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Supersymmetric Unification

Electroweak

g

U(1)Y

SU(2)

SU(3)

Strong

1 MGUT ! 1016

E !GeV"
0.5

1

1 MGUT ! 1016

E !GeV"
0.5

1

GUT= SU(5), SO(10)...
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Suggests new scale MGUT ∼ 1016 GeV

Low Energy Consequences?



Proton Decay
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Other decays? Signatures?



TeV Particle Decay
Hierarchy Problem, Dark Matter suggest new TeV particles.

Destabilized by GUT? Lifetimes?

Cosmological
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Dark Matter?
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Decays during BBN.
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Outline

1.  Dark Matter Decay
(and associated cosmic ray signals)

2. Decays during BBN
(primordial light element abundances)

3.  Conclusions



Dark Matter Decay
Why Not?

Dark Matter around today. 
Decay with cosmological lifetime. 

All known stable particles (electrons, photons etc.) 
stabilized by gauge, space-time symmetries.

No known gauge symmetry associated with Dark 
Matter.

Protected by global symmetries?
Expect violations from quantum gravity or maybe 

GUT physics?



Possibilities for Decaying DM
consider the possible decay modes allowed by standard model symmetries

TeV photons (also W’s...)W ! S2WαWα

a1 a2

γ γ

FIG. 15: Axino decay to the lighter axino and two photons.

operator in (53) if the spectrum permits the decay. Since the 10m has R parity +1, its fermionic

components 10m can decay only if their mass is greater than the LSP mass ∼ 1.2 TeV. The scalars

1̃0m can decay to the standard model and the singlets as long as the scalars are heavier than the

singlets. However, if the scalars 1̃0m and the singlets are too light, the MSSM LSP will decay to

1̃0m and the singlet fermion through the dimension 5 operator in (53). This decay occurs with a

lifetime ∼ 1000 s and will not explain the PAMELA observations. This decay mode must be shut

off in order for the MSSM LSP to decay through the dimension 6 operator in (53). This is achieved

if the sum of the 1̃0m and singlet masses are larger than the LSP mass.

C. Supersymmetric Axions

The interesting example of the setup that provides both dimension 5 and dimension 6 mediated

decays is a mild generalization of the axino model for Lithium. Namely, let’s assume that there

are two axion-like particles corresponding to different PQ symmetries, so that they are coupled to

MSSM through different combinations of operators as in (42) (in other words, coefficients Ci are

different in the two cases).

In this case there are two axinos and after the LSP decays the dark matter will be a mixture

of the two. The heavier of the axinos is unstable, but its decays involve insertion of two dimension

five operators, so effectively it has dimension 6 suppression. Typically, the fastest decay channel is
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and more...

monoenergetic photons and neutrinosL ! mSUSY

M2
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HdW̃∂/"†
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γ
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K ! S†LH†
uE, S†DH†

uQ

L, D

DM H

E, Q

TeV leptons, quarks, or both



Signals of Dark Matter Decay 

∼ (1 m2)(1 yr)(1 sr) ≈ 3× 1011 cm2 s sr

E.g. in a satellite or balloon experiment 
(EGRET, PAMELA, ATIC, Fermi...):

Such a flux could be observable.

DM decays yield flux of TeV cosmic rays 
(e±, photons, neutrinos)

≈ 10−10 cm−2 s−1 sr−1

∫ 10 kpc d3r
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Dimension 6 Ubiquity

Introduce Dark Matter field S.
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ẽ∓
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∫
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S†S O†O
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Allowed by all symmetries.

O = Any field,
Λ = Cut off e.g. Mpl, MGUT

Can forbid lower dim operators by symmetry



SO(10) Model

add one weak scale 16m and one GUT scale 10GUT

integrating out 10GUT and SO(10) gauge bosons generates dim 6 operators:

these yield dimension 6 operators for singlets, causing decays
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Operator Phenomenology
∫

d4θ
S†

mSm16†SM16SM

M2
GUT

↓↙ ↘

s̃
s

l∓

l̃±

⊗〈s〉

s̃

l̃±

l̃∓

⊗〈s〉

s̃

l∓

l±

s̃→ sl∓ l̃± s̃→ l̃∓ l̃± s̃→ l±l∓

(helicity suppressed)

Superpartners always present in decay.



(MGUT < MB-L)
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Hadronic Branching Fraction

PAMELA antiprotons =⇒ τp− ! 1027 s

Superpartners always present in decay.

GUT scale doublet-triplet splittings =⇒ lepton dominance.

Fraction ∼ δm5

M4
GUT

l̃ lighter than q̃ =⇒ lepton dominance.



Fits

ms̃ = 6 TeV, τ = 7× 1025 s ms = 8 TeV, τ = 1.2× 1026 s
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Other Explanations: Dark Matter annihilations,  Astrophysics



Dark Matter Vs Astrophysics

~ α ×
e+

e-

γ
DM

Γ
(
e+e−γ

)
∼ α Γ

(
e+e−

)

Final State Radiation (FSR) 
independent of high energy 

physics model

γ-rays propagate freely in galaxy, point back to source

looking off plane of galaxy reduces galactic backgrounds more than signal from decays

FSR gives a model-independent test of dark matter explanation of PAMELA/ATIC
should be visible to Fermi (perhaps HESS?)
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Relic Abundance

16m 16m

16SM
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16SM

∫
d2θ

(
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Mass term for 10GUT generates
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Lifetime

Decays during BBN.

Generates relic abundance of Sm from decays of charged components of 16m.

Dimension 5 



Decays During Nucleosynthesis



Big Bang Nucleosynthesis (BBN)
in universe ~ 100 - 1000 s many light elements are formed: 2H, 3He, 4He, 7Li...

abundances are well-predicted by SM and constrained by observations

Decays inject energy during BBN, can affect light element abundances

χ
n

4He

n, p, D, T, 3He...

Li is a good probe of new physics due to its small abundance
and low binding energy per nucleon



Lithium Anomalies
6Li
H

7Li
H

Observed

BBN Predicts (5.2± 0.7)× 10−10

(1− 2)× 10−10

10−14

(2− 10)× 10−12

Caveats

Stars may reprocess 7Li

Turbulence in stellar atmospheres could appear to 
be 6Li

χ with Ωχh2 ∼ 0.1 decaying @ 1000 s solves both Li Problems.
Bailly, Jedamzik, Moultaka 2008



Operator Analysis of Dim 5 Decays

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

fields of the MSSM. The R-parity of χ is denoted by its subscripts e and o for even and odd parities

respectively.

1. Electroweak Relics

Let us first consider how the Lithium problems can be solved by the colorless components

of fundamental or antisymmetric representations of SU(5). Standard model gauge interactions

generate a thermal abundance of the electroweak multiplets in (5, 5̄) and (10, 1̄0). We focus on the

standard model operators that are extracted from the SU(5) invariant operators in Table V and

contain the electroweak multiplets (the lepton doublet L in (5, 5̄) and the right handed positron

E in (10, 1̄0)) from the χ. These operators can be classified into three categories: operators that

involve quarks or only contain higgses, operators that are purely leptonic and operators that involve

leptons and higgs doublets. This classification is presented in Table VI.

Operators in Table V that contain higgs triplets when the χs are electroweak multiplets have not

been included in Table VI since the higgs triplets are at the GUT scale and cannot cause a dimension

5 decay of the electroweak χ. For example, with χ a (10, 1̄0), the only gauge invariant operator that

can be extracted from χ̄5̄f 5̄fHd in Table V is ĒχDDHT
d where HT

d is the color triplet higgs. This

operator cannot cause a dimension 5 decay of the Eχ and is not listed in Table VI. There are also

39
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τ ∼ 8π
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The Axion

γ, Z

axino (DM)

NLSP

ã

W ! α

4π

a

f
WαWα

Decays @ 10 - 1000 s Generic!

if such a decay produces the DM it may be Warm (WDM) not Cold (CDM)
affects structure formation



Late-Decaying Particles at the LHC

the LHC could see the decay of the particle which explains the Li problems

charged or colored particles will stop in the detectors and decay out of time

PRD 76, 055007 (2007)



Conclusions - An Era of Data?

GUT physics can cause dark matter to decay
• potentially observable cosmic rays

GUT physics can also cause late-decays during BBN
• possibly observable effect on primordial light element abundances

As an example, if PAMELA/ATIC and Li anomalies are evidence of 

new physics, correlated signals could be seen soon
• Fermi should see gamma-rays from decaying (or annihilating) dark matter

• LHC could see late-decays of the particle responsible for Li



Hints?

arXiv:0810.4995

Fermi, HESS, ATICPAMELA

Fit with Dark Matter Decay?

distinguish e+ and p?
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γ-rays Galactic γ-rays antiprotons positrons neutrinos

Decay Super-K, Frejus

channel EGRET HESS PAMELA PAMELA AMANDA

qq 4× 1025 s − 1027 s − −

e+e− 8× 1022 s 2× 1022 s (K) 1024 s 2× 1025 s 3× 1021 s

µ+µ− 8× 1022 s 2× 1022 s (K) 1024 s 2× 1025 s 3× 1024 s

τ+τ− 1025 s 1022 s (K) 1024 s 1025 s 3× 1024 s

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

γγ 1022−25 s 2× 1024 s (K) 2× 1025 s 8× 1023 s −

5× 1025 s (NFW)

νν 8× 1022 s − 1024 s 1023 s 1025 s

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

mDM ! 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 mDM > 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 ! mDM ! 1 TeV. All the limits are only approximate. Generally

conservative assumptions were made and there are many details and caveats as described in Section ??.

4

Limits on Decaying Dark Matter



SO(10) Model

add one weak scale 16m and one GUT scale 10GUT

integrating out 10GUT and SO(10) gauge bosons generates dim 6 operators:

these yield dimension 6 operators for singlets, causing decays

16SM

16SM

16m

16m

WMSSM = H16SM16SM + µHH

W ′ = λ16m16SM10GUT

16m

16SM

16m

16SM

∫
d4θ λ4

(
16†m16m16†SM16SM

M2
GUT

) ∫
d4θ g4

(
16†m16m16†SM16SM

M2
B-L

)



Lithium Observations

Asplund, Lambert, Nissen, Primas, & 
Smith ApJ 644 229 (2006)

Spite Plateaus imply primordial 
abundance

Stars may reprocess 7Li

Turbulence in stellar atmospheres 
could appear to be 6Li

Deficit of 7Li and excess 6Li rules out any single solution to both Li 
problems except for physics beyond the Standard Model



A Late-Decay Solves the Lithium Problems
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Bailly, Jedamzik, Moultaka 2008

6Li

7Li

Ωχ = abundance of decaying 
particle

Bh = hadronic branching 
fraction

Deficit of 7Li and excess 6Li rules out any single solution to both Li 
problems except for physics beyond the Standard Model

mχ ∼ 1 TeV =⇒
Ωχh2 ∼ 0.1



SO(10) Model Timeline

early: gauge interactions generate relic abundance of non-neutral components of 16m

Qm

Sm

L

D

at 100 s: all components of 16m decay to singlet Sm

at 1027 s: scalar Sm decays to fermion Sm (or vice-versa)

e, q

S̃m

Sm ẽ, q̃

∫
d2θ

(
16m16m16SM16SM

MGUT

) ∫
d4θ

(
16†m16m16†SM16SM

M2
GUT

)


