβ and thus should not be regarded as an
independent set for Dirac fermionic DM. However, for Majorana fermionic χ, such axial
tensor structure can be present.

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

Li=7−10 =
Cmq

Λ3
i

(χΓχ)
(

q̄Γ′q
)

, (2.3)

where Γ,Γ′ = 1 or iγ5. The mq dependence in the coupling strength is included for scalar-
type interactions in accord with the trace anomaly in QCD. We use the current quark masses

– 4 –

Dirac DM

Scalar DM Suppressed by v2

Suppressed by m2
q

Suppressed by α2
s

Suppressed by α2
s

and v2

Suppressed by m2
q

and v2

Λ : Effective scale

Enhanced by m2
t

SUSY   / SD

SUSY   / SI

Darkon
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Constraints on Λ
• WMAP relic density can provide an upper limit on Λ 

• PAMELA anti-proton spectrum can provide a lower 
limit on Λ

• Fragmentation functions are taken from Ablino et al 
[NPB 725 (2005) 181 - 206]; obtained by fitting all 
relevant data from e+ e- annihilation experiments

• Use GALPROP [Moskalenko & Strong] to include 
propagation effect for anti-proton from galaxy to earth

• Source term for diffusion

χχ̄ → qq̄ or gg → p̄+X
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Figure 2. The same as figure 1, but for operators O7−14 involving Dirac DM with (pseudo) scalar-
boson exchanges (O7−10) and Dirac DM with gluonic interactions (O11−14). The condition Λ ≤
mχ/2

√
π where both the effective theory approach and perturbation theory will not be trustworthy

is indicated by the small shaded area at the bottom.

sponding diffusion terms and the appropriate source term for the input antiproton spectrum:

Qann = η

(

ρCDM

MCDM

)2
∑

〈σv〉p̄
dNp̄

dTp̄
, (5.1)

where η = 1/2 (1/4) for (non-)identical initial state, and Tp̄ is the kinetic energy of the
antiproton which is conventionally used instead of the total energy. We solve the diffusion
equation using GALPROP [18]. The parameters that we used in GALPROP are shown in
table 2. We have used the isothermal profile for the dark matter density.

In our case, the dominant contribution comes from

χχ → qq̄ → p̄ + X , (5.2)

in which all the q, q̄ (q = u, d, c, s, b) have probabilities fragmenting into p̄. We adopt a
publicly available code [19] 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

– 8 –

(q = u, d, s, c, b)
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Figure 4. Antiproton fraction spectrum predicted for the operator O1 = 1

Λ2 (χγµχ) (q̄γµq) for a few
values of Λ. The mass of the dark matter is chosen to be 200GeV here. The data points are from
PAMELA [12].

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. We display the energy spectrum for the antiproton fraction in
figure 4 for the operator O1, in which various values of Λ are chosen. We only chose a typical
operator. The effects of other operators are similar.

Here we adopt a simple statistical measure to quantify the effect of each operator. We
calculate the 3σ limit on each scale Λi. We assume the data agree well with the expected
background, and then we calculate the χ2 with finite Λi’s until we obtain a χ2 difference of
∆χ2 ≡ χ2 − χ2

bkgd = 9 (3σ).
Note that the uncertainties in the background estimation of the low energy range (!

4 GeV) are large in GALPROP, mainly because of different profiles employed. We therefore
focus on the data points above 4 GeV when we calculate the χ2. The data points above
4 GeV enjoy a small χ2 = 5.0 for 13 degrees of freedom. We tabulate all the lower limits of
Λis in table 3 for mχ = 50, 100, 200 and 400 GeV.

Limits for intermediate values of mχ are shown in figure 1, figure 2, and figure 3 for Dirac
DM with (axial) vector-boson/tensor-like exchanges, Dirac DM with (pseudo) scalar-boson
exchanges and Dirac DM with gluonic interactions, and scalar DM, respectively. The solid
lines are the upper limits due to thermal relic density. The dashed lines are the lower limits
due to antiproton flux. Therefore, for each operator there is a valid range of Λ. For example,
the operator O1,3 requires 1.6TeV ! Λ1,3 ! 3TeV for mχ = 200 GeV. The best limit is ob-
tained for the Dirac DM with tensor interactions in O5,6 at 1.9TeV ! Λ5,6 ! 3.6TeV for mχ =
200 GeV. In general, the Dirac DM with vector-like exchanges gives the best limit, except for
the operators O2,4, which are well known for velocity suppression. The operators O7−10 for

– 10 –

Antiproton fraction spectrum from O1

χ2
bkgb (≥ 4 GeV) = 5.0 for 13 d.o.f.

Spectrum less than 4 GeV varies significantly 
with DM halo profiles in GALPROP

∆χ2 ≡ χ2 − χ2
bkgd

13
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Figure 1. The upper limits on Λi due to the relic density constraint, requiring σv ≥ 0.91pb for
operators O1−6 involving Dirac DM with (axial) vector-boson/tensor-like exchanges (shown by solid
lines). The lower limits on Λi due to the antiproton-flux constraint at 3σ level for the same operators
(shown by dashed lines with the corresponding color). The condition Λ ≤ mχ/2

√
π where both the

effective theory approach and perturbation theory will not be trustworthy is indicated by the small
shaded area at the bottom.

deuterium from dark matter annihilation. The Milky Way halo may contain clumps of dark
matter, from where the annihilation of dark matter particles may give rise to large enough
signals, such as positron and antiproton, that can be identified by a number of antimatter
search experiments. The most recent ones come from PAMELA [12, 13], which showed
a spectacular rise in the positron spectrum but an expected spectrum for antiproton. It
may be due to nearby pulsars or dark matter annihilation or decays. If it is really due to
dark matter annihilation, the dark matter would have very strange properties, because it
only gives positrons in the final products but not antiproton. Here we adopt a conservative
approach. We use the observed antiproton as a constraint on the annihilation products in
χχ annihilation. In general, the positron data would give a weaker constraint as it allows
some level of signals of dark matter annihilation [9].

The antiproton flux can be obtained by solving the diffusion equation with the corre-

– 7 –

Upper and lower limits for Λ of fermionic DM operators

O1 - O6
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Figure 4. Antiproton fraction spectrum predicted for the operator O1 = 1

Λ2 (χγµχ) (q̄γµq) for a few
values of Λ. The mass of the dark matter is chosen to be 200GeV here. The data points are from
PAMELA [12].

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. We display the energy spectrum for the antiproton fraction in
figure 4 for the operator O1, in which various values of Λ are chosen. We only chose a typical
operator. The effects of other operators are similar.

Here we adopt a simple statistical measure to quantify the effect of each operator. We
calculate the 3σ limit on each scale Λi. We assume the data agree well with the expected
background, and then we calculate the χ2 with finite Λi’s until we obtain a χ2 difference of
∆χ2 ≡ χ2 − χ2

bkgd = 9 (3σ).
Note that the uncertainties in the background estimation of the low energy range (!

4 GeV) are large in GALPROP, mainly because of different profiles employed. We therefore
focus on the data points above 4 GeV when we calculate the χ2. The data points above
4 GeV enjoy a small χ2 = 5.0 for 13 degrees of freedom. We tabulate all the lower limits of
Λis in table 3 for mχ = 50, 100, 200 and 400 GeV.

Limits for intermediate values of mχ are shown in figure 1, figure 2, and figure 3 for Dirac
DM with (axial) vector-boson/tensor-like exchanges, Dirac DM with (pseudo) scalar-boson
exchanges and Dirac DM with gluonic interactions, and scalar DM, respectively. The solid
lines are the upper limits due to thermal relic density. The dashed lines are the lower limits
due to antiproton flux. Therefore, for each operator there is a valid range of Λ. For example,
the operator O1,3 requires 1.6TeV ! Λ1,3 ! 3TeV for mχ = 200 GeV. The best limit is ob-
tained for the Dirac DM with tensor interactions in O5,6 at 1.9TeV ! Λ5,6 ! 3.6TeV for mχ =
200 GeV. In general, the Dirac DM with vector-like exchanges gives the best limit, except for
the operators O2,4, which are well known for velocity suppression. The operators O7−10 for
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Suppressed by v2

* One operator at a time 
* Ignore possible interference 
among operators
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Figure 2. The same as figure 1, but for operators O7−14 involving Dirac DM with (pseudo) scalar-
boson exchanges (O7−10) and Dirac DM with gluonic interactions (O11−14). The condition Λ ≤
mχ/2

√
π where both the effective theory approach and perturbation theory will not be trustworthy

is indicated by the small shaded area at the bottom.

sponding diffusion terms and the appropriate source term for the input antiproton spectrum:

Qann = η

(

ρCDM

MCDM

)2
∑

〈σv〉p̄
dNp̄

dTp̄
, (5.1)

where η = 1/2 (1/4) for (non-)identical initial state, and Tp̄ is the kinetic energy of the
antiproton which is conventionally used instead of the total energy. We solve the diffusion
equation using GALPROP [18]. The parameters that we used in GALPROP are shown in
table 2. We have used the isothermal profile for the dark matter density.

In our case, the dominant contribution comes from

χχ → qq̄ → p̄ + X , (5.2)

in which all the q, q̄ (q = u, d, c, s, b) have probabilities fragmenting into p̄. We adopt a
publicly available code [19] 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
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Upper and lower limits for Λ of fermionic DM operators

O7 - O14

EFT and/or PT 
breaks down!

Λ ≤ mχ/2
√
π

Suppressed by v2
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Figure 3. The same as figure 1, but for operators O15−20 involving complex scalar DM. The con-
dition Λ ≤ mχ/2

√
π where both the effective theory approach and perturbation theory will not be

trustworthy is indicated by the small shaded area at the bottom.

Parameter (unit) Value

Diffusion Coefficient Normalization D0xx (1028 cm2s−1) 5.8

Diffusion Coefficient Index Below Break Rigidity Dg1 0.34

Diffusion Coefficient Index Above Break Rigidity Dg2 0.34

Diffusion Coefficient Break Rigidity Drigid br (103 MV) 4.0

Alfven Speed vA (km s−1) 30

Nuclear Break Rigidity (103 MV) 9.0

Nucleus Injection Index Below Break Rigidity 1.70

Nucleus Injection Index Above Break Rigidity 2.42

Proton Flux Normalization (10−9 cm−2 sr−1 s−1 MeV−1) 5.00

Proton Kinetic Energy for Normalization (105 MeV) 1.00

Table 2. The values of the parameters that we used in GALPROP to reproduce the background
curve in figure 4, such that the χ2 = 5.0 for 13 data points above 4GeV.
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Upper and lower limits for Λ of scalar DM operators

O15 - O20

Suppressed by v2
top/anti-top threshold

Suppressed by α2
s

EFT and/or PT 
breaks down!

Λ ≤ mχ/2
√
π
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Operators Λ (TeV)
mχ (GeV) = 50 100 200 400

Dirac DM, Vector Boson Exchange
O1 = (χγµχ) (q̄γµq) 1.15 1.34 1.57 1.66
O2 = (χγµγ5χ) (q̄γµq) 0.033 0.038 0.045 0.047
O3 = (χγµχ) (q̄γµγ5q) 1.15 1.34 1.57 1.66
O4 = (χγµγ5χ) (q̄γµγ5q) 0.19 0.15 0.11 0.09
O5 = (χσµνχ) (q̄σµνq) 1.37 1.60 1.87 1.97
O6 = (χσµνγ5χ) (q̄σµνq) 1.36 1.60 1.87 1.97

Dirac DM, Scalar Boson Exchange
O7 = (χχ) (q̄q) 0.012 0.013 0.014 0.015
O8 = (χγ5χ) (q̄q) 0.12 0.13 0.14 0.15
O9 = (χχ) (q̄γ5q) 0.012 0.013 0.014 0.015
O10 = (χγ5χ) (q̄γ5q) 0.12 0.13 0.14 0.15

Dirac DM, Gluonic
O11 = (χχ)GµνGµν 0.013 0.015 0.019 0.027
O12 = (χγ5χ)GµνGµν 0.13 0.15 0.19 0.27
O13 = (χχ)GµνG̃µν 0.013 0.015 0.019 0.027
O14 = (χγ5χ)GµνG̃µν 0.13 0.15 0.19 0.27

Complex Scalar DM, Vector Boson Exchange

O15 = (χ†←→∂µχ) (q̄γµq) 0.033 0.038 0.045 0.047

O16 = (χ†←→∂µχ) (q̄γµγ5q) 0.033 0.038 0.045 0.047
Complex Scalar DM, Scalar Vector Boson Exchange

O17 = (χ†χ) (q̄q) 0.16 0.13 0.099 0.074
O18 = (χ†χ) (q̄γ5q) 0.16 0.13 0.099 0.074

Complex Scalar DM, Gluonic
O19 = (χ†χ)GµνGµν 0.18 0.15 0.15 0.18
O20 = (χ†χ)GµνG̃µν 0.18 0.15 0.15 0.18

Table 3. The 3σ lower limits on the operators listed in table 1. We take the coefficient C = 1 with
mχ = 50, 100, 200 and 400GeV. We have used the PAMELA data points above the kinetic energy
T = 4 GeV in our analysis, because of the large uncertainty of the theoretical background at low
energy. The χ2(bkdg) = 5.0.

Dirac DM with scalar-boson exchanges naturally give rather weak limits, because of the factor
mq in the coupling constant. In addition, operators O7,9 are suppressed by the velocity. The
gluonic interactions in the operators O11−14 also give mild limits because of the αs ≈ 10−1 in
the coupling constant, in which the operators O11,13 are further suppressed by velocity. On
the other hand, the operators for scalar DM give rather mild limits, especially O15,16 give the
weakest limits, because the derivative couplings in O15,16 bring down a factor of momentum.

6 Discussion and conclusions

Here we do a comparison with the limits obtained in ref. [7], in which limits from relic density,
Tevatron, and gamma-ray are shown. Comparisons are summarized as follows.

1. The limits due to relic density obtained in this work are consistent with results of ref. [7].
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3 σ lower limits for effective scale Λ of each operator

Dirac DM

Scalar DM

χ2
bkgb (≥ 4 GeV) = 5.0 for 13 d.o.f.

Scalar DM has 
weaker limits!
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Background Diffuse γ Rays

• Primary source for E > 1 GeV: annihilation of  CR 
particles with intermedium atom (X). 

• Secondary source: Interaction of  charged particles 
with external medium or radiation fields (such as IC 
scattering, Bremsstrahlung, Synchrotron radiation, etc)

p+X → π0 → 2γ

He+X → π0 → 2γ

e± + γCMB → γ + e± IC: 

18



Background Diffuse γ Rays (cont.)

• EGB (Extragalactic diffuse γ rays)
(a) fainter; first detected at 1975 by SAS-2, later 
confirmed by EGRET data at 1998 
(b) isotropic sky distribution
(c) origins are most uncertain; believed to be
     superposition of  many contributions from 
     (1) unresolved extragalactic sources (AGN,
          starburst galaxies, γ-ray bursts, ..)
     (2) truly diffuse emission processes 
          (large-scale structure formation, 
           interaction of  ultra high energy CRs 
           with relic photons, etc) 
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Background Diffuse γ Rays (cont.)

• EGB (Extragalactic diffuse γ rays) (cont.)
(d) Fermi-LAT recent measurement [PRL 104, 101101 (2010)]
of  diffuse γ-ray at mid-latitude region and fitted this EGB as

E2 dΦ

dE
= A

�
E

0.281 GeV

�δ A = (0.95+0.18
−0.17)× 10−6 GeV cm−2 s−1 sr−1

γ = 2.41± 0.05 = |δ − 2|

• Our fitted EGB 

E2 dΦ

dE
= (0.99× 10−6)

�
E

0.281 GeV

�−0.36

GeV cm−2 s−1 sr−1

• Numerical code (GALPROP) was used to calculate the 
diffuse galactic background from primary and secondary 
sources
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DM Annihilates into γ Rays

• DM can annihilate into quark, antiquark and gluon

• quark, antiquark, gluon can all fragment into neutral pion, 
which decays into photons and contribute to diffuse γ rays

• Again, fragmentation functions are taken from Ablino et al 
[NPB 725 (2005) 181 - 206]; obtained by fitting all relevant 
data from e+ e- annihilation experiments; public code

• Propagation effects for photons are expected to be small 
within our galaxy ( < 25 kpc )

J
C
A
P
0
6
(
2
0
1
1
)
0
2
3

Parameter (unit) Value
Minimum galactocentric radius rmin (kpc) 00.0
Maximum galactocentric radius rmax (kpc) 25.0
Minimum height zmin (kpc) −04.0
Maximum height zmax (kpc) +04.0
ISRF factors for IC calculation: optical, FIR, CMB ISRFfactors 1.9, 1.9, 1.9
Gamma-ray Intensity Skymap Longitude minimum longmin (degrees) 0.0
Gamma-ray Intensity Skymap Longitude maximum longmax (degrees) 360.0
Gamma-ray Intensity Skymap Latitude minimum latmin (degrees) +10.0
Gamma-ray Intensity Skymap Latitude maximum latmax (degrees) +20.0
Binsize in Longitude for Gamma-ray Intensity Skymaps dlong (degrees) 0.50
Binsize in Latitude for Gamma-ray Intensity Skymaps dlat (degrees) 0.50
Diffusion Coefficient Normalization D0xx (1028 cm2s−1) 6.1
Diffusion Coefficient Index Below Break Rigidity Dg1 0.33
Diffusion Coefficient Index Above Break Rigidity Dg2 0.33
Diffusion Coefficient Break Rigidity Drigid br (103 MV) 4.0
Alfven Speed vA (km s−1) 30
Nuclear Break Rigidity nucrigid br (103 MV) 10.0
Nucleus Injection Index Below Break Rigidity nucg1 2.00
Nucleus Injection Index Above Break Rigidity nucg2 2.43
Proton Flux Normalization (10−9 cm−2 sr−1 s−1 MeV−1) 4.90
Proton Kinetic Energy for Normalization (105 MeV) 1.00
Electron Break Rigidity0 electronrigid br0 (104 MV) 3.0
Electron Break Rigidity electronrigid br (109 MV) 1.0
Electron Injection Index Below Break Rigidity0 electrong0 2.20
Electron Injection Index Above Break Rigidity0 and Below Break Rigidity electrong1 2.54
Electron Injection Index Above Break Rigidity electrong2 2.5
Electron Flux Normalization (10−10 cm−2 sr−1 s−1 MeV−1) 4.0
Electron Kinetic Energy for Normalization (104 MeV) 3.45

Table 2. The values of the parameters that we used in running the code GALPROP to reproduce
the background curves in figures 1–3. For unstated parameters we employ the default values.

annihilation, because we do not find a simple process in Pythia for extraction of g → γ
fragmentation.

The photon flux is proportional to the square of the number density of the DM parti-
cles (ρ/mχ)2, the annihilation cross section 〈σv〉 and the spectrum of photons dN/dEγ per
annihilation. The flux observed is found by integrating the number density squared along
the line-of-sight connecting from the source to the observer, given by

Φ =
〈σv〉

2

dN

dEγ

1

4πm2
χ

∫

line of sight

ds ρ2(s,ψ) , (3.4)

where s runs along the line of sight and ψ is the angle from the direction of the Galactic
Center. Here the factor of 2 in the denominator accounts for particle-antiparticle annihilation
since we are dealing with Dirac or complex scalar DM. We employ the isothermal profile in
running the GALPROP [24].

The contribution from annihilation of DM to the observed diffuse photon spectrum is
shown in each figure 1–figure 3 by the long dashed curve near the bottom of each figure.
The position of the peak of the DM curve corresponds to about 0.1mχ, as can be clearly
spotted at each of these figures. When we add the DM contribution to the total background

– 8 –

Flux :

χχ̄ → qq̄ , gg → π0 +X → 2γ +X (q = u, d, s, c, b)
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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).
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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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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
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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)

22



J
C
A
P
0
6
(
2
0
1
1
)
0
2
3

Operators Λ (TeV)
mχ (GeV) = 50 100 200 500

Dirac DM, (axial) vector/tensor exchange
O1 = (χγµχ) (q̄γµq) 0.87 1.15 1.46 1.94
O2 = (χγµγ5χ) (q̄γµq) 0.025 0.033 0.042 0.055
O3 = (χγµχ) (q̄γµγ5q) 0.87 1.15 1.46 1.94
O4 = (χγµγ5χ) (q̄γµγ5q) 0.13 0.12 0.11 0.10
O5 = (χσµνχ) (q̄σµνq) 1.04 1.36 1.74 2.31
O6 = (χσµνγ5χ) (q̄σµνq) 1.04 1.36 1.74 2.31
Dirac DM, (pseudo) scalar exchange
O7 = (χχ) (q̄q) 0.009 0.011 0.014 0.017
O8 = (χγ5χ) (q̄q) 0.094 0.11 0.14 0.17
O9 = (χχ) (q̄γ5q) 0.009 0.011 0.014 0.017
O10 = (χγ5χ) (q̄γ5q) 0.094 0.11 0.14 0.17
Dirac DM, gluonic
O11 = (χχ)GµνGµν 0.011 0.013 0.017 0.024
O12 = (χγ5χ)GµνGµν 0.11 0.13 0.17 0.24
O13 = (χχ)GµνG̃µν 0.011 0.013 0.017 0.024
O14 = (χγ5χ)GµνG̃µν 0.11 0.13 0.17 0.24
Complex Scalar DM, (axial) vector exchange

O15 = (χ†←→∂µχ) (q̄γµq) 0.025 0.033 0.042 0.055

O16 = (χ†←→∂µχ) (q̄γµγ5q) 0.025 0.033 0.042 0.055
Complex Scalar DM, (pseudo) scalar exchange
O17 = (χ†χ) (q̄q) 0.11 0.10 0.095 0.083
O18 = (χ†χ) (q̄γ5q) 0.11 0.10 0.095 0.083
Complex Scalar DM, gluonic
O19 = (χ†χ)GµνGµν 0.13 0.13 0.13 0.14
O20 = (χ†χ)GµνG̃µν 0.13 0.13 0.13 0.14

Table 3. The 3σ lower limits on the effective sale Λ of each operator listed in table 1. We take the
coefficient C = 1 with mχ = 50, 100, 200 and 500GeV.

4 Discussion and conclusions

Here we do a comparison with the limits obtained in collider [3–5], gamma-ray lines in ref. [8],
antiproton flux [13] and direct searches.

• Comparison to limits obtained using gamma-ray lines [8] against the Fermi-LAT
data [21]. As mentioned before, our continuum gamma-ray signals are obtained via
quark or antiquark fragmentation, whereas in ref. [8] the discrete gamma-ray line is
coming from one-loop dressing of the effective operators. Note also that we are cal-
culating the 3σ lower limit while ref. [8] reported the 95% C.L. lower limits, which
are approximately 2σ, so our limits are slightly more conservative. We found that the
limits for operator O1,3 are substantially better than the corresponding operators D5,7

of ref. [8]. Our limits are 0.9 − 1.9 TeV for mχ = 50 − 500 GeV, while their limits are
0.12−0.6 TeV for mχ = 50−200 GeV. We see in this case (Dirac DM with vector-boson
exchange), the contribution to photon flux through the continuum (q → π0 → γ) is

– 11 –

3 σ lower limits for effective scale Λ of each operator

Dirac DM

Scalar DM Scalar DM has 
weaker limits!
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Figure 4. The 3σ upper limits on the annihilation cross section σv(χχ̄ → qq̄) versus the DM
mass due to the Fermi-LAT photon-flux data (10◦ < |b| < 20◦, 0◦ < l < 360◦) and due to the
PAMELA antiproton-flux data [13]. The limits are approximately independent of the operators. The
annihilation cross sections above the curves are ruled out. The x-axis is at the value 3×10−26 cm3 s−1

which is the required annihilation cross section to give the correct thermal relic density.

substantially better than the discrete line spectrum (via the loop process) when com-
pared against the Fermi-LAT data. The limits for operators O7−10 (Dirac DM with
scalar-boson exchange) and O17,18 (complex scalar DM with scalar-boson exchange) are
about the same as D1−4 and C1,2, respectively, of ref. [8]. On the other hand, limits
for operators O15,16 (complex scalar DM with vector-boson exchange) are weaker than
C3,4 of ref. [8].

• Comparison to limits obtained using antiproton flux [13] against the PAMELA antipro-
ton data [25]. The approach that we did in ref. [13] is very similar to the work here,
except that we require to see photon instead of antiproton in the final state and we are
comparing with two entirely different categories of data. We found that at the lower
end mχ ∼ 50 − 300 GeV the limits from antiproton data are somewhat better than
those from photon-flux data. This is because of the nature of the fragmentation and
decay chain: one fragments into antiproton directly while the other one fragments into
π0 then followed by decays of π0 → γγ. The peak of the antiproton spectrum occurs at
larger energies than the peak of the photon spectrum for the same DM mass. On the
other hand, when mχ increases to about 300 − 500 GeV, limits from gamma-ray flux
constrains stronger on the DM interactions.
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Comparisons Between Anti-proton and 
Gamma Ray Constraints on 3σ Upper Limits on <σv>

�σv� = 3× 10−26 cm3 s−1 (WMAP)
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Summary
• PAMELA anti-proton spectrum and Fermi-LAT diffuse gamma-ray 

spectrum at mid-latitude are used to constrain the effective interaction 
strengths; complementary to each other depend on DM mass

• 3σ lower limit on the effective scale Λ is deduced, while WMAP relic 
density can provide an upper limit for Λ

• Best limits for vector Ο_{1,3} and tensor operators Ο_{5,6}  with Λ 
~ 1 -- 2 TeV. Other operators are suppressed with weaker limits

• These limits are comparable to gamma-ray line search and to limits 
obtained from collider searches on DM [works by Tait et al]

• However, direct limits from XENON100 are Λ_1>4.4 TeV from 
Ο_1 and Λ_7>330 GeV from Ο_7 which are more stringent

• In general, due to suppression factors, limits from scalar DM are 
weaker than fermionic DM from these indirect detections
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Dziękuję bardzo
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