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Minimalistic approach
On top of the SM, add only one extra multiplet X

and systematically search for the ideal DM candidate...
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X

gauge interactions the only parameter, 
and will be fixed by         .ΩDM

(other terms in the 
scalar potential)

(one loop mass splitting)

L = LSM + |DµX|2 − M
2|X |2

X
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W±, Z, γ
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Non-perturbative ‘Sommerfeld’ 
corrections (and other smaller corrections)

induce modifications: 
〈σannv〉 ! R · 〈σannv〉 + 〈σannv〉p−wave

with R ∼ O(few) → O(102)

w/o Non-Pert corr

full computation
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Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ! α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold

10
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A fermionic                quintuplet with            ,
provides a DM candidate with                       ,

which is fully successful:
- neutral

- automatically  stable
and

not yet  discovered by DM searches.     

Recap:
SU(2)L Y = 0

A scalar               eptaplet with               also does.SU(2)L Y = 0

(Other candidates can be cured via non-minimalities.)

like proton 
stability in SM!

M = 10 TeV
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Phenomenology



DM detection

production at colliders

direct detection

indirect

 from annihil in galactic halo or center
   (line + continuum)

from annihil in galactic halo or center

γ

from annihil in galactic halo or center

e
+

p̄

ν, ν̄ from annihil in massive bodies

D̄ from annihil in galactic halo or center

tracing in Cosmic Rays?
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Gran Sasso underground laboratories
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χ χ
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q q
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1. Direct Detection
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−(1−2Y )2)
πα2

2
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[X̄γµγ5X ][q̄γµγ5q]
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Spin-Independent
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Spin-Dependent
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MMW
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q q
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q q

one-loop processes
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(NB: no free parameters => one predicted point per candidate)

fermionic 
5-plet

[skip to conclusions]

1. Direct Detection

CDMS 2008 bound

SuperCDMS projected

Xenon 1ton

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.key?id=BGSlide-11
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.key?id=BGSlide-11
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∂f

∂t
−K(E) ·∇2f − ∂

∂E
(b(E)f) +

∂

∂z
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Salati, Chardonnay, Barrau, Donato, 
Taillet, Fornengo, Maurin, Brun, 
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Results for anti-protons:
3. Indirect Detection

AMS02  2010?

Astro uncertainties:

Distinctive signal,
PAMELA prelim., AMS02.
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3. Indirect Detection
Results for positrons:

PAMELA 2008

AMS02  2010?

Distinctive signal,
quite robust vs astro,
awaiting PAMELA, AMS02.

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B
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3. Indirect Detection
Results for positrons:

AMS02  2010?

Distinctive signal,
quite robust vs astro,
here is PAMELA!

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B
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3. Indirect Detection
Results for positrons:

AMS02  2010?

Distinctive signal,
quite robust vs astro,
here is PAMELA!

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B
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The recent break-

through is PAMELA!

M.Boezio (PAMELA coll.), 
ICHEP 08, Philadelphia
& iDM 2008, Stockholm
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3. Indirect Detection
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3. Indirect Detection
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92 GeV positron event
Carl D. Anderson

Nobel 
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“for his discovery of the positron”
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3. Indirect Detection
Results for positrons:

AMS02  2010?

Distinctive signal,
quite robust vs astro,
here is PAMELA!

5

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B
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Conclusions
The DM problem requires physics beyond the SM.

Introducing the minimal amount of it,
we find some fully successful DM candidates:

massive, neutral, automatically  stable.

The “best” is the  
                  fermionic                quintuplet with             .

- can be found in next gen direct detection exp’s,
- too heavy to be produced at LHC,
- gives signals in indirect detection exp’s,
- can be searched for in UHE CR.

Its phenomenology is precisely computable:

SU(2)L Y = 0

(Other candidates have different properties.)

(M = 10 TeV)
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Results for anti-protons:
3. Indirect Detection

PAMELA 2008

AMS02  2010?

Astro uncertainties:

Distinctive signal,
more dependent on astro,
PAMELA prelim., AMS02.

- propagation model
- DM halo profile
- boost factor B
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3. Indirect Detection
For instance, predicted signal in     rays:γ



Comparison with SplitSuSy-like models
A-H, Dimopoulos  and/or Giudice, Romanino 2004

Pierce 2004; Arkani-Hamed, Dimopoulos, Kachru 2005
Mahbubani, Senatore 2005

MDMSplitSuSy-like
- Higgsino (a fermion doublet)

-   + something else (a singlet)

- stabilization by R-parity

- want unification also

- unification scale is low, 
  need to embed in 5D 
  to avoid proton decay 

- arbitrary multiplet, scalar or fermion

- nothing else (with Y=0)

- automatically stable

- forget unification, it’s SM

- nothing

Common feature: the focus is on DM, not on SM hierarchy problem.

Mahbubani, Senatore 2005



1) galaxy rotation curves
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The Evidence for DM



1) galaxy rotation curves

2) clusters of galaxies
- “rotation curves”
- gravitation lensing
- X-ray gas temperature

“bullet cluster” - NASA 
astro-ph/0608247

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

[further developments]

The Evidence for DM



3) CMB+LSS(+SNIa:) 

ΩM ≈ 0.26 ± 0.05

TT TE

EE LSS

M.Cirelli and A.Strumia, astro-ph/0607086

WMAP-3yr
ACbar
CBI

Text

Boomerang
DASI
VSA

SDSS,    2dFRGS
LyA Forest Croft
LyA Forest SDSS

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM
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1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM



The Evidence for DM
ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

details

details

details

DM is there.
What is DM?

ΩM ≈ 0.26 ± 0.05

TT TE

EE LSS

3) CMB+LSS(+SNIa:) 

1) galaxy rotation curves

2) clusters of galaxies
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The Evidence for DM
How would the power spectra be without DM?

(and no other extra ingredient)

2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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The thrilling story of the bullet cluster

“The bullet goes too fast!”
With a surprising twist, the bullet cluster 
that just killed MOND repents and reverts 

into an advocate of a 5th force in the DM 
sector, that pulled in the merger.

Farrar, Rosen (2006) astro-ph/0610298
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“The bullet goes too fast!”
With a surprising twist, the bullet cluster 
that just killed MOND repents and reverts 

into an advocate of a 5th force in the DM 
sector, that pulled in the merger.

Farrar, Rosen (2006) astro-ph/0610298
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“Not too fast for the law.”
In a breath-taking finale, 

Newton and hydro 
dynamical laws regain 
control: the bullet is a 

uncommon guy (7%), but 
he is not too fast for them.
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The thrilling story of the bullet cluster

“The bullet goes too fast!”
With a surprising twist, the bullet cluster 
that just killed MOND repents and reverts 

into an advocate of a 5th force in the DM 
sector, that pulled in the merger.

Farrar, Rosen (2006) astro-ph/0610298

Springel, Farrar (2007) astro-ph/0703232
“Not too fast for the law.”
In a breath-taking finale, 

Newton and hydro 
dynamical laws regain 
control: the bullet is a 

uncommon guy (7%), but 
he is not too fast for them.

The Max Planck Studios in
Hollywood seize the opportunity 
and make a 2.3-billion-years long 

blockbuster movie.



Non-Minimal terms in the scalar case
λH(X ∗

T
a
XX ) (H∗

T
a
HH) + λ

′

H |X |2|H|2 +
λX

2
(X ∗

T
a
XX )2 +

λ′
X

2
|X |4

Quadratic and quartic terms in      and      :X H

- do not induce decays (even number of     , and              )〈X 〉 = 0X

- [3] and [4] do not give mass terms

[1] [2] [3] [4]

- after EWSB, [2] gives a common mass
  to all       components;
  negligible for 

√

λ′

H
v ≈ O(! 100 GeV)

Xi

M = O(TeV)

- after EWSB, [1] gives mass splitting 
  between       components; 
  assume                    so that    

Xi

∆Mtree =
λHv2|∆T 3

X
|

4M
= λH · 7.6 GeV

TeV

M

λH ! 0.01 ∆Mtree ! ∆M

(Anyway, scalar MDM is less interesting.) [back to Lagrangian]

- [1] (and [2]) gives annihilations 
  assume                      so that these are subdominant   |λ′

H | ! g2

Y , g2

2

X̄X → H̄H

[back to table]



(                                       basis)

Neutralino “properties’’

Mχ =









M1 0 −mZcβsW mZsβsW

0 M2 mZcβcW −mZsβcW

−mZcβsW mZcβcW 0 −µ
mZsβsW −mZsβcW −µ 0









neutralino mass matrix in MSSM B̃ − W̃
3
− H̃

0

1 − H̃
0

2

superpotential
W = −µH1H2 + H1h

ij
e LLiERj + H1h

ij
d QLiDRj −H2h

ij
u QLiURj

soft SUSYB terms

Lsoft = −
1

2

(

M1
¯̃
BB̃ + M2

¯̃
W

a

W̃
a

+ M3
¯̃
G

a

G̃
a

)

+ . . .

tanβ =
〈v1〉

〈v2〉



Direct detected already?
DAMA annual modulation: however:

-raw data??
-bkgd (Rn emission)
-higher bins not expon suppressed

050501164001

  http://dmtools.brown.edu/
           Gaitskell&Mandic
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050501164001
Baltz and Gondolo 2003
Masiero, Profumo and Ullio: general Split SUSY

x  x  x Ellis et. al Theory region post-LEP benchmark points
Kim/Nihei/Roszkowski/de Austri 2002 JHEP
Baer et. al 2003
Lahanas and Nanopoulos 2003
Chattopadhyay et. al Theory results - post WMAP
XENON100 (100 kg) projected sensitivity
CDMSII (Projected) Development ZBG
Bottino et al. Neutralino Configurations (OmegaWIMP >= OmegaCDMmin)
Bottino et al. Neutralino Configurations (OmegaWIMP < OmegaCDMmin)
XENON10 (10 kg) projected sensitivity
CDMS (Soudan) 2004 Blind 53 raw kg-days Ge
Edelweiss, 32 kg-days Ge 2000+2002+2003 limit
ZEPLIN I Preliminary 2002 result
DAMA 2000 58k kg-days NaI Ann.Mod. 3sigma,w/o DAMA 1996 limit
DATA listed top to bottom on plot
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[back to DM detection]



Hints from photons?
WMAP “haze’’

Fi
nk

be
in

er
, A

pJ
 6

14
 (

20
04

)

EGRET excess

U
lli

o 
et

 a
l.,

 A
pP

 2
1 

(2
00

4)
, a

st
ro

-p
h/

03
05

07
5

however:
- source not centered
- variability...

+ CANGAROO (2004) 
+ HESS (2004)

(Synchrotron rad from            from DM annihilations)e
+
e
−

[back to DM detection]



Hints from positrons?
HEAT excess (1994+95 & 2000)
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) however:
-random trajectories in magnetic field
-flux requires too much DM...

[back to DM detection]



Neutrinos from DM

DM

ν

ν
ν

Sun Earth

up-going muons:
µ

νµ

ν

[back to DM detection]



UnderGround UnderWater UnderIce

“Neutrino Telescopes”

SuperK
HyperK

UNO

Antares
Nestor 
Nemo

Amanda
ICECUBE 

Size:
Energy thres:
Energy resol:

Angle resol:

``small’’
GeV
GeV

degree

large
tens GeV
10 GeV

few degrees

large/huge
100 GeV
tens GeV

tens degrees
[back to DM detection]



2. Production at colliders

[skip to conclusions]

if       is a scalarX

if       is a fermionX
σ̂ud̄ =

gX g4
2(n2

− 1)

13824 πŝ
β ·

{

β2

3 − β2

(similarly        ,       ,       )σ̂uū σ̂dūσ̂dd̄

Large production for small       . M

LHC to produce heavy candidates.2×

A clean signature:
X± → X 0π± : Γπ = (n2

− 1)
G2

F
V 2

ud ∆M3f2
π

4π

√

1 −
m2

π

∆M2
, BRπ = 97.7%

X± → X 0e±(ν)
e : Γe = (n2

− 1)
G2

F
∆M5

60π3
BRe = 2.05%

X± → X 0µ±(ν)
µ : Γµ = 0.12 Γe BRµ = 0.25%

τ ! 44cm/(n2
− 1)

β =
√

1 − 4M2/ŝ
Quantum numbers DM can DM mass mDM± − mDM Events at LHC σSI in

SU(2)L U(1)Y Spin decay into in TeV in MeV
∫

L dt =100/fb 10−45 cm2

2 1/2 0 EL 0.43 ± 0.01 348 (0.7 ÷ 2) · 103 0.3
2 1/2 1/2 EH 1.2 ± 0.03 342 120 ÷ 260 0.3
3 0 0 HH∗ 2.0 ± 0.05 166 0.2 ÷ 1.0 1.3
3 0 1/2 LH 2.6 ± 0.06 166 0.4 ÷ 2.2 1.3
3 1 0 HH, LL 1.4 ± 0.03 540 11 ÷ 33 2.5
3 1 1/2 LH 1.8 ± 0.05 526 26 ÷ 80 2.5
4 1/2 0 HHH∗ 2.4 ± 0.06 353 0.1 ÷ 0.7 1.9
4 1/2 1/2 (LHH∗) 2.5 ± 0.06 347 3.6 ÷ 18 1.9
4 3/2 0 HHH 2.4 ± 0.06 729 0.1 ÷ 0.6 10
4 3/2 1/2 (LHH) 2.5 ± 0.06 712 2.7 ÷ 14 10
5 0 0 (HHH∗H∗) 5.0 ± 0.1 166 " 1 12
5 0 1/2 − 4.5 ± 0.1 166 " 1 12
7 0 0 − 8.5 ± 0.2 166 " 1 46

Table 1: Summary of the main properties of Minimal DM candidates. Quantum num-
bers are listed in the first 3 columns; candidates with Y #= 0 are allowed by direct DM searches
only if appropriate non-minimalities are introduced. The 4th column indicates dangerous decay
modes, that need to be suppressed (see sec. 2 for discussion). The 5th column gives the DM
mass such that the thermal relic abundance equals the observed DM abundance (section 4). The
6th column gives the loop-induced mass splitting between neutral and charged DM components
(section 3); for scalar candidates a coupling with the Higgs can give a small extra contribu-
tion, that we neglect. The 7th column gives the 3σ range for the number of events expected at
the Large Hadron Collider LHC (section 6). The last column gives the spin-independent cross
section, assuming a sample vale f = 1/3 for the uncertain nuclear matrix elements (section 5).

For each potentially successful assignment of quantum numbers we list in table 1 the main
properties of the DM candidates.

The ‘decay’ column lists the decay modes into SM particles that are allowed by renormaliz-
ability, using a compact notation. For instance, the scalar doublet in the first row can couple as
XiLjβEαεijεαβ where L is a SM lepton doublet, E is the corresponding lepton singlet, i, j are
SU(2)L-indices, α, β are spinor indices, and ε is the permutation tensor; therefore the neutral
component of X can decay as X0 → eē. For another instance, the fermion doublet in the second
row can couple as XαiEβHjεijεαβ, where H is the Higgs doublet: its neutral component can
decay as X0 → eh.

In general, one expects also non-renormalizable couplings suppressed by 1/Λp (where Λ is an
unspecified heavy cut-off scale, possibly related to GUT-scale or Planck-scale physics). These
give a typical lifetime τ ∼ Λ2p TeV−1−2p for a particle with TeV-scale mass. In order to make τ
longer than the age of the universe, dimension-5 terms (i.e. p = 1) must be effectively suppressed
by Λ & MPl, while dimension-6 operators (i.e. p = 2) are safe for Λ >∼ 1014 GeV. Therefore in
table 1 we also list (in parenthesis) the potentially dangerous dimension-5 operators.

One sees that for low n (upper rows of table 1) the multiplets can interact with and decay

3



Interlude: the “DMtron”
Can one have   CC DM interactions?

W

N

X X
+

Need to provide  ∆M = MX+ − MX = 166 MeV

(tree level!)

Accelerate nuclei and 
use DM as diffuse target.

X

X
+

N
−

N
−

[skip to conclusions]

σ̂(aX → a′
X

±) = σ0

n2 − 1

4

[

1 −
ln(1 + 4E2/M2

W
)

4E2/M2
W

]

σ0 =
G2

F
M2

W

π
= 1.1 10

−34
cm

2

dN

dt
= εNpσ

ρDM

M
= ε

10

year

Np

1020

ρDM

0.3GeV/cm3

TeV

M

σ

3σ0

“efficiency”

number of  targets
number of  bullets

not 
unreasonable?
tagging       ....X

+
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i.e.   ,   ,    ,   ,      from MDM annihilations in halo or body.p̄ γ D̄e+ν
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i.e.   ,   ,    ,   ,      from MDM annihilations in halo or body.p̄ γ D̄e+ν
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-V
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-V
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-V
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∂f

∂t
−K(E) ·∇2f − ∂

∂E
(b(E)f) +

∂

∂z
(Vcf) = Qinj − 2hδ(z)Γspallf

h 2L

diffusion energy loss convective wind source spallations

Salati, Chardonnay, Barrau, 
Donato, Taillet, Fornengo, 
Maurin, Brun... ‘90s, ‘00s

spectrum

3. Indirect Detection



Enhanced cross section in vector bosons due to resummed diagrams 
when Non-Relativistic           are a “bound state”:

3. Indirect Detection

Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ! α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold

10

resonances  

X̄X

Hisano et al., 2004, 2005
Cirelli, Strumia, Tamburini, 2007

α2MW ∼ ∆M ≈ EB ∼ α
2

2M
MDM fermion 3-plet

i.e.   ,   ,    ,   ,      from MDM annihilations in halo or body.p̄ γ D̄e+ν
Χ

Χ

Χ"
Z

Z

Χ

Χ

Χ"
W#

W$

(channels for MDM with Y=0)

W±, Z → p̄, e+, γ . . .+



3. Indirect Detection
Primary spectra:



3. Indirect Detection
Propagation for positrons:

[back]

∂f

∂t
−K(E) ·∇2f − ∂

∂E
(b(E)f) = Q

K(E) = K0(E/GeV)δ b(E) = (E/GeV)2/τE

τE = 1016 s

Model δ K0 in kpc2/Myr L in kpc
min (M2) 0.55 0.00595 1
med 0.70 0.0112 4
max (M1) 0.46 0.0765 15

diffusion energy loss

Q =
1
2

(
ρ

MDM

)2

finj, finj =
∑

k

〈σv〉k
dNk

e+

dE

Φe+(E,!r!) = B
ve+

4π

τE

E2

∫ MDM

E
dE′ Q(E′) · I (λD(E,E′))

Solution:

λ2
D = 4K0τE

[
(E/GeV)δ−1 − (E′/GeV)δ−1

δ − 1

]



3. Indirect Detection
Results for positrons:

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.key?id=BGSlide-80
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.key?id=BGSlide-80


3. Indirect Detection
Propagation for antiprotons:

[back]

diffusion convective wind

Solution:

∂f

∂t
−K(T ) ·∇2f +

∂

∂z
(sign(z) f Vconv) = Q− 2h δ(z) Γannf

K(T ) = K0β (p/GeV)δ

spallations

Model δ K0 in kpc2/Myr L in kpc Vconv in km/s
min 0.85 0.0016 1 13.5
med 0.70 0.0112 4 12
max 0.46 0.0765 15 5

Φp̄(T,!r!) = B
vp̄

4π

(
ρ!

MDM

)2

R(T )
∑

k

1
2
〈σv〉k

dNk
p̄

dT

T kinetic energy



Indirect Detection

AMS-01
Caprice

BESS
Caprice

Solar wind Modulation of cosmic rays:

spectrum 
at Earth

dΦp̄⊕
dT⊕

=
p2
⊕

p2

dΦp̄

dT
, T = T⊕ + |Ze|φF

spectrum 
far from Earth

Fisk 
potential φF ! 500 MV



Results for anti-protons:
3. Indirect Detection

Astro uncertainties:
- propagation model
- DM halo profile
- boost factor B

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/30.MDM%20colloquium/MDM.colloquium%20style.key?id=BGSlide-79
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Indirect Detection
Boost Factor: local clumps in the DM halo enhance the density, 
boost the flux from annihilations. Typically: 

La
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06
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20
07

positrons antiprotons

In principle, B is different for e+, anti-p and gammas,
 energy dependent,
 dependent on many astro assumptions,
 with an energy dependent variance, at high energy for e+, at low energy for anti-p. 

B ! 1→ 20 (104)

[back]


