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EDMs
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Interesting data is coming on several fronts:

Non trivial links 
among various 

experiments- a broad 
picture of HEP.
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Supersymmetric Unification is an elegant and 
experimentally successful idea. 

Suggests new dynamics at                                        
high energies ~1016 GeV.      

Unification

Figure 5.8: RG evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
α3(mZ) between 0.113 and 0.123.
Two-loop effects are included.

2 4 6 8 10 12 14 16 18

Log
10

(Q/1 GeV)

0

10

20

30

40

50

60

!
!1

 

!
1

!1

!
2

!1

!
3

!1

MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
α−1

a = − ba

2π
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
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How can we probe 
such high scales?

In analogy with the proton, dark matter 
(and other relics) may decay via GUT dynamics.

Leads to an interesting interplay between the LHC 
and potential astrophysical signals.



Probing Unification
Baryon number is an (accidental) symmetry of the 
standard model.  U(1)B forbids proton decay.

Such global symmetries may well be violated by 
high scale dynamics.

In GUTs, quarks and leptons are part of the same 
multiplet.
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GUT interactions violate U(1)B
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Effective Theory
The consequences of Unification can be tested at 
low energy by looking for proton decay.
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At low energies we can simply consider the EFT



Proton Decay
Dimension five decay*

Dimension six decay 

Experimental reach:

τexp ∼ texpNprotons ∼ (1 year)×
(

kiloton
mp

)
∼ 1040 sec

τ6 ∼
8π

c2
6

M4
GUT

Λ5
QCD

∼ 1042 sec

τ5 ∝
8π

c2
5

M2
GUT

Λ3
QCD

∼ 1037 sec
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Proton decay is constraining high                 
energies by our ability to observe                          
a large number of protons.

Are there other “detectors” that                     
have such a large exposure?

Other Probes?
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Proton decay is constraining high                 
energies by our ability to observe                          
a large number of protons.

Are there other “detectors” that                     
have such a large exposure?

Other Probes?

Our dark matter halo is very big:           

Neff ∼
∫ 10 kpc

d3r
(1 m2)

r2

(0.3 GeV cm3)
mDM

τ ∼ 1023(1 day) ∼ 1028 sec
would give O(100) events a year

∼ 1023



Limits on Decaying DM
Extragalactic γ-rays Galactic γ’s antiprotons positrons neutrinos

Decay Super-K

channel EGRET HESS PAMELA PAMELA AMANDA, Frejus

qq 4× 1025 s − 1027 s − −

e+e− 8× 1022 s 2× 1022 s
√

mψ

TeV (K) 1024 s 2× 1025 s
(

TeV
mψ

)
3× 1021 s

( mψ

TeV

)

µ+µ− 8× 1022 s 2× 1022 s
√

mψ

TeV (K) 1024 s 2× 1025 s
(

TeV
mψ

)
3× 1024 s

( mψ

TeV

)

τ+τ− 1025 s 1022 s
√

mψ

TeV (K) 1024 s 1025 s
(

TeV
mψ

)
3× 1024 s

( mψ

TeV

)

WW 3× 1025 s − 3× 1026 s 4× 1025 s 8× 1023 s
( mψ

TeV

)

9× 1024 s (mψ = 100 GeV) 2× 1024 s
√

mψ

TeV (K)

γγ 2× 1022 s (mψ = 800 GeV) 2× 1025 s 8× 1023 s
(

TeV
mψ

)
−

4× 1023 s (mψ = 3200 GeV) 5× 1025 s
√

mψ

TeV (NFW)

νν 8× 1022 s − 1024 s 1023 s 1025 s
( mψ

TeV

)

TABLE I: The lower limit on the lifetime of a dark matter particle with mass in the range 10 GeV ! mψ !

10 TeV, decaying to the products listed in the left column. The experiment and the observed particle being

used to set the limit are listed in the top row. HESS limits only apply for mψ > 400 GeV and are shown

for two choices of halo profiles: the Kravtsov (K) and the NFW. PAMELA limits are most accurate in the

range 100 GeV ! mψ ! 1 TeV. All the limits are only approximate. Generally conservative assumptions

were made and there are many details and caveats as described in Section II.

In fact, measurements of both isotopes of Li suggest a discrepancy from the predictions of

standard BBN (sBBN). The observed 7Li abundance of
7Li
H ∼ (1− 2)× 10−10 is a factor of several

below the sBBN prediction of
7Li
H ≈ (5.2 ± 0.7) × 10−10 [5]. In contrast, observations indicate a

primordial 6Li abundance over an order of magnitude above the sBBN prediction. The Lithium

abundances are measured in a sample of low-metallicity stars. The Li isotopic ratio in all these stars

is similar to that in the lowest metallicity star in the sample:
6Li
7Li = 0.046±0.022 [6]. This implies a

primordial 6Li abundance in the range
6Li
H ≈ (2−10)×10−12, while sBBN predicts

6Li
H ≈ 10−14 [7, 8].

The apparent presence of a Spite plateau in the abundances of both 6Li and 7Li as a function of stellar

temperature and metallicity is an indication that the measured abundances are indeed primordial.

5

A search in many final states may allow 
distinguishing between final states. 



Time Scales
A dark matter particle with a TeV mass may be 
decaying by a dim-6 GUT suppressed operator:

There is wiggle room:                                           

guarantee that a particle remains exactly stable since global symmetries are generically broken in

fundamental theories. Just as the proton is long-lived but may ultimately decay, other particles,

for example the dark matter, may decay with long lifetimes. If a TeV mass dark matter particle

decays via GUT suppressed dimension 6 operators, its lifetime would be

τ ∼ 8π
M4

GUT

m5
= 3× 1027 s

(
TeV

m

)5 (
MGUT

2× 1016 GeV

)4

(1)

Similarly a long-lived particle decaying through dimension 5 GUT suppressed operators has a life-

time

τ ∼ 8π
M2

GUT

m3
= 7 s

(
TeV

m

)3 (
MGUT

2× 1016 GeV

)2

(2)

Both of these timescales have potentially observable consequences. The dimension 6 decays cause

a small fraction of the dark matter to decay today, producing potentially observable high energy

cosmic rays. The dimension 5 decays happen during Big Bang Nucleosynthesis (BBN) and can leave

their imprint on the light element abundances. There is, of course, uncertainty in these predictions

for the lifetimes because the physics at the GUT scale is not known.

If the dark matter decays through dimension 6 GUT suppressed operators with a lifetime as

in Eqn. 1 it can produce high energy photons, electrons and positrons, antiprotons, or neutrinos.

Interestingly, the lifetime of order 1027 s leads to fluxes in the range that is being explored by a

variety of current experiments such as HESS, MAGIC, VERITAS, WHIPPLE, EGRET, WMAP,

HEAT, PAMELA, ATIC, PPB-BETS, SuperK, AMANDA, Frejus, and upcoming experiments such

as the Fermi (GLAST) gamma ray space telescope the Planck satellite, and IceCube, as shown in

Table I. This is an intriguing coincidence, presented in section 2, that may allow these experiments

to probe physics at the GUT scale, much as the decay of the proton and a study of its branching

ratios would. Possible hints for excesses in some of these experiments may have already started us

on such an exciting path.

GUT scale physics can also manifest itself in astrophysical observations by leaving its imprint

on the abundances of light elements created during BBN. For example neutrons from the decay of

a heavy particle create hot tracks in the surrounding plasma in which additional nucleosynthesis

occurs. In particular, these energetic neutrons impinge on nuclei and energize them, causing a

cascade of reactions. This most strongly affects the abundances of the rare elements produced

during BBN, especially 6Li and 7Li and possibly 9Be.

4

6

In an interesting range for current 
and upcoming experiments!

wish to explore a wide class of possible operators, we will consider decays with different numbers of

particles in their final state. Motivated by the decay lifetime ∼ 1026 s being probed by experiments,

we exploit the strong dependence of the lifetime on the scale M to appropriately lower M to counter

the suppression from multi body phase space factors and yield a lifetime ∼ 1026 s. In Table II, we

present the scale M required to yield this lifetime for scenarios with different numbers of final state

particles. The scale M varies from the putative scale where the gauge couplings meet ∼ 2 × 1016

GeV for a two body decay to the right handed neutrino mass scale ∼ 1014 GeV for a five body decay.

We note that the scale 1014 GeV also emerges as the KK scale in the Horava-Witten scenario. In

the rest of the paper, we will loosely refer to these scales as MGUT .

Number of Final Scale M (GeV)

State Particles

2 1016

3 3× 1015

4 5× 1014

5 1014

TABLE II: A rough estimate of the scale M that suppresses the dimension 6 operator mediating the decay

of a TeV mass particle in order to get a lifetime ∼ 1026 s for decays with various numbers of particles in

the final state. Phase space is accounted for approximately using [36]. Lifetimes scale as M4. Specific

decays may have other suppression or enhancement factors as discussed in the text.

The observations of PAMELA/ATIC can be explained through the decays of a TeV mass particle

with dark matter abundance if its lifetime ∼ 1026 s (see section II). PAMELA, in particular, observes

an excess in the lepton channel and constrains the hadronic channels. In our operator analysis, we

highlight operators that can fit the PAMELA/ATIC data. However, we also include operators that

dominantly produce other final states like photons, neutrinos and hadrons in our survey. While these

operators will not explain the PAMELA data, they provide new signals for upcoming experiments

like Fermi. For concreteness, we consider SU(5) GUT models. We classify the dimension 6 operators

into two categories: R-parity conserving operators and R-breaking ones. In the R-conserving case,

we will add singlet superfield(s) to the MSSM and consider decays from the MSSM to the singlet

16

τ6 = 1026 sec, m = TeVfor



Outline
Dark matter decay via GUT physics

Dim 6 Operators

Testing Unified theories

DM production: dim 5 decay and BBN

A simple model: SO(10)
Dim 5 & 6 decays

Dark matter decay to superpatners (!)

New and upcoming results:
GUT interpretations of HESS, ATIC and PAMELA.

Predictions for other experiments.
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Dark matter may well be part of a different sector 
alongside ours.

“DM-number” may be violated by interactions 
mediated by GUT scale particles

Why Decaying DM?
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Dark matter may well be part of a different sector 
alongside ours.

“DM-number” may be violated by interactions 
mediated by GUT scale particles

Why Decaying DM?

In our world baryons live `̀alongside,, 
leptons, yet their individual numbers are 
violated only at the GUT scale (if GUTs 

are there).  Why not DM?



Operator Analysis
Add a singlet supermultiplet,    , to the MSSM.    
The singlet may be representative of a larger 
sector.

Write dimension six operators that link     to    
the MSSM.

Dimension 5 operators must be forbidden by 
symmetry.

Many possible decays: 

Many possible operators.......

S

S

s→ LSP LSP→ s s̃→ SMs̃→ superpartnersoror or...or



DM decay - Operators

sector and vice versa. The singlets may be representatives of a more complicated sector (see section

V). In the R-breaking part we will consider the decay of the MSSM LSP into standard model

particles. As a preview of our results, a partial list of operators and their associated final states are

summarized in Table III.

Operator in SU(5) Operator in MSSM Final State Lifetime (sec) Mass Scale (GeV)

(MGUT ∼ 1016 GeV) (lifetime ∼ 1026 sec)

R-parity conserving

S†S10†10 S†SQ†Q, S†SU†U, S†SE†E leptons 1026 1016

S†SH†
u(d)Hu(d) S†SH†

u(d)Hu(d) quarks 1026 1016

S†10f 5̄†f10f S†QL†U, S†UD†E,S†QD†Q quarks and leptons 5× 1028 1015

S†5̄fH†
u10f S†LH†

uE, S†DH†
uQ leptons 1026 1016

S2WαWα S2WEMWEM , S2WZWZ γ (line) 1026 1016

Hard R violating

5̄f (Σ5̄f )5̄f (Σ5̄f )5̄f DDDLL quarks and leptons 1037 1013

Soft R violating

L # m4
SUSY

M2
GUT

Hu
˜̄5f

m4
SUSY

M2
GUT

Hu"̃ quarks 4× 1030 7× 1014

L # m3
SUSY

M2
GUT

H̃u5̄f
m3

SUSY

M2
GUT

H̃u" leptons 6× 1032 1014

L # mSUSY

M2
GUT

HdW̃∂/ 5̄†f
mSUSY

M2
GUT

HdW̃∂/"† γ + ν 2× 1032 1014

TABLE III: A partial list of dimension 6 GUT suppressed decay operators. For each operator, we list

its most probable MSSM final state. The lifetime column gives the shortest lifetime that this operator

can yield when the scale suppressing the operator is ∼ 1016 GeV. In the mass scale column, we list the

highest possible scale that can suppress the operator in order for it to yield a lifetime ∼ 1026 seconds.

Assumptions (see text) about the low energy MSSM spectrum were made in order to derive these results.

All the operators are in superfield notation except for the soft R violating operators.
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Correlated Signals
Once proton decay is discovered, we may begin to 
test the theory further by comparing the decay 
rates in various modes.

Similarly in DM decay:                                          
We expect “GUT relations” among decays into 
different final states hadrons

leptons
neutrinos

DM→ 5̄’s =
(

Dc

L

)

This may also depend on the SUSY spectrum - 
a strong tie to the LHC.



Dimension 5 Decays

But how does singlet dark matter get produced?



Dimension 5
A dimension 5 decay gives a lifetime

A relic that is decaying via dim-5 is not DM.

But, the interesting range of 1-1000 seconds is 
probed by Big Bang nucleosynthesis.                     

In fact, a relic decaying at 100-1000 seconds may 
be preferred to explain observations...

guarantee that a particle remains exactly stable since global symmetries are generically broken in

fundamental theories. Just as the proton is long-lived but may ultimately decay, other particles,

for example the dark matter, may decay with long lifetimes. If a TeV mass dark matter particle

decays via GUT suppressed dimension 6 operators, its lifetime would be

τ ∼ 8π
M4

GUT

m5
= 3× 1027 s

(
TeV

m

)5 (
MGUT

2× 1016 GeV

)4

(1)

Similarly a long-lived particle decaying through dimension 5 GUT suppressed operators has a life-

time

τ ∼ 8π
M2

GUT

m3
= 7 s

(
TeV

m

)3 (
MGUT

2× 1016 GeV

)2

(2)

Both of these timescales have potentially observable consequences. The dimension 6 decays cause

a small fraction of the dark matter to decay today, producing potentially observable high energy

cosmic rays. The dimension 5 decays happen during Big Bang Nucleosynthesis (BBN) and can leave

their imprint on the light element abundances. There is, of course, uncertainty in these predictions

for the lifetimes because the physics at the GUT scale is not known.

If the dark matter decays through dimension 6 GUT suppressed operators with a lifetime as

in Eqn. 1 it can produce high energy photons, electrons and positrons, antiprotons, or neutrinos.

Interestingly, the lifetime of order 1027 s leads to fluxes in the range that is being explored by a

variety of current experiments such as HESS, MAGIC, VERITAS, WHIPPLE, EGRET, WMAP,

HEAT, PAMELA, ATIC, PPB-BETS, SuperK, AMANDA, Frejus, and upcoming experiments such

as the Fermi (GLAST) gamma ray space telescope the Planck satellite, and IceCube, as shown in

Table I. This is an intriguing coincidence, presented in section 2, that may allow these experiments

to probe physics at the GUT scale, much as the decay of the proton and a study of its branching

ratios would. Possible hints for excesses in some of these experiments may have already started us

on such an exciting path.

GUT scale physics can also manifest itself in astrophysical observations by leaving its imprint

on the abundances of light elements created during BBN. For example neutrons from the decay of

a heavy particle create hot tracks in the surrounding plasma in which additional nucleosynthesis

occurs. In particular, these energetic neutrons impinge on nuclei and energize them, causing a

cascade of reactions. This most strongly affects the abundances of the rare elements produced

during BBN, especially 6Li and 7Li and possibly 9Be.

4
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Lithium Problem
Cyburt, Fields, Olive (2008)

and

3He/H = (1.00 ± 0.07) × 10−5 (7)

FIG. 3: The light element abundances of D, 3He, 7Li by number with respect to H, and the mass

fraction of 4He as a function of η. The thickness of the bands represents 1 σ uncertainties in the

calculated abundance. The yellow band gives the WMAP η [3].

The BBN predictions can be compared directly with current observational determina-

tions of the light element abundances. The BBN likelihood functions can be defined by a

convolution over η

LBBN(X) =
∫

dη LBBN(η|X) LWMAP(η) (8)
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Standard BBN nuclear 
abundances agree with 
observations.... with the 
exception of Lithium. 
Both 7Li and 6Li are 
observed in non-
convecting stars

( 6Li
7Li

)

obs

∼ 0.05± 0.02

( 7Li
H

)

obs

∼ 1− 2× 10−10

a fac
tor 2

-3 

too l
ow.

a fac
tor ~

103 

too h
igh.



Lithium from Decays
The Lithium abundance is very sensitive to energy 
dumped into the Universe during BBN.

The energetic decay products can easily destroy 7Li.

They can also accelerate alpha particles which 
collide to produce 6Li.

Such a decay may be an opportunity to produce 
singlet dark matter (a.k.a SuperWIMP).

Dimopulos et al. (88);
Feng, Rajaraman, Takayama (03);
Jedamzik et al (04,08);

a detailed calculation shows.....



Lithium from Decay
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FIG. 8: This figure from [41] plots the energy density that must be injected into hadrons versus the decay

lifetime in order to solve the primordial lithium problems. Decays in the red region solve the 7Li problem

and decays in the green region solve the 6Li problem.

GUT scale SU(5) multiplets. O (1) SU(5) breaking effects at the GUT scale (like doublet-triplet

splitting) can result in one of the operators(say, ĒχQfDfHd) being suppressed relative to the other

(ĒχEfLfHd).

The relic energy density Ωχh2 of these electroweak multiplets is ∼ 0.1
(

Mχ

TeV

)2

. The decays

mediated by the operators in Table VI that involve quarks or only contain higgses have O (1)

hadronic branching fractions. These operators can solve the 7Li problem if the χ lifetime is ∼

100 s
(

TeV
Mχ

) 2
3

(figure 8). However, these decays cannot solve the 6Li problem. A solution to the 6Li

problem requires a hadronic energy density injection Ωχh2Br(H) ! 10−4 around a 1000 s. Collider

bounds on charged particles imply that Mχ > 100 GeV. Consequently, the relic energy density Ωχh2

is greater than 10−3. Due to the O (1) hadronic branching fraction, the hadronic energy density

injected is also greater than 10−3. This injection is too large and over produces 6Li (figure 8).

The MSSM products of the decays mediated by the purely leptonic operators in Table VI may

40

6Li

7Li

GUT scale 
Dimension 5 decays 

can fall anywhere 
in this range.

May address the 
Lithium problems. 



Dimension 5 Operators

χ SU(5) Rep. Superpotential Terms Kahler terms Soft PQ breaking

Singlet χe10f10fHu, χe10f 5̄fHd, χe10†f10f , χeH
†
uHu,

(
µ

MGUT

)
χeHuHd

χ2
e,oHuHd, χo10f 5̄f 5̄f , χo5̄†fHd

(
µ

MGUT

)
χoHu5̄f

χeWαWα

(5, 5̄) χeHu5̄f 5̄f , χ̄eHuHuHd, χ̄†
e10f10f ,

(
µ

MGUT

) (
χ†

eHu, χ̄†
eHd, χ̄†

o5̄f

)

χo10f10f10f , χo5̄fHuHd χo10†fHu µ
(

µ
MGUT

)
χo5̄f

(10, 1̄0) χe10f10fHd, χ̄e10f 5̄fHu, χ̄†
e10f 5̄†f , χ̄†

e5̄f 5̄f

(
µ

MGUT

) (
χ†

o10f , χe5̄f 5̄f

)

χ̄o5̄f 5̄f 5̄f , χ̄e5̄f 5̄fHd χ̄oHu5̄†f µ
(

µ
MGUT

)
χ̄o10f

TABLE V: The possible dimension 5 GUT suppressed operators classified on the basis of their generation

in the superpotential or through soft breaking of PQ symmetry or through kinetic mixing in the Kahler

potential. The subscript f denotes standard model families, Wα are gauge fields and Hu, Hd are the Higgs
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respectively.
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operator in both categories in Table VI. A UV completion of this operator involves integrating out

39

The Lithium problem may imply new 
meta-stable charged particle at the LHC! 

(a.k.a super-WIMP phenomenology)

A similar operator game may be played:



A Simple Model:
SO(10)



An SO(10) Model
Consider an SO(10) GUT model.                          
Add a new             vector-like pair at a TeV.

Three steps:

16, 16

16m =





5̄m

10m

Sm







An SO(10) Model
Consider an SO(10) GUT model.                          
Add a new             vector-like pair at a TeV.

Three steps:

16, 16

16m =





5̄m

10m

Sm





Early Universe:

WIMPs are 

produced therm
ally

01



An SO(10) Model
Consider an SO(10) GUT model.                          
Add a new             vector-like pair at a TeV.

Three steps:

16, 16

16m =





5̄m

10m

Sm




not a WIMP
(a super-WIMP)

Early Universe:

WIMPs are 

produced therm
ally

01



An SO(10) Model
Consider an SO(10) GUT model.                          
Add a new             vector-like pair at a TeV.

Three steps:

16, 16

16m =





5̄m

10m

Sm




not a WIMP
(a super-WIMP)

1000 sec:

Dimension 5 d
ecay,

may affect 
Lithium

02Early Universe:

WIMPs are 

produced therm
ally

01



An SO(10) Model
Consider an SO(10) GUT model.                          
Add a new             vector-like pair at a TeV.

Three steps:

16, 16

16m =





5̄m

10m

Sm




not a WIMP
(a super-WIMP)

1000 sec:

Dimension 5 d
ecay,

may affect 
Lithium

02Early Universe:

WIMPs are 

produced therm
ally

01

031026 seconds:
S decays dimension 6 
to MSSM particles



An SO(10) Model
At the GUT scale introduce a 10 of SO(10)

Integrate out            -

Integrate out the B-L gauge multiplet

A. SO(10) Model

In SO(10), the MSSM superpotential is:

WMSSM = λf16f16f10h + µ10h10h (48)

where 16f and 10h are family and higgs multiplets. We add TeV scale multiplets (16m, 1̄6m) and a

GUT scale 10GUT along with the following interactions:

W ′ = λ16m16f10GUT + m16m1̄6m + MGUT10GUT10GUT (49)

These interaction terms allow for R-parity assignments -1 for 10GUT and +1 for 16m and pre-

serves a m parity under which 16m and 10GUT have odd parity. Integrating out the 10GUT field and

the SO(10) gauge bosons, we generate the dimension 5 and 6 operators:

∫
d2θ

(
16m16m16f16f

MGUT

)
,

∫
d4θ

(
1

16π2

) (
16m16m10†

h

MGUT

)
and

∫
d4θ

(
16†

m16m16†
f16f

M2
B−L

)
(50)

where MB−L is the vev that breaks the SO(10) U(1)B−L gauge symmetry. The R and m parity

assignments forbid dangerous, lower dimensional Kahler operators like 10†
GUT10h and 16†

m16f . The

dimension 5 operators in (50) connect the components of the 16m multiplet that are charged under

the standard model to the singlet component Sm of the 16m and the MSSM. However, the only

operator in (50) that allows for two singlet fields Sm to be extracted from 16m is the dimension 6

operator

(
16†m16m16†f16f

M2
B−L

)
which yields

(
S†

mSm16†f16f

M2
B−L

)
. The phenomenology of this model is identical

to that of the SU(5)×U(1)B−L model discussed below. The decays of the standard model multiplets

in 16m to the singlets Sm and the MSSM fields at ∼ 1000 s can solve the primordial lithium

abundance problems while the decays between the singlets and the MSSM at ∼ 1026 s can reproduce

the observations of PAMELA/ATIC.

B. SU(5)× U(1)B−L Model

We consider a SU(5)×U(1)B−L model, with U(1)B−L broken at the scale MB−L near the GUT

scale. The MSSM is represented in this model by the superpotential:
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WMSSM = λu
f10f10fHu + λd

f10f 5̄fHd + µHuHd (51)

where 10f and 5̄f are the standard model generations, λu
f and λd

f are the yukawa matrices and Hu

and Hd are the higgs fields. We add a GUT scale (10GUT, 1̄0GUT), a TeV scale (10m, 1̄0m) and a

singlet Sm to this theory with the following additional terms W ′ in the superpotential:

W ′ = λ110mSm1̄0GUT + λ210GUT5̄f 5̄f + MGUT10GUT1̄0GUT + m10m1̄0m + msSmSm (52)

The mass terms m and ms are at the TeV scale and MGUT is at the GUT scale. These inter-

actions allow R parity assignments +1 for 10m, Sm and 10GUT. The superpotential also conserves

a m parity under which Sm and (10m, 1̄0m) have parities -1. Soft SUSY breaking will contribute

to the scalar masses and lead to mass splittings between the fermion and scalar components. In

particular, the singlet fermion mass mf
s will be different from the singlet scalar mass ms̃. Integrating

out the GUT scale field 10GUT and the broken U(1)B−L gauge sector, we get the dimension 5 and

6 operators:

∫
d2θ

(
10mSm5̄f 5̄f

MGUT

)
,

∫
d4θ

(
S†

mSmY †Y

M2
B−L

)
and

∫
d4θ

(
1

16π2

) (
S†

mSmY †Y

M2
GUT

)
(53)

Here the Y represent the other chiral multiplets 10m, 10f , 5̄f , Hu and Hd in the model. The gauge

symmetries of the standard model, supersymmetry and R and m parities ensure that the operators

in (53) are the lowest dimension operators that connect particles carrying m parity (i.e. Sm and

10m) and the MSSM.

Consider the phenomenology of this theory when the mass m of the 10m particles are greater

than the singlet masses ms and ms̃. The 10m are produced with a thermal abundance due to

standard model gauge interactions. They will decay to the singlets Sm and the MSSM particles

through the dimension 5 operator in (53) with lifetime τ ∼ 1000 s
(

1 TeV
∆m

)3 (
MH

1016 GeV

)2
where ∆m

is the mass difference between the 10m and the singlet (see figure 14). Following the discussion in

section IV, the decays of the electroweak and colored multiplets in the 10m can solve the primordial

7Li and 6Li abundance problems. The decays of the 10m generates a relic abundance of the singlets

sm and s̃m. Since R and m parities are conserved in this model, decays between the singlets and

52

⊃ . . .

A. SO(10) Model

In SO(10), the MSSM superpotential is:

WMSSM = λf16f16f10h + µ10h10h (48)

where 16f and 10h are family and higgs multiplets. We add TeV scale multiplets (16m, 1̄6m) and a

GUT scale 10GUT along with the following interactions:

W ′ = λ16m16f10GUT + m16m1̄6m + MGUT10GUT10GUT (49)

These interaction terms allow for R-parity assignments -1 for 10GUT and +1 for 16m and pre-

serves a m parity under which 16m and 10GUT have odd parity. Integrating out the 10GUT field and

the SO(10) gauge bosons, we generate the dimension 5 and 6 operators:

∫
d2θ

(
16m16m16f16f

MGUT

)
,

∫
d4θ

(
1

16π2

) (
16m16m10†

h

MGUT

)
and

∫
d4θ

(
16†

m16m16†
f16f

M2
B−L

)
(50)

where MB−L is the vev that breaks the SO(10) U(1)B−L gauge symmetry. The R and m parity

assignments forbid dangerous, lower dimensional Kahler operators like 10†
GUT10h and 16†

m16f . The

dimension 5 operators in (50) connect the components of the 16m multiplet that are charged under

the standard model to the singlet component Sm of the 16m and the MSSM. However, the only

operator in (50) that allows for two singlet fields Sm to be extracted from 16m is the dimension 6

operator

(
16†m16m16†f16f

M2
B−L

)
which yields

(
S†

mSm16†f16f

M2
B−L

)
. The phenomenology of this model is identical

to that of the SU(5)×U(1)B−L model discussed below. The decays of the standard model multiplets

in 16m to the singlets Sm and the MSSM fields at ∼ 1000 s can solve the primordial lithium

abundance problems while the decays between the singlets and the MSSM at ∼ 1026 s can reproduce

the observations of PAMELA/ATIC.

B. SU(5)× U(1)B−L Model

We consider a SU(5)×U(1)B−L model, with U(1)B−L broken at the scale MB−L near the GUT

scale. The MSSM is represented in this model by the superpotential:

51

WMSSM = λu
f10f10fHu + λd

f10f 5̄fHd + µHuHd (51)

where 10f and 5̄f are the standard model generations, λu
f and λd

f are the yukawa matrices and Hu

and Hd are the higgs fields. We add a GUT scale (10GUT, 1̄0GUT), a TeV scale (10m, 1̄0m) and a

singlet Sm to this theory with the following additional terms W ′ in the superpotential:

W ′ = λ110mSm1̄0GUT + λ210GUT5̄f 5̄f + MGUT10GUT1̄0GUT + m10m1̄0m + msSmSm (52)

The mass terms m and ms are at the TeV scale and MGUT is at the GUT scale. These inter-

actions allow R parity assignments +1 for 10m, Sm and 10GUT. The superpotential also conserves

a m parity under which Sm and (10m, 1̄0m) have parities -1. Soft SUSY breaking will contribute

to the scalar masses and lead to mass splittings between the fermion and scalar components. In

particular, the singlet fermion mass mf
s will be different from the singlet scalar mass ms̃. Integrating

out the GUT scale field 10GUT and the broken U(1)B−L gauge sector, we get the dimension 5 and

6 operators:

∫
d2θ

(
10mSm5̄f 5̄f

MGUT

)
,

∫
d4θ

(
S†

mSmY †Y

M2
B−L

)
and

∫
d4θ

(
1

16π2

) (
S†

mSmY †Y

M2
GUT

)
(53)

Here the Y represent the other chiral multiplets 10m, 10f , 5̄f , Hu and Hd in the model. The gauge

symmetries of the standard model, supersymmetry and R and m parities ensure that the operators

in (53) are the lowest dimension operators that connect particles carrying m parity (i.e. Sm and

10m) and the MSSM.

Consider the phenomenology of this theory when the mass m of the 10m particles are greater

than the singlet masses ms and ms̃. The 10m are produced with a thermal abundance due to

standard model gauge interactions. They will decay to the singlets Sm and the MSSM particles

through the dimension 5 operator in (53) with lifetime τ ∼ 1000 s
(

1 TeV
∆m

)3 (
MH

1016 GeV

)2
where ∆m

is the mass difference between the 10m and the singlet (see figure 14). Following the discussion in

section IV, the decays of the electroweak and colored multiplets in the 10m can solve the primordial

7Li and 6Li abundance problems. The decays of the 10m generates a relic abundance of the singlets

sm and s̃m. Since R and m parities are conserved in this model, decays between the singlets and

52

5̄†5̄⊃ , . . .

A. SO(10) Model

In SO(10), the MSSM superpotential is:

WMSSM = λf16f16f10h + µ10h10h (48)

where 16f and 10h are family and higgs multiplets. We add TeV scale multiplets (16m, 1̄6m) and a

GUT scale 10GUT along with the following interactions:

W ′ = λ16m16f10GUT + m16m1̄6m + MGUT10GUT10GUT (49)

These interaction terms allow for R-parity assignments -1 for 10GUT and +1 for 16m and pre-

serves a m parity under which 16m and 10GUT have odd parity. Integrating out the 10GUT field and

the SO(10) gauge bosons, we generate the dimension 5 and 6 operators:

∫
d2θ

(
16m16m16f16f

MGUT

)
,

∫
d4θ

(
1

16π2

) (
16m16m10†

h

MGUT

)
and

∫
d4θ

(
16†

m16m16†
f16f

M2
B−L

)
(50)

where MB−L is the vev that breaks the SO(10) U(1)B−L gauge symmetry. The R and m parity

assignments forbid dangerous, lower dimensional Kahler operators like 10†
GUT10h and 16†

m16f . The

dimension 5 operators in (50) connect the components of the 16m multiplet that are charged under

the standard model to the singlet component Sm of the 16m and the MSSM. However, the only

operator in (50) that allows for two singlet fields Sm to be extracted from 16m is the dimension 6

operator

(
16†m16m16†f16f

M2
B−L

)
which yields

(
S†

mSm16†f16f

M2
B−L

)
. The phenomenology of this model is identical

to that of the SU(5)×U(1)B−L model discussed below. The decays of the standard model multiplets

in 16m to the singlets Sm and the MSSM fields at ∼ 1000 s can solve the primordial lithium

abundance problems while the decays between the singlets and the MSSM at ∼ 1026 s can reproduce

the observations of PAMELA/ATIC.

B. SU(5)× U(1)B−L Model

We consider a SU(5)×U(1)B−L model, with U(1)B−L broken at the scale MB−L near the GUT

scale. The MSSM is represented in this model by the superpotential:

51

WMSSM = λu
f10f10fHu + λd

f10f 5̄fHd + µHuHd (51)

where 10f and 5̄f are the standard model generations, λu
f and λd

f are the yukawa matrices and Hu

and Hd are the higgs fields. We add a GUT scale (10GUT, 1̄0GUT), a TeV scale (10m, 1̄0m) and a

singlet Sm to this theory with the following additional terms W ′ in the superpotential:

W ′ = λ110mSm1̄0GUT + λ210GUT5̄f 5̄f + MGUT10GUT1̄0GUT + m10m1̄0m + msSmSm (52)

The mass terms m and ms are at the TeV scale and MGUT is at the GUT scale. These inter-

actions allow R parity assignments +1 for 10m, Sm and 10GUT. The superpotential also conserves

a m parity under which Sm and (10m, 1̄0m) have parities -1. Soft SUSY breaking will contribute

to the scalar masses and lead to mass splittings between the fermion and scalar components. In

particular, the singlet fermion mass mf
s will be different from the singlet scalar mass ms̃. Integrating

out the GUT scale field 10GUT and the broken U(1)B−L gauge sector, we get the dimension 5 and

6 operators:

∫
d2θ

(
10mSm5̄f 5̄f

MGUT

)
,

∫
d4θ

(
S†

mSmY †Y

M2
B−L

)
and

∫
d4θ

(
1

16π2

) (
S†

mSmY †Y

M2
GUT

)
(53)

Here the Y represent the other chiral multiplets 10m, 10f , 5̄f , Hu and Hd in the model. The gauge

symmetries of the standard model, supersymmetry and R and m parities ensure that the operators

in (53) are the lowest dimension operators that connect particles carrying m parity (i.e. Sm and

10m) and the MSSM.

Consider the phenomenology of this theory when the mass m of the 10m particles are greater

than the singlet masses ms and ms̃. The 10m are produced with a thermal abundance due to

standard model gauge interactions. They will decay to the singlets Sm and the MSSM particles

through the dimension 5 operator in (53) with lifetime τ ∼ 1000 s
(

1 TeV
∆m

)3 (
MH

1016 GeV

)2
where ∆m

is the mass difference between the 10m and the singlet (see figure 14). Following the discussion in

section IV, the decays of the electroweak and colored multiplets in the 10m can solve the primordial

7Li and 6Li abundance problems. The decays of the 10m generates a relic abundance of the singlets

sm and s̃m. Since R and m parities are conserved in this model, decays between the singlets and

52

5̄†5̄⊃ , . . .
GUTGUT

dim 5

dim 6

dim 6

Flavor violating,matter only.

Flavor universal,matter & Higgs



Decay to Superpartners
Assume       gets a vev of order TeV (of order its 
SUSY breaking soft mass).

    decay to fermions is helicity suppressed.
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Leptons dominate.
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SUSY spectrum.
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〈s̃〉×

s

l, e, q, u, d
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FIG. 17: A schematic plot of a spectrum of the electron-positron pair emitted when a singlet dark matter

particle decays to an electron and a selectron. Such a spectrum provides an explanation of the two features

in the ATIC flux.

lifetime given by

τs→ẽe ∼ 2× 1026

(
1 TeV

∆m

)3 (
1 TeV

〈s̃〉

)2 (
MGUT

1016 GeV

)4

sec . (53)

This is a two body decay and both particles are mono-energetic. In particular the electron (or

positron) energy will be

Ee =
m2

s −m2
ẽ

2ms
(54)

The selectron, being a scalar will then decay isotropically in its rest frame. Assuming the decay is

directly to an electron and a neutralino LSP the isotropic decay will give a flat energy distribution

in the “lab” frame between two edges

E+ =
ms(m2

ẽ −m2
LSP )

2m2
ẽ

E− =
m2

ẽ −m2
LSP

2ms
(55)

The combined spectrum of the electron-positron pair emitted in the decay is shown schematically

in figure 17. Note that if one were to measure the three energies Ee, E− and E+, the mass of the

dark matter, the selectron and the LSP may be solved for without ambiguity. We further notice

that the flat spectrum that the selectron produces is reminiscent of the plateau above 100 GeV in

the ATIC flux. The hard monochromatic electron may produce the hard ATIC feature.
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May produce non trivial spectral features. 
Related to SUSY spectrum measured at LHC.
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sec . (53)

This is a two body decay and both particles are mono-energetic. In particular the electron (or

positron) energy will be

Ee =
m2

s −m2
ẽ

2ms
(54)

The selectron, being a scalar will then decay isotropically in its rest frame. Assuming the decay is

directly to an electron and a neutralino LSP the isotropic decay will give a flat energy distribution

in the “lab” frame between two edges

E+ =
ms(m2

ẽ −m2
LSP )

2m2
ẽ

E− =
m2

ẽ −m2
LSP

2ms
(55)

The combined spectrum of the electron-positron pair emitted in the decay is shown schematically

in figure 17. Note that if one were to measure the three energies Ee, E− and E+, the mass of the

dark matter, the selectron and the LSP may be solved for without ambiguity. We further notice

that the flat spectrum that the selectron produces is reminiscent of the plateau above 100 GeV in

the ATIC flux. The hard monochromatic electron may produce the hard ATIC feature.
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New Data is Coming 
We are entering a golden age in cosmic ray measurements

ATIC IceCubeHESSFermi (GLAST) PAMELA

Spectra of Higgs and SUSY particles may be available soon:

LHC Tevatron



HESS
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the electron+positron 
(+gamma) flux at very 
high energies.

Including systematics: 
may be interpreted as 
background, or as the 
“high end” of a signal.
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taken when combining 
date from several 
experiments.... 
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FIG. 2: The distribution of reconstructed shower maximum
(Xmax) for H.E.S.S. data, compared to simulations. For
each shower the measured Xmax is corrected for the energy
dependent shower elongation (93 g cm−2/decade is the re-
constructed elongation rate expected for electron primaries).
Showers with reconstructed energies between 1 and 4 TeV are
included. The bands show the combination of electrons and
protons (simulated using SIBYLL) and of γ-rays and protons,
with a ratio determined by a fit to the ζ distribution of the
data in this energy range. The distributions of electrons and
γ-rays are shown for comparison. The inset contains a com-
parison of this data (black) with a γ-ray rich data set taken
from regions < 0.15◦ from γ-ray sources (gray).

change in spectral shape. Detailed tests of the analy-
sis using different zenith angle ranges, different analysis
cuts (variations of the cuts on ζ, the maximum impact
distance of the showers and the minimal intensity of the
shower image in the camera), different regions in the sky,
different seasons and years as well as another fitting al-
gorithm all yield consistent results. The estimated sys-
tematic errors, apart from the 15% scale uncertainty, are
illustrated by the shaded band in Fig. 3. Our data are
well described by a power-law: dN/dE = k (E/1TeV)−Γ

with k = (1.17 ± 0.02) × 10−4 TeV−1 m−2 sr−1 s−1 and
Γ = 3.9 ± 0.1 (stat) (χ2/ν = 3.6, p = 10−3, Fit A),
which implies a steepening of the spectrum compared to
GeV energies. The spectral index shows little model and
sample dependence, resulting in ∆Γ(syst.) ! 0.3. At
lower energies the flux reported here is somewhat higher
than previous results, but fully consistent within the 15%
scale error. Leaving the scale factor free, H.E.S.S. data
combined with earlier electron data are well reproduced
by an exponentially cutoff powerlaw with an index of
−3.05 ± 0.02 and a cutoff at 2.1 ± 0.3 TeV, combined
with a scale adjustment of −11% (Fit B). H.E.S.S. data
are also compatible with very recent ATIC data [23], but

due to the limited energy range no conclusion can be
drawn concerning the existence of a step in the spectrum
as claimed by ATIC.
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FIG. 3: The energy spectrum E3 dN/dE of CR electrons as
measured by H.E.S.S. in comparison with previous measure-
ments. The H.E.S.S. data are shown as solid points. The
two fit functions (A and B) are described in the main text.
The shaded band indicates the approximate systematic er-
ror arising from uncertainties in the modeling of hadronic
interactions and in the atmospheric model. The double ar-
row indicates the effect of an energy scale shift of 15%, the
approximate systematic uncertainty on the H.E.S.S. points.
Previous data are reproduced from: AMS [18], HEAT [19],
HEAT 94-95 [20], BETS [21], PPB-BETS [22], Kobayashi [2]
and ATIC [23].

Whilst the detailed interpretation of this result is be-
yond the scope of this paper, we note that our measure-
ment implies the existence of at least one source of CR
electrons in the local Galaxy (within ∼1 kpc). Some sce-
narios of a strong local source [2] are excluded. This
measurement is the first ground-based measurement of
CR electrons. Future IACT arrays with effective areas
beyond 106 m2 should be able to extend the spectrum to
10 TeV using this technique.

The support of the Namibian authorities and of the
University of Namibia in facilitating the construction and
operation of H.E.S.S. is gratefully acknowledged, as is the
support by the German Ministry for Education and Re-
search (BMBF), the Max Planck Society, the French Min-
istry for Research, the CNRS-IN2P3 and the Astroparti-
cle Interdisciplinary Programme of the CNRS, the U.K.
Science and Technology Facilities Council (STFC), the
IPNP of the Charles University, the Polish Ministry of
Science and Higher Education, the South African De-
partment of Science and Technology and National Re-
search Foundation, and by the University of Namibia.
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ATIC

sources of high-energy gamma radiation, including pulsar wind
nebula and supernova remnants, finding spectra that fall as E22 with
an exponential cut-off in the teraelectronvolt region3,17. This implies
that particles have been accelerated to tens of teraelectronvolts or
higher, which would not be consistent with the current electron data.
The nearby object that comes closest to meeting the source require-
ments is the Geminga pulsar and associated remnant, whose poten-
tial contribution to high-energy electrons has been modelled4,18.
However, the calculated flux from Geminga is about a factor of 60
too low to explain the observations (see Supplementary Information
section 5). Nevertheless, the classes of object discussed here have the
potential to produce energetic electrons, and there may well be a
nearby, unstudied astrophysical object that is accelerating the elec-
trons observed by ATIC.

An alternative explanation invokes annihilation of dark matter
particles. There has been considerable theoretical work on the pre-
dicted dark matter distribution in the Galaxy as well as on the pro-
duction and propagation of the products of dark matter
annihilations19–23. Electrons and positrons are predicted as products
of the annihilation of some exotic particles suggested as dark matter
candidates24, including weakly interacting particles from supersym-
metric theories, such as neutralinos, and particles resulting from
theories involving compactified extra dimensions—the ‘Kaluza–
Klein’ (KK) particles7. The annihilation of supersymmetric and
Kaluza–Klein types of dark matter can proceed through different
channels including production of either electron–positron pairs or
high-energy c-rays (Supplementary Information section 6). The sig-
nature of this annihilation process is an increase in electron intensity
above that expected from astrophysical sources, the details of which
depend on the dark matter type and primary annihilation channel.
Direct production of e1e2 pairs is suppressed for supersymmetric
particles, resulting in a source spectrum that has a broad peak and
decreases in flux up to the particle mass19. This spectrum is
further broadened by propagation and would not be consistent with
the electron data. In contrast, direct production of e1e2 pairs is not
suppressed for Kaluza–Klein particles, resulting in a source spectrum
that is dominated by a delta function at theparticlemass. Energy losses
during propagation broaden this distribution to lower energies.
According to current theory, the mass of the lightest Kaluza–Klein
particle is expected to be greater than 300GeV (refs 19, 20). Further,
the Wilkinson Microwave Anisotropy Probe (WMAP) has observed
an excess in the microwave emission around the inner region of our
Galaxy (‘WMAP haze’) that could be a product of dark matter anni-
hilation. This assumption provides a constraint on the dark matter
annihilation rate19,23. For Kaluza–Klein particles, the annihilation rate
is inversely proportional to the square of the particle mass, and the
mass of the lightest Kaluza–Klein particle that could reproduce the
WMAP haze is estimated to be 550 to 650GeV (refs 25, 26).

The GALPROP code includes the capability to inject and prop-
agate a source of electrons resulting from the annihilation of a dark
matter particle14,21. As an example, the spectrum produced for a
Kaluza–Klein particle mass of 620GeV is shown in Fig. 4. When
added to the general spectrum, this reproduces the observed data
well. The ATIC energy range includes this mass and, therefore, the
calculation should be relatively immune to uncertainties in the over-
all dark matter distribution, and to galactic propagation, but would
be sensitive to conditions in our local galactic neighbourhood22. The
difficulty is that a model with a smooth distribution of Kaluza–Klein
particles annihilating in our Galaxy produces a much smaller signal
than the feature reported here. To be consistent with the WMAP
haze, the annihilation rate for a 620-GeV thermal relic Kaluza–
Klein particle would need to be about 4.43 10226 cm3 s21, a factor
of,200 smaller than that required to fit the observed electron excess.
Such enhancements are usually attributed to a ‘boost factor’ assoc-
iatedwith non-uniform clumps in the darkmatter distribution27, and
such clumps could also be located near our Solar System28.Moreover,
‘minispikes’ of darkmatter overdensities, associated for instancewith

intermediate-mass black holes, can result in boost factors of a few
thousand29. In any case, the exact level of ‘boost’ is still subject to
debate.

It should be noted that other authors19,21 have found the need to
introduce boost factors of 200–300 to explain the cosmic-ray posi-
tron excess observed by the HEAT magnetic spectrometer experi-
ment30 in terms of an annihilation signature of Kaluza–Klein dark
matter. Thus, amodel for Kaluza–Klein darkmatter annihilation that
would explain the observed ATIC electron excess could also fit the
excess positrons observed by HEAT at ,30GeV.

The ‘feature’ in the spectrum of high-energy cosmic-ray electrons
reported here provides an intriguing puzzle. Either an as yet
unknown astrophysical source or the annihilation of a dark matter
particle is a possible explanation. If the ‘feature’ is caused by an
astrophysical object this would be the first direct observation of a
nearby source of particles with energies of hundreds of gigaelectron-
volts and would open a new window for studying such objects.
Kaluza–Klein dark matter arises from multi-dimensional theories
of our Universe in which the extra dimensions are ‘compact’, mean-
ing that they have only a small (but non-zero) effect on our four-
dimensional physical reality. If the Kaluza–Klein annihilation
explanation proves to be correct, this will necessitate a fuller invest-
igation of suchmulti-dimensional spaces, with potentially important
implications for our understanding of the Universe.

Received 23 May; accepted 1 October 2008.

1. Tang, K.-K. The energy spectrumof electrons and cosmic-ray confinement. A new
measurement and its interpretation. Astrophys. J. 278, 881–892 (1984).

2. Allen, G. E. et al. Evidence of X-ray synchrotron emission from electrons
accelerated to 40TeV in the supernova remnant Cassiopeia A. Astrophys. J. 487,
L97–L100 (1997).

3. Aharonian, F. A. et al.High-energy particle acceleration in the shell of a supernova
remnant. Nature 432, 75–77 (2004).

4. Kobayashi, T. et al. Themost likely sources of high-energy cosmic-ray electrons in
supernova remnants. Astrophys. J. 601, 340–351 (2004).

5. Aharonian, F. A. et al. Cosmic ray positrons connected with galactic gamma
radiation of high and very high energies. J. Phys. G Nucl. Part. Phys. 17, 1769–1778
(1991).

6. Heinz, S. & Sunyaev, R. Cosmic rays from microquasars: A narrow component in
the CR spectrum. Astron. Astrophys. 390, 751–766 (2002).

10 100 1,000

1,000

100

10

Energy (GeV)

E e
3.

0 d
N

/d
E e

 (m
−2

 s
−1

 s
r−

1 
G

eV
2 )

Figure 4 | Assuming an annihilation signature of Kaluza–Klein dark
matter, all the data can be reproduced. The GALPROP general electron
spectrum resulting from sources across the galaxy is shown as the dashed
line. The dotted curve represents the propagated electrons from the
annihilation of a Kaluza–Klein particle. The dotted curve assumes an
isothermal darkmatter halo of 4-kpc scale height, a local darkmatter density
of 0.43GeV cm23, a Kaluza–Klein mass of 620GeV, and an annihilation
cross section rate of 13 10223 cm3 s21, which implies a boost factor of,200.
The sum of these signals is the solid curve. Here the spectrum is multiplied
by E3.0 for clarity. The solid curve provides a good fit to both the magnetic
spectrometer data30,31 and calorimeter data16,32 and reproduces all of the
measurements from 20GeV to 2TeV, including the cut-off in the observed
excess. All error bars are one standard deviation.
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Caution!
It is important to consider ATIC                        
and its spectral features with                      
caution.

Systematic uncertainties.
Astrophysical sources.

Luckily, Fermi and PAMELA                               
will confirm/refute this                                    
shape.

A double feature may survive.                                  
If so, how do we interpret it?
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FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron

fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.

a magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon microstrip

tracking system. The spectrometer measures the rigidity of charged particles through their

deflection in the magnetic field. During flight the spatial resolution is observed to be 3µm

corresponding to a maximum detectable rigidity (MDR) exceeding 1 TV. Due to the fi-

nite spatial resolution in the spectrometer, high rigidity (low deflection) electrons may ’spill

over’ into the positron sample (and vice-versa) if assigned the wrong sign-of-curvature. This

13

A satellite experiment. 
Measured the positron 
fraction in cosmic rays. 
Confirmed a hint of an 
excess seen by HEAT.
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Astrophysical 
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been proposed.
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FIG. 2: The positron ratio assuming background only as cal-
culated by Galprop for the 3 propagation models described
in the text, DC (solid), DR (long dashed) and DRB(short
dashed). The central thick lines assume an electron spectral
spectrum Φe−(E) ∝ E−3.15 whereas the thinner lines above
and below show the affect of varying the electron spectrum
by Φe−(E) ∝ E−3.5 and E−2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling ρ8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e−, or into for example µ+µ−, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, Φe− ∝ E−3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W−, bb̄, qq̄ are not
nearly as favorable as directly into e+e− or "+"−, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The

6

RH, Kribs (2008)

PAMELA
Uncertainties on the 
background are large an 
difficult to quantify.

But, the shape of the 
PAMELA spectrum 
qualitatively disagrees 
with backgrounds.



Anti-Protons
No excess is seen up to ~100 GeV:

?

Note:
Protons loose 

energy more slowly.  

A signal at high 
energies may still 

come up.

Potential to test GUT 
relations b/w 

hadronic and leptonic 
decays



Annihilation or Decay
These anomalies are commonly interpreted as DM 
annihilations (as well as astrophysics).

The rate            required to explain the signal is high 
compared to what is expected for SUSY WIMPs.

Even for more efficient annihilators (e.g. Dirac DM)   
a “boost factor” of a couple hundred (at least) is 
required to explain ATIC. 

This may occur either from DM clumping or a 
Sommerfeld enhancement.

For decays the signal rate is simply     . 

n2σv

nΓ :-)



Possible GUT Scale Interpretations
and Correlated Signals

Even if all these are shown to be astrophysics
it is interesting to consider how 

GUT physics may show up...



HESS and smuons
A decay to smuons                                          
may produce a soft                                            
feature that may                                   
interpolate low energy                                    
data with HESS.

Can generically occur                                           
if DM decays via dim 6                                     
flavor violating operators.                                    
(selectrons are supressed)

A similar feature can come from                        
(though the photon signal is different in this case).
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FIG. 17: A schematic plot of a spectrum of the electron-positron pair emitted when a singlet dark matter

particle decays to an electron and a selectron. Such a spectrum provides an explanation of the two features

in the ATIC flux.

lifetime given by

τs→ẽe ∼ 2× 1026

(
1 TeV

∆m

)3 (
1 TeV

〈s̃〉

)2 (
MGUT

1016 GeV

)4

sec . (53)

This is a two body decay and both particles are mono-energetic. In particular the electron (or

positron) energy will be

Ee =
m2

s −m2
ẽ

2ms
(54)

The selectron, being a scalar will then decay isotropically in its rest frame. Assuming the decay is

directly to an electron and a neutralino LSP the isotropic decay will give a flat energy distribution

in the “lab” frame between two edges

E+ =
ms(m2

ẽ −m2
LSP )

2m2
ẽ

E− =
m2

ẽ −m2
LSP

2ms
(55)

The combined spectrum of the electron-positron pair emitted in the decay is shown schematically

in figure 17. Note that if one were to measure the three energies Ee, E− and E+, the mass of the

dark matter, the selectron and the LSP may be solved for without ambiguity. We further notice

that the flat spectrum that the selectron produces is reminiscent of the plateau above 100 GeV in

the ATIC flux. The hard monochromatic electron may produce the hard ATIC feature.
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The ATIC shape resembles DM      lepton+slepton 
e.g. via a “B-L” operator. 

To be cross checked by Fermi, PAMELA and LHC



Double Features
Softer double features are also generic.
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FIG. 17: A schematic plot of a spectrum of the electron-positron pair emitted when a singlet dark matter

particle decays to an electron and a selectron. Such a spectrum provides an explanation of the two features

in the ATIC flux.

lifetime given by

τs→ẽe ∼ 2× 1026

(
1 TeV

∆m

)3 (
1 TeV

〈s̃〉

)2 (
MGUT

1016 GeV

)4

sec . (53)

This is a two body decay and both particles are mono-energetic. In particular the electron (or

positron) energy will be

Ee =
m2

s −m2
ẽ

2ms
(54)

The selectron, being a scalar will then decay isotropically in its rest frame. Assuming the decay is

directly to an electron and a neutralino LSP the isotropic decay will give a flat energy distribution

in the “lab” frame between two edges

E+ =
ms(m2

ẽ −m2
LSP )

2m2
ẽ

E− =
m2

ẽ −m2
LSP

2ms
(55)

The combined spectrum of the electron-positron pair emitted in the decay is shown schematically

in figure 17. Note that if one were to measure the three energies Ee, E− and E+, the mass of the

dark matter, the selectron and the LSP may be solved for without ambiguity. We further notice

that the flat spectrum that the selectron produces is reminiscent of the plateau above 100 GeV in

the ATIC flux. The hard monochromatic electron may produce the hard ATIC feature.
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Final State Radiation
Cosmic ray electrons are not enough to make a 
strong case. What else can we predict?

Photons have much less propagation uncertainty.

FSR spectrum is independent of microphysics. 
Depends only on injection spectrum.

〈s̃〉×

s

l, e, q, u, d

l̃, ẽ, q̃, ũ, d̃

Final state radiation:

....
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FIG. 3: The spectrum of final state radiation from a mψ =
1600 GeV dark matter particle decaying in the galaxy with
lifetime τ = 1026 s as would be seen at Fermi with a field
of view = 1 sr near the galactic center. The black curve is
for the decay channel ψ → e+e−, the dashed is for decays to
µ+µ−. Gray is the expected background.
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FIG. 4: A guess for the sensitivity of Fermi. The solid
lines are the expected reach of the Fermi telescope in the
lifetime to decay into the modes ψ → γγ and ψ → e+e− as a
function of the mass of the decaying dark matter. The signal
from the second mode comes from internal bremsstrahlung
gamma-rays from the electrons (but the plotted reach is for
the primary decay mode into just e+e−). The sensitivities
are conservatively estimated using the Burkert (isothermal)
profile, though the NFW profile gives essentially the same
result. The grey band is the region of lifetimes to decay to
e+e− that would explain the PAMELA positron excess from
Eqn. (??). The ATIC excess would be explained in this same
band for masses near mψ ≈ 1500 GeV.
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FIG. 5: The flux of galactic gamma rays versus the angle
from the galactic center for dark matter decay to 2 photons
with mψ = 1 TeV and τ = 4 × 1028s versus dark matter
annihilation to 2 photons with mψ = 500 GeV and σv =

3× 10−26 cm3

s . Solid lines are the fluxes from decays, dashed
lines are from annihilations. Black is assuming the Kravtsov
halo profile, blue is the NFW profile, red is the Moore profile,
green is the Burkert (isothermal) profile. Note that the spike
at 0 angle is cut off by a finite angular resolution taken to be
3× 10−6 sr.
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Signal

background (off the plane)

Preliminary

Fermi may confirm the two bump structure:



Photon flux vs. angle off the galactic plane:

Fermi - Annihilation vs. Decay
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FIG. 23: The flux of gamma rays versus the angle from the galactic center for dark matter decay to

2 photons with mψ = 1 TeV and τ = 4 × 1028s versus dark matter annihilation to 2 photons with

mψ = 500 GeV and σv = 3 × 10−26 cm3

s . Solid lines are the fluxes from decays, dashed lines are from

annihilations. Black is assuming the Kravtsov halo profile, blue is the NFW profile, red is the Moore

profile, green is the Burkert (isothermal) profile. Note that the spike at 0 angle is cut off by a finite angular

resolution taken to be 3× 10−6 sr.

variety of halo profiles. We have chosen to scale the rates to the standard annihilation cross section

(σv = 3 × 10−26 cm3

s ) and the decay rate that corresponds to this from Eqn. (8) (τ = 4 × 1028 s).

The shape of these curves is independent of the overall normalization. The decay curves in Fig. 23

exhibit a universal behavior for large angles ! π
8 , independent of the halo profile. This stems from

the fact that the integral of n is essentially just the total amount of dark matter and is relatively

insensitive to the distribution. Note that this universal shape of the decay curve is significantly

68

nΓ

n2σv

decay (solid)
annihilation (dashed) 
for various DM profiles



Neutrinos - IceCube
Mono energetic neutrinos at the ATIC “edge”:
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Conclusions
Astrophysical searches for late decaying particles 
may complement proton decay in probing the GUT 
scale. 

Dark matter may generically decay to superpartners: 

Branching fractions sensitive to GUT scale 
operators and to SUSY spectrum.

Spectral features may also teach us about 
superpartner masses.

These interpretations of the data will be tested  
soon by the LHC and a new generation         
of cosmic ray experiments.


