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Abstract. Extremely weakly interacting massive particles (E–WIMPs) are intriguing candidates for cold dark matter in
the Universe. We review two well motivated E–WIMPs, an axino and a gravitino, and point out their cosmological and
phenomenological similarities and differences, the latter of which may allow one to distinguishing them in LHC searches for
supersymmetry.

INTRODUCTION

From the particle physics point of view, a WIMP (weakly

interacting massive particle) looks rather attractive as

a candidate for cold dark matter (CDM) in the Uni-

verse. In many extensions of the Standard Model (SM)

there often exist several new WIMPs, and it is often not

too difficult to ensure that the lightest of them is sta-

ble by means of some discrete symmetry or topologi-

cal invariant. (For example, in supersymmetry, one usu-

ally invokes R–parity.) In order to meet stringent astro-

physical constraints on exotic relics (e.g., anomalous nu-

clei), WIMPs must be electrically and (preferably) color

neutral. They can however interact weakly. For WIMPs

produced via a usual freeze–out from an expanding

plasma one finds !h2 " 1/
〈(

"ann

10−38 cm2

)(
v/c
0.1

)〉
. As-

suming a pair–annihilation cross section "ann ∼ "weak ∼
10−38 cm2, and since the relative velocity v at freeze–out

is non–relativistic, one often obtains!h2 ∼ 0.1, in agree-

ment with current determinations. This has sometimes

been used as a hint for a deeper connection between weak

interactions and CDM in the Universe.

Contrary to this simple and persuasive argument,

CDM particles are not bound to interact with roughly the

weak interaction strength. Extremely weakly interacting

massive particles (E–WIMPs) have also been known to

be excellent candidates for CDM. In comparison with

“standard” WIMPs, E–WIMP interaction strength with

ordinary matter is strongly suppressed by some large

mass scale, for example the (reduced) Planck scale MP "
2.4× 1018 GeV for gravitino or the Peccei–Quinn scale

fa ∼ 1011 GeV for axion and/or axino.

1 Invited plenary talk given by L. Roszkowski at PASCOS–05,
Gyeongju, Korea, 30 May – 4 June 2005.

FIGURE 1. A schematic representation of some well–
motivated WIMP–type particles for which a priori one can have
! ∼ 1. "int represents a typical order of magnitude of interac-
tion strength with ordinary matter. The neutrino provides hot
DM which is disfavored. The box marked “WIMP’ stands for
several possible candidates, e.g., from Kaluza–Klein scenarios.

E–WIMPs are also well motivated from a particle the-

orist’s perspective if one takes the point of view that

CDM candidates should appear naturally in some rea-

sonable frameworks beyond the SM which have been

invented to address some other major puzzle in particle

physics. In other words, it would be preferable if a CDM

candidate were not invented for the sole purpose of solv-

ing the DM problem.

One way to present well–motivated CDM candidates

[Leszek]

ΩG̃ ∝ Treh Treh < 109 ∼ 1010 GeV Treh ! 106 ∼ 108 GeV (21)

ΩNTP
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mG̃

mNLSP
ΩNLSPh

2 (22)

ΩG̃h
2 = ΩTP

G̃
h2 + ΩNTP

G̃
h2 (23)

Treh < a few× 107 GeV (! 108 GeV) (24)

ΩTP
LSP (Treh,mLSP ,mg̃,mNLSP , . . .)h

2 +
mLSP

mNLSP
Ωcoll

NLSPh
2 = ΩDMh2 $ 0.1 (25)

7Li/H = (5.24 + 0.71− 0.67)× 10−10

7Li/H = (1.23+0.68
−0.32)× 10−10

6Li/7Li ∼ 10−4 − 10−3

6Li/7Li ∼ 0.05

(26)

Treh < a few× 107 GeV (! 108 GeV) (27)

mG̃ = 10GeV mG̃ = 100GeV (28)

m0,m1/2, A, tanβ , sgn(µ) and mG̃
(29)

ΩNLSPh
2 ΩG̃h

2 (30)

τX (31)

∆M ≡ mNLSP −mG̃ ' mG̃
(32)

G̃ → γ + ν, Z0 + ν, W± + lMP (33)

mG̃ < MW ξτ ≡ 〈ν̃τ 〉
v

(34)

∝
(
MW

M2

)2

(35)

ξ2τ |UW̃W̃ |2 ∝ ξ2τ

(
MW

M2

)2

(36)

∝ ξ2τ (37)

G̃ → τ−W+∗ → τ−ff̄ ′ (38)

mG̃ = 70GeV, ξτ = 10−7, M1 = 1TeV (39)

Tf neq〈σAv〉 = H (40)
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FIGURE 1. A schematic representation of some well–
motivated WIMP–type particles for which a priori one can have
! ∼ 1. "int represents a typical order of magnitude of interac-
tion strength with ordinary matter. The neutrino provides hot
DM which is disfavored. The box marked “WIMP’ stands for
several possible candidates, e.g., from Kaluza–Klein scenarios.

E–WIMPs are also well motivated from a particle the-

orist’s perspective if one takes the point of view that

CDM candidates should appear naturally in some rea-

sonable frameworks beyond the SM which have been

invented to address some other major puzzle in particle

physics. In other words, it would be preferable if a CDM

candidate were not invented for the sole purpose of solv-

ing the DM problem.

One way to present well–motivated CDM candidates

(I) Hot Relic (2) WIMP
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• Thermal production of (meta-)stable relics
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• Thermal production of (meta-)stable relics
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n : number density
s : entropy density
EQ : equilibrium

m : mass
T : temperature
Treh : reheating temperature
Tf : freeze-out temperature
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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• E-WIMPs : Extremely-Weakly Interacting Massive particles

- Interactions to Standard Model particles are highly suppressed 
compared to WIMP
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For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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•  Gravitino

SUSY + Gravity Supergravity 
(SUGRA)

: Gravitino
  (spin 3/2 supartner of gravtion)

✴ The properties of gravitino are completely fixed by SUGRA

•  Mass :

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

1

from SUSY breaking

from eV to TeV depending on the SUSY breaking mechanism
(GMSB, Gravity-MSB, gaugino-MSB, anomaly-MSB ...)

•  Couplings : given by SUGRA, suppressed by Planck scale
for light gravitino, Goldstino spin 1/2 interaction is dominanthi
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chiral multiplet gauge multipletwhere

(F_X : SUSY breaking scale)
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mã

mNLSP
ΩNLSP (11)
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Gravitino / Axino as dark matter

1 Introduction

Neutralino is not the only viable dark matter candidates in SUSY models with
r-parity. In this session we investigate the another fascinating candidates in
SUSY, the Gravitino and Axino. These are natural in their existence and has
perfect properties for the dark matter candidate. Furthermore recent studies
show that these extremely weakly interacting particles can be probed indirectly
in the colliders and also in the cosmology, which gives a promising future to
these particles.
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5 Cosmological constraints

Thanks, Steffen.
Basically Gravitinos or Axinos are created by thermally and non-thermally,

the relic abundance is much enough to comprise the dark matter contents in our
Universe. Though the interactions of Gravitino and Axino are extremely weak,
their existence is enough to get the constraints from cosmology.

The constraints come from the requirement of relic density for dark matter,
from the structure formation from the dark matter itself, and BBN and CMB
distortion from the decay of NLSP.

5.1 Structure foramation

Now it is believed that the structure in our Universe is seeded from the primor-
dial density perturbations in the early Universe. The ΛCDM model gives quite
good agreement with the CMB and Large Structure Formation observation.
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Gravitino / Axino as dark matter

1 Introduction

Neutralino is not the only viable dark matter candidates in SUSY models with
r-parity. In this session we investigate the another fascinating candidates in
SUSY, the Gravitino and Axino. These are natural in their existence and has
perfect properties for the dark matter candidate. Furthermore recent studies
show that these extremely weakly interacting particles can be probed indirectly
in the colliders and also in the cosmology, which gives a promising future to
these particles.
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5 Cosmological constraints
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Basically Gravitinos or Axinos are created by thermally and non-thermally,

the relic abundance is much enough to comprise the dark matter contents in our
Universe. Though the interactions of Gravitino and Axino are extremely weak,
their existence is enough to get the constraints from cosmology.

The constraints come from the requirement of relic density for dark matter,
from the structure formation from the dark matter itself, and BBN and CMB
distortion from the decay of NLSP.

5.1 Structure foramation

Now it is believed that the structure in our Universe is seeded from the primor-
dial density perturbations in the early Universe. The ΛCDM model gives quite
good agreement with the CMB and Large Structure Formation observation.
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•  Light gravitinos could be in the thermal equilibrium  
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- Gravitinos less than keV was in the thermal equilibrium in the early 
Universe if T_R is bigger than TeV
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 : If it is the dominant DM, 
   it has problems with large scale structure formation,

   and  freeze-out:  Hot or warm Dark Matter 

[Fujii, Yanagida ’02]

(too small)

[Feng, Kamionkowski, Lee 1004.4213]: more on collider signatures
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[Viel et al 2005]

(too large relic density)

- LSP with R-parity is automatically stable and good DM candidate

: not the main component of DM or new mechanism is needed



•  Heavy Gravitinos : nevr in the thermal equilibrium in the early Universe

Thermal production is proportional to the reheating temperature

•  Thermal production : the gravitinos are produced from the 2->2 scatterings
                                      after inflation 

• Gravitino Production !"#$%&'()"*&+,-./0+1"2

Note, that the overall normalization differs from the expression given in [10] by the factor

4(N2 − 1).

The dependence of the soft part of the gravitino production rate on the cutoff kcut

is again cancelled by the cutoff dependence of the contribution from the hard 2 → 2

processes. There are 10 processes denoted by A to J [5]:
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Note, that the overall normalization differs from the expression given in [10] by the factor

4(N2 − 1).
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• I: qi + q̄j → g̃a + G̃ (crossing of G)

• J: q̃i + ¯̃qj → g̃a + G̃ (crossing of H)

The corresponding matrix elements have been evaluated in [7]. As discussed in section 2,

they must have the form

|Mi|2 ∝
1

M2

(

1 +
m2

g̃

3m2
G̃

)

(40)

in the high energy limit.

process i |Mi|2/ g2

M2

(
1 +

m2
g̃

3m2

G̃

)

A ga + gb → g̃c + G̃ 4(s + 2t + 2 t2

s )|fabc|2

B ga + g̃b → gc + G̃ −4(t + 2s + 2 s2

t )|fabc|2

C q̃i + ga → qj + G̃ 2s|T a
ji|2

D ga + qi → q̃j + G̃ −2t|T a
ji|2

E ¯̃qi + qj → ga + G̃ −2t|T a
ji|2

F g̃a + g̃b → g̃c + G̃ −8 (s2+st+t2)2

st(s+t) |fabc|2

G qi + g̃a → qj + G̃ −4(s + s2

t )|T a
ji|2

H q̃i + g̃a → q̃j + G̃ −2(t + 2s + 2 s2

t )|T a
ji|2

I qi + q̄j → g̃a + G̃ −4(t + t2

s )|T a
ji|2

J q̃i + ¯̃qj → g̃a + G̃ 2(s + 2t + 2 t2

s )|T a
ji|2

Table 1: Squared matrix elements for gravitino (G̃) production in two-body processes in-

volving left-handed quarks (qi), squarks (q̃i), gluons (ga) and gluinos (g̃a). The values are

given for the specified choice of colors and summed over spins in the initial and final state.

fabc and T a
ji are the usual SU(3) colour matrices.
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The dependence of the soft part of the gravitino production rate on the cutoff kcut
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[Ellis, Kim, Nanopoulos 1984]

[Bolz, Brandenburg, Buchmuller 2000]

✴ Including electroweak contribution, enhancement by abount 30 %

✴ Production by 1-> 2 decays allowed by thermal masses, factor 2 enhancement

[Pradler, Steffen 2007]

[Rychkov, Strumia 2007]

hi

Y ≡ n

s
T = Treh YEQ ∝ e−m/T (1)

Y ∝ Treh Ωh2 ∝ Treh (2)

Ωh2 ∝ 1

〈σv〉 Y ∝ λ2MPl

T
(3)

mG̃ = 〈WeK/2〉 = FX

MP
(4)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (5)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (6)

(φ,χ) (Aµ,λ) (7)

Tf ( 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(8)

ΩG̃h
2 (

( mG̃

1 keV

)(100

g∗

)
(9)

mG̃ ! 30 eV (10)

mG̃ " 2 keV (11)

Treh ) Tf ) m Treh ) m ) Tf Treh ) Tf Treh * Tf } (12)

m

20 ∼ 25
n ∝ T 3 n ∝ (mT )3/2e−m/T (13)

m " 2GeV Ωh2 (
(
100

g∗

)( m

keV

)
m ! 100 eV (14)

Treh < Tf Treh > Tf (15)

MPl ∼ 1018 GeV fa ∼ 1011 GeV (16)

ga + gb → g̃c + G̃ (17)

ΩTP
G̃

h2 ( 0.27

(
100GeV

mG̃

)( mg̃

1TeV

)2
(

Treh

1010 GeV

)
(18)

ΩG̃ ∝ Treh Treh < 109 ∼ 1010 GeV Treh ! 106 ∼ 108 GeV (19)

ΩNTP
G̃

h2 =
mG̃

mNLSP
ΩNLSPh

2 (20)

1



- If the gravitino is not LSP
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1 Talk

The weakly interacting massive particle, WIMP, is a good dark matter. However even though the interaction

is extremely weak, it can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and give as a specific example the heavy

gravitino as a dark matter candidate and the constraints from cosmology and astrophysics especially in the

constrained minimal supersymmetric model.

One of the most relevant requirement for dark matter is the correct relic density at present compatible

with the observations. In the early Universe the number density is high and most of the particles were in

1

[Ellis, Kim, Nanopoulos 1984 ]

- Recently developments with hadronic decay gives 

[Kawasaki, Kohri, Moroi 2004]
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1 Talk

The weakly interacting massive particle, WIMP, is a good dark matter. However even though the interaction

is extremely weak, it can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and give as a specific example the heavy

gravitino as a dark matter candidate and the constraints from cosmology and astrophysics especially in the

constrained minimal supersymmetric model.

One of the most relevant requirement for dark matter is the correct relic density at present compatible

with the observations. In the early Universe the number density is high and most of the particles were in

1

[Jedamzik 2004]

- then they will decay with decay temperature less than 1 MeV, the epoch 
of BBN, and disrupt the light element abundances 



•  Non-thermal production : all supersymmeric particles decay to NLSP and 
later NLSP decay to gravitino. By R-parity conservation the number densities 
of R odd particles are conserved
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✴ Also there are model dependent non-thermal productions (inflaton decay, moduli decay ...)

• Total relic density of gravitino : TP+NTP

ΩG̃h
2 = ΩTP

G̃
h2 + ΩNTP

G̃
h2 (21)

Treh < a few× 107 GeV (! 108 GeV) (22)

ΩTP
LSP (Treh,mLSP ,mg̃,mNLSP , . . .)h

2 +
mLSP

mNLSP
Ωcoll

NLSPh
2 = ΩDMh2 " 0.1 (23)

7Li/H = (5.24 + 0.71− 0.67)× 10−10

7Li/H = (1.23+0.68
−0.32)× 10−10

6Li/7Li ∼ 10−4 − 10−3

6Li/7Li ∼ 0.05

(24)

Treh < a few× 107 GeV (! 108 GeV) (25)

mG̃ = 10GeV mG̃ = 100GeV (26)

m0,m1/2, A, tanβ , sgn(µ) and mG̃
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

2

 If gravitino is LSP with R-parity, they are stable and DM candidate
                           (or small R-parity violation and have long lifetime)

- However the Next LSP (NLSP) decay very late and have problems with 
light nuclei element



•  What is LSP and Dark Matter?
•  Neutralino

Neutral, stable, massive and weakly interacting particles
Relic density determined from thermal freeze-out with right order
Detectability in the near future at colliders, direct and indirect detection exp.

Most favored

• What is the lightest?

• What is LSP and dark matter?
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Figure 1: The plane (m1/2, m0) for tanβ = 10, m eG = m0 (left window) and tanβ = 50, m eG =
0.2m0 (right window) and for A0 = 0, µ > 0. The light brown regions labelled “LEP χ+” and “LEP
Higgs” are excluded by unsuccessful chargino and Higgs searches at LEP, respectively. In the right
window the darker brown region labelled “b → sγ” is excluded assuming minimal flavor violation.
The dark grey region below the dashed line is labelled “TACHYONIC” because of some sfermion
masses becoming tachyonic and is also excluded. In the rest of the grey region (above the dashed
line) the stau mass bound mτ̃1

> 87 GeV is violated. In the region “No EWSB” the conditions of
EWSB are not satisfied. Magenta lines mark contours of the NLSP lifetime τX (in seconds). The
dotted line is the boundary of neutralino (χ) or stau (τ̃ ) NLSP.

Higgs/higgsino mass parameter µ. The parameter µ is derived from the condition of elec-

troweak symmetry breaking and we take µ > 0. We compute the mass spectra with the

help of the package SUSPECT v. 2.34 [41]. For simplicity we assume R–parity conser-

vation even though E–WIMPs, like gravitinos or axinos, can constitute CDM even when

it is broken. This is because, even in the presence of R–parity breaking interactions the

E–WIMP lifetime will normally be very large due to their exceedingly tiny interactions

with ordinary matter.

We compute the number density of the NLSP after freeze–out (the neutralino or the

stau) with high accuracy by numerically solving the Boltzmann equation including all

(dominant and subdominant) NLSP pair annihilation and coannihilation channels. For a

given value of m eG, we then compute the NTP contribution to the gravitino relic abundance

ΩNTP
eG

h2 via eq. (1.1). In computing the thermal contribution ΩTP
eG

h2 we employ eq. (1.2).

After freeze–out from the thermal plasma at t ∼ 10−12 sec, the NLSPs decay into

gravitinos at late times which strongly depend on the NLSP composition and mass, on m eG

and on the final states of the NLSP decay. Expressions for ΓX = 1/τX , where X denotes

the decaying particle2 have been derived in [26, 25]. Given some discrepancies between the

2From now on we will denote X = χ, τ̃1 for brevity.
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However there is no fundamental reason 
for neutralino to be the lightest

In many SUSY breaking scenarios, 
gravitino is the lightest SUSY particle

eg) CMSSM (m0,m1/2,tan\beta,A,sgn mu)
with mG=m0

Gravitino LSP is natural!

Gravitino 
LSP

NLSP can be neutralino, stau, sneutrino, stop, ....
[Feng etal,  Ellis, Olive etal,  Kohri etal,  Roszkowski etal, Steffen etal, .....]



  Gravitino can be naturally LSP and gives 
 correct relic density for dark matter!
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Ωh2 ∼ 0.1 (43)

ΩNLSP h2 ! 104 mNLSP ! 102 GeV (44)

mG̃ = 〈WeK/2〉 =
FX

Mp
(45)

ΩG̃h2 = ΩTP
G̃

h2 + ΩNTP
G̃

h2 (46)

TR ! 108 GeV TR ! 1010 GeV (47)

ΩG̃h2 $ 0.27
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) ( mg̃
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)2
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TR
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(48)

Ωãh2 $ 5.5g2 ln
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1.108
g

) ( mã

0.1 GeV

) (
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fa

)2 (
TR

104 GeV

)
(49)

ΩG̃h2 $ 0.27
(

100 GeV
mG̃

) ( mg̃

1 TeV

)2
(

TR

1010 GeV

)
(50)

Ωãh2 $ 0.6
( mã

0.1 GeV

) (
1011 GeV

fa

)2 (
TR

104 GeV

)
(51)

pi =
m2

X −m2
LSP

2mX
(52)

ΩXh2 $ 3× 10−6 mXYX

10−14 GeV
(53)

mG̃ " 10 TeV mG̃ ! 1 keV (54)

ΩG̃h2 $ 1.17
(

100
g∗

) ( mG̃

1 keV

)
(55)

τ (τ̃ → ãγ) $ 25 sec
(

100 GeV
mτ̃

) (
100 GeV

mB̃

)2 (
fa

1011 GeV

)2

(56)

τ (χ̃ → ãγ) $ 0.33 sec
(

100 GeV
mχ̃

)3 (
fa

1011 GeV

)2

(57)

ΩNTP
ã =

mã

mNLSP
ΩNLSP (58)

ΩNTP
LSP h2 =

mLSP

mNLSP
ΩNLSP h2 (59)

(60)
Ωh2 = ΩTP h2 + ΩNTP h2 (61)
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Ωcoll
χ < ΩDM Ωcoll

χ ∼ ΩDM Ωcoll
χ > ΩDM

Yes Direct detection Gravitino is not the dominant DM component
Gravitino LSP can explain this inconsistency

No Direct Detection
(σSI

p " 10−10pb) TP dominant NTP + TP NTP + TP

ΩNTP
G̃

h2 =
mG̃

mNLSP
ΩNLSP h2 (4)

mG̃ = m0 m (5)

mG̃ # 10 keV (6)

mX # 2 TeV (7)

7Li/H = (5.24 + 0.71− 0.67)× 10−10 (8)

6Li/7Li ∼ 0.05 (9)

6Li/7Li ∼ 10−15 − 10−14 (10)

γ, leptons, qq̄ (11)

3 NLSP decay BBN

· · · ·︸ ︷︷ ︸ (12)

χ→ G̃ + γ χ→ G̃ + Z(h, γ∗/Z∗)→ G̃ + qq̄ (13)
(14)

τ̃ → G̃ + τ τ̃ → G̃ + τ + Z(γ∗/Z∗)→ G̃ + τ + qq̄ (15)
τ̃ → G̃ + ντ + W → G̃ + ντ + qq̄ (16)

(17)
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ΩG̃h2 ! 0.27
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(39)
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(41)

Ωãh2 ! 0.6
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pi =
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X −m2
LSP

2mX
(43)

ΩXh2 ! ...
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10−14
(44)

mG̃ " 10 TeV mG̃ ! 1 keV (45)

ΩG̃h2 ! 1.17
(

100
g∗

) ( mG̃
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)
(46)

τ (τ̃ → ãγ) ! 25 sec
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100 GeV
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) (
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)2

(47)

τ (χ̃→ ãγ) ! 0.33 sec
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)3 (
fa

1011 GeV

)2

(48)

ΩNTP
ã =

mã

mNLSP
ΩNLSP (49)

ΩNTP
LSP h2 =

mLSP

mNLSP
ΩNLSP h2 (50)

(51)
Ωh2 = ΩTP h2 + ΩNTP h2 (52)

10 MeV ! mLSP < mNLSP mã ( GeV) TR ( GeV) (53)

mã < mχ̃ormτ̃ (54)
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of big-bang nucleosynthesis — the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

In recent years, high-resolution spectra have revealed the presence of D in high-
redshift, low-metallicity quasar absorption systems (QAS), via its isotope-shifted Lyman-α
absorption [23–28]. It is believed that there are no astrophysical sources of deuterium [29],
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bound st. |E0
b | a0 Rsc

N |Eb(R
sc
N )| RNc |Eb(RNc)| T0

4HeX− 397 3.63 1.94 352 2.16 346 8.2
3HeX− 299 4.81 1.76 276 2.50 267 6.3
7LiX− 1566 1.38 2.33 990 3.09 870 21
7BeX− 2787 1.03 2.33 1540 3 1350 32
8BeX− 3178 0.91 2.44 1600 3 1430 34

TX− 75 9.6 2.27 73 2.27 73 1.8

DX− 50 14 - 49 2.75 49 1.2

pX− 25 29 - 25 1.10 25 0.6

TABLE I: Properties of the bound states: Bohr a0 and nuclear
radii RN in fm; binding energies Eb and “photo-dissociation
decoupling” temperatures T0 in KeV.

and for the nuclear radius determined via the the root
mean square charge radius, RNc = (5/3)1/3Rc with ex-
perimental input for Rc where available. Finally, as an
indication of the temperature at which (NX) are no
longer ionized, we include a scale T0 where the photo-
dissociation rate Γph(T ) becomes smaller than the Hub-
ble rate, Γph(T0) = H(T0). It is remarkable that sta-
ble bound states of (8BeX) exist, opening up a path to
synthesize heavier elements such as carbon, which is not
produced in SBBN. In addition to atomic states, there
exist molecular bound states (NXX). The binding en-
ergy of such molecules relative to (NX) are not small
(e.g. about 300 KeV for (4HeX−X−)). Such neutral
molecules, along with (8BeX) and (8BeXX), are an im-
portant path for the synthesis of heavier elements in
CBBN. One can easily generalize Table 1 for the case of
doubly-charged particles, which was recently discussed in
[7] in connection with the dark matter problem.

BA

Temperature in KeV

108642

1

0.5

0

FIG. 1: Fraction of X− locked in the bound state with 4He: A.
Realistic result based on Boltzmann equation, B. Saha-type pre-
diction with a rapid switch from 0 to 1 at T ! 8.3 KeV

The initial abundance of X− particles relative to
baryons, YX(t ! τ) ≡ nX−/nb, along with their lifetime
τ are the input parameters of CBBN, and it is safe to
assume that YX ! 1. The most important catalytic en-
hancement results from the bound states (4HeX). Their
abundance relative to the total abundance of X−, YBS =
nBS/nX− is calculated using the Boltzmann equation

− HT
dYBS

dT
= 〈σrecv〉nHe − 〈σphv〉YBSnγ (3)

along with the photoionization and recombination cross
section. The result is shown in Fig. 1, where a significant
deviation from the naive Saha equation is observed as the
recombination rate of X− and 4He is only marginally

larger than the Hubble rate. For the same reason the
abundance of bound states with rare light elements is
very low, nNX−/nX−

<∼ 10−6, where N =3He, D and T.
As we are going to show, an actual abundance of X− at
T ' 8 KeV has to be less than 10−6, which makes the
overall impact of these bounds states on BBN negligible.

Li
6

He
4He

4
Li
6

D ! D

X
!X( !)

FIG. 2: SBBN and CBBN mechanisms for producing 6Li.

Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [9]. For the CBBN process
(2) the real photon in the final state is replaced by a
virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN ! a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
ement. A straightforward quantum-mechanical calcula-
tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
state leads to the following relation between the astro-
physical S-factors at low energy:

SCBBN = SSBBN ×
8

3π2

pfa0

(ωa0)5

(

1 +
mD

m4He

)2

. (4)

Here a0 is the Bohr radius of (4HeX−), pf =
(2m6Li(QCBBN + E))1/2 is the momentum of the out-
going 6Li in the CBBN reaction, and ω is the photon
energy in the SBBN process, ω = QSBBN + E. For
E ! Q the value of the final momentum of the 6Li nu-
cleus is pf ' (1.8fm)−1. Throughout the whole paper,
c = ! = 1. The S factor is defined in the standard way,
by removing the Gamow factor G from the cross sec-
tion: S(E) = Eσ/G. A somewhat more sophisticated
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abundance relative to the total abundance of X−, YBS =
nBS/nX− is calculated using the Boltzmann equation

− HT
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along with the photoionization and recombination cross
section. The result is shown in Fig. 1, where a significant
deviation from the naive Saha equation is observed as the
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Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [9]. For the CBBN process
(2) the real photon in the final state is replaced by a
virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN ! a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
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tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
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Here a0 is the Bohr radius of (4HeX−), pf =
(2m6Li(QCBBN + E))1/2 is the momentum of the out-
going 6Li in the CBBN reaction, and ω is the photon
energy in the SBBN process, ω = QSBBN + E. For
E ! Q the value of the final momentum of the 6Li nu-
cleus is pf ' (1.8fm)−1. Throughout the whole paper,
c = ! = 1. The S factor is defined in the standard way,
by removing the Gamow factor G from the cross sec-
tion: S(E) = Eσ/G. A somewhat more sophisticated
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ΩG̃ ∝ Treh Treh < 109 ∼ 1010 GeV Treh ! 106 ∼ 108 GeV (21)

ΩNTP
G̃

h2 =
mG̃

mNLSP
ΩNLSPh

2 (22)

ΩG̃h
2 = ΩTP

G̃
h2 + ΩNTP

G̃
h2 (23)

Treh < a few× 107 GeV (! 108 GeV) (24)

ΩTP
LSP (Treh,mLSP ,mg̃,mNLSP , . . .)h

2 +
mLSP

mNLSP
Ωcoll

NLSPh
2 = ΩDMh2 $ 0.1 (25)

7Li/H = (5.24 + 0.71− 0.67)× 10−10

7Li/H = (1.23+0.68
−0.32)× 10−10

6Li/7Li ∼ 10−4 − 10−3

6Li/7Li ∼ 0.05

(26)

Treh < a few× 107 GeV (! 108 GeV) (27)

mG̃ = 10GeV mG̃ = 100GeV (28)

m0,m1/2, A, tanβ , sgn(µ) and mG̃
(29)

ΩNLSPh
2 ΩG̃h

2 (30)

τX (31)

∆M ≡ mNLSP −mG̃ ' mG̃
(32)

G̃ → γ + ν, Z0 + ν, W± + lMP (33)

mG̃ < MW ξτ ≡ 〈ν̃τ 〉
v

(34)

∝
(
MW

M2

)2

(35)

ξ2τ |UW̃W̃ |2 ∝ ξ2τ

(
MW

M2

)2

(36)

∝ ξ2τ (37)

G̃ → τ−W+∗ → τ−ff̄ ′ (38)

mG̃ = 70GeV, ξτ = 10−7, M1 = 1TeV (39)

Tf neq〈σAv〉 = H Treh (40)

Y ≡ n

s
! 10−15 − 10−14 ττ̃ " 5× 103 sec (41)
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EM and HAD showers
(not always)

ΩG̃ ∝ Treh Treh < 109 ∼ 1010 GeV Treh ! 106 ∼ 108 GeV (21)
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6Li/7Li ∼ 0.05

(26)

Treh < a few× 107 GeV (! 3× 108 GeV) (27)

mG̃ = 10GeV mG̃ = 100GeV (28)

m0,m1/2, A, tanβ , sgn(µ) and mG̃
(29)

ΩNLSPh
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τ = 3× 104 sec (42)
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• Heavy Gravitino Dark Matter (with NLSP decays)

- NTP of gravitinos in the MSSM [Feng et al., 2003; 2004]

in the CMSSM [Ellis et al., 2004]

- TP of gravitinos in the MSSM [Fujii et al., 2004]

- TP + NTP of gravitinos in the CMSSM [Leszek et al., 2005; Cerdeno et al., 2006]

and confirmed later with similar analysis [Steffen 2006; Pradler et al., 2007]

[Jedamzik et al., 2006; Bailly 2009 ]- Solution to cosmic Lithium problems
- Catalyzed BBN with gravitino [Cyburt et al., 2006; Kawasaki et al., 2007; 

 Pradler et al., 2007; 2008, Kersten et al., 2008]

- Complete analysis in the CMSSM [Bailly et al., 2009]



• Gravitino Dark Matter in the CMSSM
• Gravitino DM in the CMSSM

Figure 1: The plane (m1/2, m0) for tanβ = 10, m eG = m0 (left window) and tanβ = 50, m eG =
0.2m0 (right window) and for A0 = 0, µ > 0. The light brown regions labelled “LEP χ+” and “LEP
Higgs” are excluded by unsuccessful chargino and Higgs searches at LEP, respectively. In the right
window the darker brown region labelled “b → sγ” is excluded assuming minimal flavor violation.
The dark grey region below the dashed line is labelled “TACHYONIC” because of some sfermion
masses becoming tachyonic and is also excluded. In the rest of the grey region (above the dashed
line) the stau mass bound mτ̃1

> 87 GeV is violated. In the region “No EWSB” the conditions of
EWSB are not satisfied. Magenta lines mark contours of the NLSP lifetime τX (in seconds). The
dotted line is the boundary of neutralino (χ) or stau (τ̃ ) NLSP.

Higgs/higgsino mass parameter µ. The parameter µ is derived from the condition of elec-

troweak symmetry breaking and we take µ > 0. We compute the mass spectra with the

help of the package SUSPECT v. 2.34 [41]. For simplicity we assume R–parity conser-

vation even though E–WIMPs, like gravitinos or axinos, can constitute CDM even when

it is broken. This is because, even in the presence of R–parity breaking interactions the

E–WIMP lifetime will normally be very large due to their exceedingly tiny interactions

with ordinary matter.

We compute the number density of the NLSP after freeze–out (the neutralino or the

stau) with high accuracy by numerically solving the Boltzmann equation including all

(dominant and subdominant) NLSP pair annihilation and coannihilation channels. For a

given value of m eG, we then compute the NTP contribution to the gravitino relic abundance

ΩNTP
eG

h2 via eq. (1.1). In computing the thermal contribution ΩTP
eG

h2 we employ eq. (1.2).

After freeze–out from the thermal plasma at t ∼ 10−12 sec, the NLSPs decay into

gravitinos at late times which strongly depend on the NLSP composition and mass, on m eG

and on the final states of the NLSP decay. Expressions for ΓX = 1/τX , where X denotes

the decaying particle2 have been derived in [26, 25]. Given some discrepancies between the

2From now on we will denote X = χ, τ̃1 for brevity.
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Ωãh2 $ 0.6
( mã
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1 Talk

The weakly interacting massive particle, WIMP, is a good dark matter. However even though the interaction

is extremely weak, it can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and give as a specific example the heavy

gravitino as a dark matter candidate and the constraints from cosmology and astrophysics especially in the

constrained minimal supersymmetric model.

One of the most relevant requirement for dark matter is the correct relic density at present compatible

with the observations. In the early Universe the number density is high and most of the particles were in

the thermal equilibrium. With time the Universe expands and the particles, if its lifetime is long enough,

decoupled from the thermal equilibrium and can occupy the present energy density of our Universe.

The neutrinos or WIMPs such as neutralinos are the examples, the relic density is determined when they

freeze-out, thus the relic density depends on the epoch of the freeze-out, only the difference is the freeze-out

temperature Tf is larger or smaller than their mass.

However the interactions of the particles to the background plasma is extremely weak, then there could

be no chance the particles could be in the thermal equilibrium in the early Universe at lease after inflation.

This is the case when the reheating temperature is lower than the freeze-out temperature. Here I assume the

inflation here so that there is a highest temperature after inflation called reheating temperature.

The FIMP, feebly interacting massive particle, was introduced by Karsten Jedamzik, yesterday. Their

interaction is too small to keep them in the thermal equilibrium, however they can be produced from the decays

or scatterings of the background fields, and the relic density gradually increases leading to the maximum when

the temperature is around their mass. This is the case when the interaction is renormalizable so that the

scattering cross section does not depend on the temperature.

There are different classes, the interactions is non-renormalizable below the reheating temperature, so

their cross section do depends on the temperautre of the plasma, and the most of the part is produced at the

hightest temperature, ie TR. This is the case for the gravitino or axino.

The different classes of the thermal production can be easily divided in the Tr and Tf diagram. The WIMP

and/or FIMP is located in the region where m ! TR < Tf and

From now on I will discuss on the case of Gravitino, the axino has very common features with Graviitno

and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Gravon in the theory of supergravity. They get mass when

the supersymmery is broken, so the mass is highly depends on the SUSY breaking mechanism, which varies

between eV and TeV.

The coupling is determined by nature of the theory and is suppressed by Planck scale, however due to

the goldsttino component it has enhanced interactions with another SUSY particles by the ratio of mX/mG.

This is the reason that the light gravitino around keV was in thermal equilibrium in the early Universe and

can be a hot or warm dark matter component, though it has problem with large structure formation.
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Figure 1. The plane (m1/2, m0) for tanβ = 10, m eG = m0 (left window) and tanβ = 50, m eG =
0.2m0 (right window) and for A0 = 0, µ > 0. The light brown regions labeled “LEP χ+” and “LEP
Higgs” are excluded by unsuccessful chargino and Higgs searches at LEP, respectively. In the right
window the darker brown region labeled “b → sγ” is excluded assuming minimal flavor violation.
The dark grey region below the dashed line is labeled “Tachyonic” because of some sfermion masses
becoming tachyonic, and is also excluded. In the rest of the grey region (above the dashed line) the
stau mass bound mτ̃1

> 87 GeV is violated. In the region “No EWSB” the conditions of EWSB
are not satisfied. The dotted diagonal line marks the boundary between the neutralino (χ) and the
stau (τ̃ ) NLSP. The regions excluded by the various BBN constraints are denoted in violet. A solid
magenta curve labeled “CMB” delineates the region (on the side of label) which is inconsistent with
the CMB spectrum. In both windows, the dark green bands labeled “TR = 107 GeV” and “108”
correspond to the total relic abundance of the gravitino (from the sum of thermal and non-thermal
production), for a given (denoted) reheating temperature, lying in the favored range. In the light
green regions (marked “NTP”) the same is the case for the relic abundance from NTP process
alone. The blue dashed line denotes the relaxed boundary of the BBN constrains when we use the
conservative limit 6Li/7Li < 0.66.

As previously in [16], we also include the bound on the possible distortion in the nearly

perfect black-body shape of the CMB spectrum [67] by the injection of energetic photons

into the plasma. However we note that this constraint (delineated with magenta line with

a label “CMB” over it) seems generally less important than that due to the BBN [68, 69].

3.2 Numerical results

In figures 1 and 2 we give the updated results with the constraints and the relic abundance

of the gravitino in the same format as used in [16] to facilitate the comparison. Generally,

the regions in white are left allowed after applying collider and BBN constraints. Green

bands denote ranges of parameters where the total gravitino abundance reproduces the

DM abundance (3.1), while in the light green bands (marked “NTP”) only the NTP part

of the gravitino abundance agrees with that range.

In figure 1 we present two cases with gravitino mass related to the soft scalar mass m0.

In the left window we take tan β = 10 and m eG = m0 and in the right window tan β = 50
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Boltzmann equation including all (dominant and subdominant) NLSP pair annihilation and

coannihilation channels. For a given value of m eG, we then compute ΩNTP
eG

h2 via eq. (2.4).

After freeze-out from the thermal plasma at t ∼ 10−12 sec, the NLSPs decay into

gravitinos at late times which strongly depend on the NLSP composition and mass, on m eG

and on the final states of the NLSP decay [20, 22]. The exact value of the NLSP lifetime in

the CMSSM further depends on a possible relation between m eG and m1/2 and/or m0 but

in the parameter space allowed by other constraints it can vary from ∼> 108 sec at smaller

mNLSP down to 102 sec, or even less, for m1/2 and/or m0 in the TeV range or for small

gravitino mass m eG.

When the NLSPs decay, the high energy electromagnetic and hadronic particles are

produced and may interact with background light nuclei and change the abundances. Using

the output from low energy spectrum and interactions, we calculate the spectrum of decay

products of NLSP and implement into BBN calculation to predict the primordial light

element abundances. Then we require that the light element abundances after decay of

NLSP are within the bounds of those inferred from the observational data.

3.1 Collider and cosmological constraints

We apply the same experimental bounds as in [14, 16]: (i) the lightest chargino mass

mχ±
1

> 104GeV; (ii) the lightest Higgs mass mh > 114.4GeV; (iii) BR(B → Xsγ) =

(3.55 ± 0.68) × 10−4 and (iv) the stau mass bound mτ̃1 > 87GeV. In this analysis we also

use the top quark mass mt = 172.7GeV [65]. However slight change of these experimental

limit does not modify the final results, since the BBN constraints (especially from 6Li/7Li)

are more severe.

For the observational constraints on the primordial light element abundances, we use [6]

1.2 × 10−5 < D/H < 5.3 × 10−5

Yp < 0.258

8.5 × 10−11 < 7Li/H
3He/D < 1.52
6Li/7Li < 0.1 (0.66).

For 6Li/7Li we will also use the conservative upper limit which is given in the bracket. It

allows for the possibility of stellar 6Li (and 7Li) depletion. Since 6Li is more fragile than
7Li, post-BBN lithium processing may conceivably reduce the 6Li/7Li ratio. The reader is

referred to ref. [6] for a more detailed discussion of the adopted limits. In the first two

figures below, the regions excluded by BBN constraints will be shaded violet and marked

“BBN”. We also show the BBN constraints with the conservative bound on 6Li/7Li with

blue dashed lines.

As regards the total gravitino relic abundance Ω eGh2, we apply the 3σ range derived

from WMAP 5 year data [66]

0.091 < Ω eGh2 < 0.128, (3.1)

which in the figures below will be marked as green bands and labeled “Ω eGh2”.
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Figure 2. The same as figure 1 but for a fixed gravitino mass, tanβ = 10, m eG = 10 GeV (left
window) and tanβ = 50, m eG = 100 GeV (right window).

and m eG = 0.2m0. In figure 2 we present two cases with a fixed m eG. In the left window we

fix tan β = 10 and m eG = 10GeV while in the right one tan β = 50 and m eG = 100GeV.

We can see that, as before, the whole neutralino NLSP region (above the black dotted

diagonal line) is again ruled out, as well as a part of the stau NLSP region corresponding

to smaller m1/2 (and therefore smaller mτ̃ and hence larger stau lifetimes). By comparing

with the corresponding figures in [16], we can see that including the bound state effects

causes the allowed region of stau NLSP consistent with DM abundance (green band) to be

more constrained, and also strengthens an upper bound on TR to

TR < a few × 107 GeV. (3.2)

(For comparison, without the bound state effect, the bound was a few times 108 GeV [16].)

This bound is consistent with the result of ref. [33, 34] where the bound state effect was

mimicked by making a simple and approximate constraint on the lifetime of the stau,

τ < 5×103 sec. However, as we shall now show, in a number of cases the stau lifetime that

can be consistent with avoiding strong bound-state catalytic effect can be almost an order

of magnitude larger. Furthermore, by applying more conservative bounds on 6Li/7Li, the

upper bound (3.2) can in some cases be violated by up to an order of magnitude.

In order to examine the upper bound on TR more closely, in figure 3 we plot TR vs. m eG

for all the points in our scans which satisfy the constraints from BBN and collider experi-

ment and for tan β = 10 (left) and tan β = 50 (right). In these plots we use several choices

of the gravitino mass: linear in the scalar mass (0.2m0, 0.4m0), linear in the gaugino mass

(0.2m1/2, 0.4m1/2) or constant (24 values between 0.1GeV and 100GeV). For each point,

TR is calculated using eqs. (2.2) and (2.6) for a given gravitino mass and for the mass spec-

tra and the yield of NLSP at each point of parameter space, imposing Ω eGh2 = 0.11. Points

marked by green dots survive all the constraints from experiments and cosmology while

those marked by grey dots are allowed by experiments but disallowed by BBN constraints
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Figure 5. The same as figure 3 but in the plane of the stau yield Y ≡ n/s (left window) and of
TR (right window) vs. stau lifetime for both tanβ = 10 and tanβ = 50.

However, when we use the conservative bound on 6Li/7Li < 0.66 then we find new

isolated, albeit rather small allowed regions (marked by blue dots), where the reheating

temperature can go up to 3 × 108 GeV. (They correspond to vertical blue dashed region

around m1/2 ∼ 1TeV and small m0 in the right window in figures 1 and 2). Clearly, those

points evade the simple bound τ < 5 × 103 sec (marked with a red dashed line). On the

other hand, this region corresponds to a rather low stau mass around 100GeV (but still

above the LEP limit). This can be seen in figure 4 where we plot stau lifetime for the data

points shown in figure 3. We can see that the (green) points allowed by 6Li/7Li < 0.1 are

located below the stau lifetime of 5×103 sec for tan β = 10 and 3×104 sec for tan β = 50. It

is also clear that, at smaller tan β (left panel) and larger mτ̃ the bound τ < 5× 103 sec can

actually be too weak. On the other hand, assuming the conservative bound 6Li/7Li < 0.66

(blue points), at stau mass around 100GeV, for tan β = 50 the lifetime can exceed 104 sec

even by a few orders of magnitude. Such low stau mass will be accessible to the LHC, thus

allowing one to scrutinize such cases fairly easily.

The reason why the points corresponding to stau NLSP with such a long lifetime are

allowed is that, as the stau mass decreases, its yield Y also decreases and can drop below

10−14. In this case the BBN constraints from the bound state effects can be avoided even

with stau lifetime as long as 3 × 104 sec (green points).

To see this, we present the left window of figure 5. Assuming a standard (more conser-

vative) limit on 6Li/7Li we find green (blue) points corresponding to the lifetime of up to

3×104 sec (2×107 sec) and the stau yield of less than 10−14. For lifetimes longer than 107 sec

the constraint due to violating the upper limit on 3He/D due to 4He photo-disintegration

becomes severe [31]. On the other hand, for much longer lifetimes, between 1010−11 sec, we

again find some isolated allowed regions of (blue) points. They become allowed because

the mass difference between the gravitino LSP and the stau NLSP is very small there and

the electromagnetic energy released is not enough to be a potential problem for BBN.
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green : allowed
blue : allowd with conserve 6Li/7Li
grey : allowed by collider but 
          disallowed by cosmology

excluded by EM decay products

excluded by CBBN

allowed due to the degenerate stau and gravitino mass 
around 100 GeV, accessible to the LHC 
     -> longer lifetime with small energy of decay products 
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• Reheating temperature in the CMSSM
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Figure 3. The TR vs. m eG plane for tanβ = 10 (left) and tanβ = 50 (right). Data points
which survived all BBN and experimental constraints are shown with green dots, while grey dots
are disallowed by the BBN while allowed by collider constraints. Blue points are added to the
green when we use a more conservative limit 6Li/7Li < 0.66. TR is determined so that the total
(thermal and non-thermal) production of gravitinos satisfies the WMAP value; here we used Ω eGh2 =
ΩTP

eG
h2 + ΩNTP

eG
h2 = 0.11. We also show the lifetime contour of stau, τ = 5 × 103 sec, which

was obtained using the specific relation between stau mass and gaugino masses as well as the
approximate relic density of the τ̃ in the CMSSM.

Figure 4. The same as figure 3 but in the plane of lifetime and mass of stau for tanβ = 10 (left)
and tanβ = 50 (right).

from light element abundances. Again, we can see that, for both choices of tan β, we find

the upper bound (3.2). This result does not change if one alters collider constraints since

the bound is set by the 6Li abundance.
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Li7 : SBBN prediction
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larger than the observed one
[Cyburt, Fields, Olive 2008]

[Ryan et al 1999, Holsford et al 2008]
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FIG. 5: Gravitino relic density ΩG̃h2 versus NLSP (stau) life
time τ corresponding to the CMSSM models studied in Fig. 4.
Color coding is as in Fig. 4 except that ”pink” shows regions
where 7Li/H< 2.5 × 10−10 and 0.15 <6Li/7Li< 0.66 account-
ing for the possibility of 6Li depletion. The cross-hatched
region shows parameter space where 2 × 10−14 <9Be/H<
2×10−13 , though the estimate is uncertain. Other lines show
(as labeled) light element abundance constraints, the scan
range in m1/2 and mG̃, as well as the by WMAP inferred
range for the dark matter density.

by [75]

Ωτ̃h2 ≈ (2.2 − 4.4) × 10−1
( mτ̃1

1TeV

)2

, (6)

their typical hadronic branching ratios Bh ≈ 10−4−10−2,
and life times in the range ττ̃ ≈ 102 − 105sec as con-
trolled by Eq.(2) with κ = 1, n = 4. Note that the range
in the approximation Eq.(6) takes into account possible
co-annihilation with the other sleptons (but does not ac-
count for co-annihilation with a neutralino or other spe-
cific effects at larger tan β, such as mixings, higgs reso-
nances, enhanced couplings, etc.). When compared to
Fig. 2 and taking tanβ = 10, one finds for instance
that staus in the mass range mτ̃ ≈ 1 − 1.5 TeV, having
Bh

>
∼

10−3 and decaying into gravitinos with mG̃ ≈ 50 −
200 GeV pass right through the preferred (blue) region.
A somewhat heavier stau ≈ 2 TeV, with a Bh ≈ 2×10−3

and a Ωτ̃h2Bh ≈ 1 × 10−3, would be only 7Li friendly
as can be seen from Fig. 2, for mG̃ ≈ 100 GeV. The
lithium friendly parameter space for the CMSSM with
tan β = 10 is shown in Figs. 4 and 5. The calculations
leading to Figs. 4 and 5 include the improvements (1)-
(3),(5), and (6) of the list given in the Introduction, but
not improvement (4). Treating each case with a realistic

nucleon spectrum is numerically too expansive, and will
be only done for a few models below. Note that Figs. 4
and 5 really show results of higher-than-two dimensional
parameter space. Even at fixed tanβ and A0 the results
in the m0 − m1/2 plane shown in Fig. 4 are for a vari-
ety of gravitino masses. In particular, blue areas in the
m0 − m1/2 plane are covering up green and red areas
which result for different choices of mG̃. The figure, and
other figures which follow, thus show where 6Li (green),
7Li (red), and 6Li and 7Li (blue) friendly regions are ex-
pected, in case mG̃ has been approximately chosen. In
contrast, in white regions for no mG̃ within the adopted
range may light element abundance constraints be met.

Figs. 4 and 5 may be directly compared to Figs. 1 and
2 of [52]. It is seen that the doubly preferred (blue) region
is narrower in [52] compared to the present study. This
is simply due to a finer sampling of the gravitino mass
in the present paper. Furthermore, models with larger
stau life times, ττ̃

>
∼

5 × 103sec, are due to catalytic 6Li
and (possibly) 9Be overproduction now ruled out [14, 65].
Finally, it is noted that in the Ω3/2h

2 - τNLSP plane the
doubly preferred (blue) region has hardly moved. This
is somewhat surprising since for ∼ 2 larger Bh (point
2 in Introduction), as is the case, one would expect for
the region to move a factor ∼ 2 lower in Ωτ̃h2 (and thus
Ω3/2h

2) as to not overproduce D. Nevertheless, this effect
is counter-balanced by a lower effective 〈mqq̄〉 (point 3
in Introduction), implying less “distortion”of the light
elements than initially envisioned.

Scenarios where stau NLSPs decay at around τ ≈
1000 sec into gravitinos, thereby solving both lithium
problems at once, have the added, and totally acciden-
tal, benefit of coming tantalizingly close to producing all
the dark matter in form of warm gravitinos during the
decays. This is nicely illustrated in Fig. 5 where the blue
area just overlaps from below with the WMAP strip, and
models at higher Ω3/2h

2 are ruled out by Deuterium over-
production, D/H> 5.3 × 10−5. It is therefore interesting
to see if this conclusions survives when a calculation of
improved accuracy is performed. The results in Fig. 5
rely on approximating the ”hadronic energy” by 〈mqq̄〉 of
Eq.(3). When properly calculating the hadronic energy
release employing a realistic energy distribution of the
nucleons leads to a milder D overproduction constraint
than expected from the 〈mqq̄〉 approximation as shown in
section II, thus pushing the blue area more upwards into
the WMAP strip. This is seen in Fig. 1 where results for
CMSSM (tanβ = 10) scenarios with ΩG̃h2 close to 0.1
are shown, which have been computed without the mqq̄

approximation. Such scenarios are thus fully consistent
with producing all the dark matter non-thermally.

It is of interest if catalytic effects due to the electri-
cally charged staus may also lead to a cosmologically
important 9Be abundance [64, 65] in the doubly pre-
ferred parameter space. Indeed, this is the case, as may
be seen in Fig. 5 where the 9Be/H -ratio in the range
2 × 10−14 <

∼

9Be/H <
∼

2 × 10−13 is indicated by the cross-
hatched region. This is indeed very interesting since
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7Li/H = (5.24 + 0.71− 0.67)× 10−10 (8)

3 NLSP decay BBN

· · · ·︸ ︷︷ ︸ (9)

χ→ G̃ + γ χ→ G̃ + Z(h, γ∗/Z∗)→ G̃ + qq̄ (10)
(11)

τ̃ → G̃ + τ τ̃ → G̃ + τ + Z(γ∗/Z∗)→ G̃ + τ + qq̄ (12)
τ̃ → G̃ + ντ + W → G̃ + ντ + qq̄ (13)

(14)

π− + p→ π0 + n (15)
(16)

γ + D → n + p (t ! 106 s) (17)
(18)

γ + 4He→ n + 3He (t " 106 s) (19)
γ + 4He→ p + n + D (20)
n + p→ D → 4He n + 4He→ D + · · · (21)
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ago, ≈ 1.12 ± 0.38 × 10−10 as for example,

7Li/H = (1.23+0.68
−0.32) × 10−10 (2)

[20, 23], or

7Li/H = (1.1 − 1.5) × 10−10

[22]. Some uncertainty remains in the adopted stellar
atmospheric temperatures, which may lead to somewhat
higher estimates, as in the case of the globular cluster
NGC 6397

7Li/H = 2.19 ± 0.28 × 10−10

[24, 25] or the somewhat controversial result 7Li/H=
(2.34±0.32)×10−10 ([26]) for a sample of halo field stars.
This is to be compared to the most recent standard BBN
prediction of

7Li/H = (5.24+0.71
−0.67) × 10−10

[27] taking into account experimental re-evaluations of
the for the 7Li abundance most important 3He(α, γ)7Be
reaction rate [28, 29, 30, 31]. Renewed measurements
of this rate has not only increased the central value for
7Li/H by around 25% , but also reduced its error bar con-
siderably, thereby leaving the discrepancy between pre-
diction and observation more pronounced (around 4.2-
5.3σ [27]). It is therefore clear that an additional piece
to the puzzle is missing.

Whereas it seems essentially ruled out by now that
either revised reaction rate data for 3He(α, γ)7Be or
7Be(D, p)24He [32] or any other reaction, or a serious un-
derestimate of the stellar atmospheric temperatures (of
order 700K), or even a combination of the two effects
may resolve the discrepancy, stellar depletion of 7Li stays
a viable, and non-exotic, possibility of resolving the pri-
mordial 7Li problem. Indeed, atmospheric 7Li may be de-
stroyed by nuclear burning when transported towards the
interiour of the star. This is also observed in stars with
large convective zones, but not in those relatively hotter
(T ∼ 6000K) radiation dominated main-sequence turn-
off stars, which are/were believed, after two decades of
research [33], to preserve at least a large fraction of their
initial atmospheric 7Li. Arguments presented in favor of
non-depletion are (a) the essentially uniform observed 7Li
abundance over a wide range of different stellar temper-
atures and metallicities, a pattern which is very difficult
to achieve when significant depletion was at work, (b)
the absence of star-to-star scatter in 7Li abundances ex-
pected to arise when, for example, depletion is induced
due to rotational mixing of stars with different rotational
velocities, and (c) the claimed presence of relatively large
amounts of the much more fragile 6Li isotope in some of
those stars (cf. [34] for a review). Thus, taking Occam’s
razor, many observers believe in the 7Li abundance on
the Spite plateau to be the primordial one. Neverthe-
less, the situation is clearly more complicated, since when
gravitational settling (“atomic diffusion”) of heavier ele-
ments is included, 7Li is predicted to be depleted, albeit

with a pattern which is not observed. In order to repro-
duce the observations, another turbulent mixing process
of unknown nature has to be “fine-tuned”to account for
the observed pattern [35, 36]. However, recent observa-
tions of the observed patterns in not only 7Li, but also
Ca and Ti, in the globular cluster NGC 6397, lend in-
deed some support to this idea, though being currently
not statistically overly significant (2-3σ). The combina-
tion of atomic diffusion and turbulent mixing has thus
been claimed to be able to account for a 7Li depletion
of factor 1.9 [37], a factor which could go a long way to
solve the discrepancy.

In contrast to 7Li, standard BBN (SBBN) yields only
negligible production of 6Li/H∼ 10−15−10−14 [38]. This
is mainly due to the only 6Li producing reaction in SBBN
D(α, γ)6Li being a quadrupole transition. 6Li as observed
in higher metallicity disk stars and in the Sun is believed
to be due to cosmic ray nucleosynthesis, either result-
ing from spallation reactions p,α+CNO→LiBeB or cos-
mic ray fusion reactions α + α →Li. Since the time-
integrated action of standard supernovae producing cos-
mic rays is measured by metallicity, it had been a sur-
prise that three groups independently confirmed the ex-
istence of 6Li in the atmosphere of the [Z] ≈ −2.2 low-
metallicity star HD84937 (6Li/7Li≈ 0.052 ± 0.019) [39],
a value too high to be comfortably explained by stan-
dard cosmic ray nucleosynthesis. The surprise was even
bigger when the long-term pioneering observational pro-
gram of Asplund et al. [22] indicated the existence of
relatively uniform 6Li/7Li ratios ∼ 0.05 in about ten
low-metallicity stars, reminiscent of a primordial plateau
(metallicity-independent). Nevertheless, the situation is
currently unclear. The presence of 6Li in these hot stars
has to be inferred by a minute asymmetry in the atmo-
spheric absorption profile due to the blend of both, the
6Li and 7Li isotopes. Any individual claimed 6Li detec-
tion is therefore only at the 2−4σ statistical significance
level. Based on observations (of a star which originally,
however, was not claimed to have 6Li) and complete hy-
drodynamic 3D non-equilibrium simulations of stellar at-
mospheres, Cayrel et al. [40] have recently asserted that
line asymmetries due to convective motions in the at-
mospheres could be easily misinterpreted as atmospheric
6Li, and that the claimed abundances are therefore spu-
rious. In contrast, Asplund et al. [22] would even infer
higher 6Li/7Li ratios, if they were to utilise their own 3D
hydrodynamic non-local thermal equilibrium simulations
of line profiles. Further analysis is clearly required.

Concerning cosmic ray production of a putative
6Li/H≈ 5 × 10−12, a cosmic ray energy of 100eV per
interstellar nucleon is required, whereas standard super-
novae generated cosmic rays may provide only 5 eV per
nucleon at such low metallicities [Z]≈ −2.75 (of the star
LP 815-43)[41]. Such a 6Li abundance requires therefore
a very non-standard early cosmic ray burst, preferentially
acting at higher redshift [42], possibly connected to radio-
loud quasars and the excess entropy in clusters of galaxies
[43], or to a significant fraction of baryons entering very
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7Li/H = (5.24 + 0.71− 0.67)× 10−10 (8)

6Li/7Li ∼ 0.05 (9)

3 NLSP decay BBN

· · · ·︸ ︷︷ ︸ (10)

χ→ G̃ + γ χ→ G̃ + Z(h, γ∗/Z∗)→ G̃ + qq̄ (11)
(12)

τ̃ → G̃ + τ τ̃ → G̃ + τ + Z(γ∗/Z∗)→ G̃ + τ + qq̄ (13)
τ̃ → G̃ + ντ + W → G̃ + ντ + qq̄ (14)

(15)

π− + p→ π0 + n (16)
(17)

γ + D → n + p (t ! 106 s) (18)
(19)

γ + 4He→ n + 3He (t " 106 s) (20)
γ + 4He→ p + n + D (21)
n + p→ D → 4He n + 4He→ D + · · · (22)
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mX (13)
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In the CMSSM

[Bailly, Jedamzik, Moultaka 2009]
green : Li6 only
red : Li7 only
blue : both

solves

Li6 : SBBN prediction is negligible

compared to observed
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[Asplund et al 2006]
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Both can be solved with late 
decaying particles

[Jedamzik, KYC, Roszkowski, Ruiz de Austri 2006]
[Bailly, Jedamzik, Moultaka 2009]



• Degenerate mass

[Boubekeur, KYC, Ruiz de Austri, Vives 2010]

• Gravitino DM not compatible with neutralino NLSP? or lighter stau NLSP? 

- CMB distortation - Difuse gamma-ray background
• increases the stau lifetime : gets stronger constraints from

• released energy from decay is small : reduce BBN constraints

• Non standard cosmology: dilute NLSP with entropy production
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

2

[Cembranos, Feng, Strigari 2007]• could solve the MeV gamma-ray access
• to find possible high reheating temperature
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• Beyond CMSSM

[Bailly, KYC, Jedamzik, Roszkowski 2009]
Treh ~ 10^8 GeV

lifetime is much longer than the age of the Universe
possible indirect signatures

[Berger et al. 2008; Ratz et al. 2008; Pradler et al. 2009]



•  R-parity violation and gravitino DM
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Three-body gravitino decays into W∗' and Z∗ν had
not been considered before

Two diagrams contribute
to these decays

The four-vertex diagram
(∝ U

W̃W̃
∼ MW /M2

The decay into γν tends
to be suppressed

• NLSPs decay before BBN
• Gravitinos can decay with lifetime much longer than the age of our universe

: candidate for DM + indirect signatures [in the talk of Ibarra, Grefe and Bomark]

• 3-body decays can dominate 2-body decay when 

• In the bilinear R-parity violation, gravitino 
decay is dominated 2-body decays  
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.
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the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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•  R-parity violation and gravitino DM
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• NLSPs decay before BBN

• Gravitinos can decay too with lifetime much longer than the age of our universe

: candidate for DM + indirect signatures [in the talk of Ibarra, Getafe and Bomark]

• 3-body decays can dominate 2-body decay when 

•Ggravitino decay is dominated 2-body decays  
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the
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2

the decay of the gravitino, are controlled by ξτ .
Gravitinos can decay into two-body final states con-

taining either a neutrino (and a photon, Z boson, or
higgs boson) or a charged lepton (and a W boson). Be-
cause R-parity is broken along the ν̃τ direction, the final
state charged lepton is a τ and the neutrino is a ντ . The
gravitino decay rates can be calculated directly from the
interaction Lagrangian [10]. For the two-body final states
γντ , Zντ and W+τ−, they are given by [5, 7]

Γ(G̃→γντ ) =
ξ2τmG̃

3

64πM2
P

|Uγ̃Z̃ |
2, (2)

Γ(G̃→Zντ ) =
ξ2τmG̃

3

64πM2
P

β2
ZpZ(mG̃,MZ , UZ̃Z̃), (3)

Γ(G̃→W+τ−) =
ξ2τmG̃

3

32πM2
P

β2
W pW (mG̃,MW , U

W̃W̃
), (4)

where

pZ =

[
|UZ̃Z̃ |

2fZ −
8

3

mZ

mG̃

Re[UZ̃Z̃ ]jZ +
1

6
hZ

]
(5)

and β, f, j, h are simple functions –see [7] for their def-
inition. In this expression, Uγ̃Z̃ , UZ̃Z̃ , UW̃W̃

are, respec-
tively, the photino-zino, the zino-zino, and the wino-wino
mixing parameters [7]. To a good approximation they
can be written as [6, 11]

|Uγ̃Z̃ | ≈
MZ(M2 −M1)sW cW

(M1c2w +M2s2w)(M1s2W +M2c2W )
, (6)

|UZ̃Z̃ | ≈
MZ

M1s2W +M2c2W
, (7)

|U
W̃W̃

| ≈
MW

M2

, (8)

where sW and cW denote the sine and cosine of the
weak mixing angle, and M1,M2 are the U(1) and SU(2)
gaugino masses. For simplicity, we will assume that
gaugino masses are universal at the GUT scale, so that
M2 ∼ 1.9M1 at the electroweak scale. Notice, from the
above equations, that the mixing parameters decrease
with gaugino masses.
The two-body decays of gravitino dark matter have

been studied in detail in previous works [5, 7, 12]. For
gravitino masses below MW , gravitinos decay into γντ
with a 100% branching ratio. Above the W threshold,
this decay mode becomes quickly negligible, accounting
for less than 1% of the branching for gravitino masses
larger than 150 GeV. If heavier than the W boson, the
gravitino dominantly decays into W±τ∓, with significant
contributions from Zντ (once it is open) and, in some
cases, from hντ . The main point of this paper is that to
properly compute the gravitino lifetime and its branch-
ing ratios the two-body decays considered so far in the
literature are not enough; a certain class of three-body
decays must also be taken into account.
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FIG. 1: The feynman diagrams contributing to the gravitino
decay into τW ∗.

THREE-BODY DECAYS

For gravitino masses smaller than MW the only two-
body channel kinematically available for the decay of the
gravitino is γντ . In addition to it, there exists three-body
final states consisting of a lepton and a virtual massive
gauge boson, such as τW ∗ (τf f̄ ′) and ντZ∗ (ντf f̄), that
may contribute significantly to the gravitino decay width.
These three-body final states are considered for the first
time in this paper.
Two diagrams contribute to the decay of the gravitino

into the three-body final state τW ∗ (τf f̄ ′) – see figure
1. The contribution of the (a) diagram is proportional
to U

W̃W̃
, whereas (b), which comes from the non-abelian

4-vertex, is independent of it. We have computed, from
these two diagrams, the decay rate Γ(G̃ → τ− +W+∗ →
τ−f f̄ ′). The differential decay rate can be written as

dΓ

dsdt
=

Nc

256π3mG̃
3
|M|2, (9)

where Nc is the color factor, and s and t are, respectively,
the invariant masses for the f f̄ ′ and the fτ systems. The
squared amplitude can be factorized as

|M|2 =
g2ξ2τ
64M2

P

× f(mG̃, UW̃W̃
,mf , s, t), (10)

where f is a long function of the given parameters. As
usual, the decay rate is obtained from the differential one
by integrating over the possible values of s and t.
An important feature of the function f is that, due

to the interference between the diagrams (a) and (b) in
figure 1, it contains terms quadratic in, linear in, and in-
dependent of U

W̃W̃
. These latter terms, which are anal-

ogous to those found in equation (4), will play a crucial
role in our analysis, as they favour the decay into the
three-body final states for larger gaugino masses.
The gravitino decay into ντZ∗ proceeds through dia-

grams analogous to those from figure 1, and the expres-
sion for its decay rate has a similar form. In principle,
the decay into ντγ∗ should also be taken into account, as
it interferes with the ντZ∗ contribution. We have veri-
fied, however, that the photon-mediated diagram is very
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• NLSPs decay before BBN

• Gravitinos can decay too with lifetime much longer than the age of our universe

: candidate for DM + indirect signatures [in the talk of Ibarra, Getafe and Bomark]

• 3-body decays can dominate 2-body decay when 

•Ggravitino decay is dominated 2-body decays  
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,
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No suppression by 
the gaugino masses!
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•  R-parity violation and gravitino DM

40 50 60 70 80

Gravitino Mass (GeV)

0

0.2

0.4

0.6

0.8

1

B
R

(3
-b

o
d

y
 f

in
al

 s
ta

te
s)

M
1
 = 100 GeV

M
1
 = 300 GeV

M
1
 = 500 GeV

M
1
 = 1000 GeV

The 3-body final states become more relevant
for larger gaugino masses

They can dominate over a
wide range of G̃ masses

The effect is significant
even for small Mi

For large Mi, G̃ → γν
becomes negligible

with M2 = 1.9 M1 at weak scale assuming 
unification at GUT

M1=100 GeV

300 GeV
500 GeV

1 TeV

[KYC, C. Yaguna 2010]

• 3-body can dominate  over a wide 
range of gravitino mass

• The effect is significant even for small 
gaugino mass

• For large gaugino mass,  
                is negligible
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• The lifetime changes : becomes shorter 
- could be 100 times smaller

• Indirect detection of decaying 
gravitino DM is severly affected 
: suppressed photon, line neutrino signals
: new continuum photon lines
: new antimatter signals

[KYC, D. Restrepo, C. Yaguna, O. Zapata,  
Work in progress]
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• At LHC

Assume we have found SUSY particles and neutralinos as stable(-like) 
and obtain the mass and relic density with some uncertainties

It is expected to find several superpartners and determine their properties

If direct detection and/or indirect detection find signatures with same 
parameters such as mass and relic density, neutralino might be declared to 
be a dark matter	

If we have No direct detection, No Indirect detection,  then neutralino 
might not be a main DM component, possibly decayed to much weakly 
interacting particles 

Even worse  the  derived relic density of neutralino can be far outside of 
WMAP DM range.

[Salati 2003, Rosati 2003, Profumo et al. 2003, Catena et al. 2004, Pallis  2005,  
Rosenfeld  2005,  Barenboim et al. 2006,  Chung et al, 2007]

• Non standard cosmology can save neutralino DM

Or discovery of (apparently) stable charged massive particle at the LHC 
will immediately imply that there is lighter particle



• Gravitino or Axino Dark Matter with standard cosmology 

• Opportunity to probe the earliest time of the Universe’s history

• E-WIMPs can explain any anomalous situations with the standard cosmology
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

3

mG̃ =0.2m0, 0.4m0

0.2m1/2, 0.4m1/2

0.1GeV....100GeV

(43)

3He/D (44)

∆M ! 10−2 GeV ∆M ∼ 10GeV (45)

Treh mNLSP mG̃ ΩNLPSh
2 Treh (46)

Ωcoll
X < ΩDM ΩTP +

mLSP

mX
Ωcoll

X = ΩDM

Ωcoll
X > ΩDM

(47)

1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.
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We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,
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gravitino production from sparticle decays in the plasma [19] which change the yield by a

factor of about two.

Figure 1 shows the yield of axinos Y TP
ã (left panel) and of gravitinos Y TP

eG
(right panel)

from thermal production as a function of TR. Input parameters are given in the caption.

As expected, in both cases the yield grows with increasing TR. In the axino case, a sharp

drop-off below TR ∼ 1TeV is due to Boltzmann suppression factor exp (−m/T ), with m

denoting here squark and gluino mass; at lower TR superpartner decay processes become

dominant but are less efficient [15].

In both axino and gravitino production from scatterings in thermal plasma, some

classes of diagrams suffer from infra-red divergence. An early remedy in terms of a plasmon

mass as a infra-red regulator in the gravitino case in [22] was more recently improved using

hard thermal loop (HTL) technique and a finite result was obtained [24, 25]. The HTL

technique is fully applicable only in cases corresponding to rather high TR ∼> 106 GeV for

which, in the right panel of figure 1, the gravitino yield is marked with a dashed line for a

few representative choices of m eG. At lower TR we use the same formalism but the result is

less reliable (dotted parts). In the axino case an analogous calculation was performed in [18]

but is of more limited use since for the axino to be CDM one requires TR ∼< 106 GeV [15].

In this work in computing the axino yield we therefore follow [15] and use the plasmon

mass as a regulator. The result is shown as solid line in the left panel of figure 1 and

labelled “effective mass approximation”. For comparison, the blue line shows the result

obtained in [18] using the HTL technique which is more correct than our treatment in

the regime marked by a dashed line but less reliable in the one marked by a dotted one

(TR ∼< 106 GeV). In any case, the difference is of order a few which is not important for

our purpose.

Since the axino yield from thermal production Y TP
ã is basically independent of the

axino mass, until it becomes comparable to the masses of MSSM sparticles, its relic abun-

dance ΩTP
ã h2 is proportional to mã and can then be expressed as [15]

ΩTP
ã h2 = 0.1

( mã

100GeV

) (
Y TP

ã

3.7 × 10−12

)
. (2.4)

At high enough TR thermal production is dominated by scattering processes and an appli-

cation of the HTL leads to the following formula [18]

ΩTP
ã h2 $ 5.5 g6

s ln

(
1.108

gs

)(
mã

0.1GeV

)(
1011 GeV

fa

)2 (
TR

104 GeV

)
, (2.5)

where gs is temperature-dependent strong coupling constant, which in the above expression

is evaluated at TR. Note that, Y TP
ã ∝ TR/f2

a , as expected.

In the gravitino case, due to the above-mentioned gravitino mass dependence in the

denominator of the dimension-five terms of the gravitino Lagrangian, Y TP
eG

∝ 1/m eG
2, and

the relic abundance calculated using a HTL technique can be expressed as [25]

ΩTP
eG

h2 $ 0.27

(
TR

1010 GeV

)(
100GeV

m eG

)(
mg̃(µ)

1TeV

)2

, (2.6)

where mg̃(µ) stands for the gluino mass evaluated at a scale µ $ 1TeV.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.

3

mG̃ =0.2m0, 0.4m0

0.2m1/2, 0.4m1/2

0.1GeV....100GeV

(43)

3He/D (44)

∆M ! 10−2 GeV ∆M ∼ 10GeV (45)

Treh mNLSP mG̃ ΩNLPSh
2 Treh (46)

Ωcoll
X < ΩDM ΩTP +

mLSP

mX
Ωcoll

X = ΩDM

Ωcoll
X > ΩDM

(47)

1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the
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production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables
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The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.
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The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.
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temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.
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gravitino production from sparticle decays in the plasma [19] which change the yield by a

factor of about two.

Figure 1 shows the yield of axinos Y TP
ã (left panel) and of gravitinos Y TP

eG
(right panel)

from thermal production as a function of TR. Input parameters are given in the caption.

As expected, in both cases the yield grows with increasing TR. In the axino case, a sharp

drop-off below TR ∼ 1TeV is due to Boltzmann suppression factor exp (−m/T ), with m

denoting here squark and gluino mass; at lower TR superpartner decay processes become

dominant but are less efficient [15].

In both axino and gravitino production from scatterings in thermal plasma, some

classes of diagrams suffer from infra-red divergence. An early remedy in terms of a plasmon

mass as a infra-red regulator in the gravitino case in [22] was more recently improved using

hard thermal loop (HTL) technique and a finite result was obtained [24, 25]. The HTL

technique is fully applicable only in cases corresponding to rather high TR ∼> 106 GeV for

which, in the right panel of figure 1, the gravitino yield is marked with a dashed line for a

few representative choices of m eG. At lower TR we use the same formalism but the result is

less reliable (dotted parts). In the axino case an analogous calculation was performed in [18]

but is of more limited use since for the axino to be CDM one requires TR ∼< 106 GeV [15].

In this work in computing the axino yield we therefore follow [15] and use the plasmon

mass as a regulator. The result is shown as solid line in the left panel of figure 1 and

labelled “effective mass approximation”. For comparison, the blue line shows the result

obtained in [18] using the HTL technique which is more correct than our treatment in

the regime marked by a dashed line but less reliable in the one marked by a dotted one

(TR ∼< 106 GeV). In any case, the difference is of order a few which is not important for

our purpose.

Since the axino yield from thermal production Y TP
ã is basically independent of the

axino mass, until it becomes comparable to the masses of MSSM sparticles, its relic abun-

dance ΩTP
ã h2 is proportional to mã and can then be expressed as [15]

ΩTP
ã h2 = 0.1

( mã

100GeV

) (
Y TP

ã

3.7 × 10−12

)
. (2.4)

At high enough TR thermal production is dominated by scattering processes and an appli-

cation of the HTL leads to the following formula [18]

ΩTP
ã h2 $ 5.5 g6

s ln

(
1.108

gs

)(
mã

0.1GeV

)(
1011 GeV

fa

)2 (
TR

104 GeV

)
, (2.5)

where gs is temperature-dependent strong coupling constant, which in the above expression

is evaluated at TR. Note that, Y TP
ã ∝ TR/f2

a , as expected.

In the gravitino case, due to the above-mentioned gravitino mass dependence in the

denominator of the dimension-five terms of the gravitino Lagrangian, Y TP
eG

∝ 1/m eG
2, and

the relic abundance calculated using a HTL technique can be expressed as [25]

ΩTP
eG

h2 $ 0.27

(
TR

1010 GeV

)(
100GeV

m eG

)(
mg̃(µ)

1TeV

)2

, (2.6)

where mg̃(µ) stands for the gluino mass evaluated at a scale µ $ 1TeV.
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where gs is temperature-dependent strong coupling constant, which in the above expression

is evaluated at TR. Note that, Y TP
ã ∝ TR/f2

a , as expected.

In the gravitino case, due to the above-mentioned gravitino mass dependence in the

denominator of the dimension-five terms of the gravitino Lagrangian, Y TP
eG

∝ 1/m eG
2, and

the relic abundance calculated using a HTL technique can be expressed as [25]

ΩTP
eG

h2 $ 0.27

(
TR

1010 GeV

)(
100GeV

m eG

)(
mg̃(µ)

1TeV

)2

, (2.6)

where mg̃(µ) stands for the gluino mass evaluated at a scale µ $ 1TeV.

– 6 –



Axino LSP

• Reheating temperature from collider measurements

J
H
E
P
0
4
(
2
0
0
8
)
0
1
6

Figure 2: Left panel: TR vs. ΩNLSPh2 for mNLSP = 300 GeV and for mã = 0.01 GeV (solid blue)
and mã = 1 GeV (dashed red). The bands correspond to the upper and lower limits of dark matter
density in (1.1). Right panel: TR vs. mã for ΩNLSPh2 = 100 (dashed blue), 0.1 (solid red) and 0.01
(dotted black). To the right of the solid vertical line the axino is no longer the LSP. In both panels
we set fa = 1011 GeV.

large enough TR will be sufficient. Actually, TP may be dominant even if Ωχh2 is larger

than, or for that matter is close to, 0.1, depending on the LSP and the neutralino NLSP

mass ratio.

3. Axino dark matter

We first consider the axino as the LSP and the dominant component of DM in the Universe.

As mentioned earlier, for definiteness we take the NLSP to be the lightest neutralino; the

stau case will be considered below. It is reasonable to expect that LHC experiments will

be able to probe neutralino (and stau) mass ranges up to some 400GeV, depending on

other SUSY parameters. Here we are not concerned with experimental uncertainties of

LHC measurements but rather illustrate the principle of estimating TR for a given DM

candidate in terms of relation (2.9).

In the left panel of figure 2 we show ranges of ΩNLSPh2 and TR, such that Ωãh2 is in the

range (1.1). We take a fixed neutralino NLSP mass mNLSP = 300GeV and mã = 0.01GeV

(solid blue) and 1GeV (dashed red). For each choice of the axino mass the two lines

correspond to the upper and lower limits of dark matter density in (1.1). On the left

side non-thermal production is subdominant while thermal production of axinos gives the

main contribution to their relic density. In this case TR corresponds to the value for which

ΩTP
ã h2 ! ΩCDMh2, and depends on the axino and NLSP masses since Y TP

ã ∝ TR/f2
a . As

ΩNTP
ã h2 increases, ΩTP

ã h2 must decrease (in order for the total abundance to remain close to

0.1) and at some point becomes subdominant. This point is marked by an abrupt turnover

of the contours from horizontal to vertical.

– 8 –

J
H
E
P
0
4
(
2
0
0
8
)
0
1
6

Figure 3: Maximum values of mLSP as a function of ΩNLSPh2 for representative values of mNLSP.
Once both ΩNLSPh2 and mNLSP are determined from experiment, the upper bound on mLSP can
be derived. The plot applies both to the axino and to the gravitino LSP.

In the right panel of figure 2 we plot mã vs. TR for the same NLSP mass and for

ΩNLSPh2 = 100 (dashed blue), 0.1(solid red) and 0.01 (dotted black). On the left side,

where mã is small, TP dominates, ΩTP
ã h2 ! ΩCDMh2, hence we find

TR ∝ f2
a/mã. (3.1)

In this regime TR is inversely proportional to the axino mass (for a given fa, see below).

(This dependence can be seen analytically by plugging eq. (2.5) into eq. (2.9) and taking the

limit of negligible contribution from NTP.) The relation (3.1) allows one to derive an upper

bound on TR if we use the fact that axinos have to be heavy enough in order to constitute

CDM. Assuming conservatively that mã ∼> 100 keV [15] we find Tmax
R

< 4.9 × 105 GeV.

At larger mã the NTP contribution becomes dominant and the dependence on TR

is lost but one can still place a lower bound on TR. Since in this regime the LSP mass

becomes largest, this allows one to derive an upper bound on mã. This is shown in figure 3

as a function of ΩNLSPh2 for mNLSP = 100, 300GeV and 1TeV. Once both ΩNLSPh2 and

mNLSP are determined from experiment, the upper bound on mLSP can be derived. Note

that figure 3 actually applies to both the axino and the gravitino LSP since it follows from

eq. (2.7). On the other hand, the bound is interesting only if ΩNLSPh2 % 0.1, otherwise it

reduces to a trivial condition mLSP < mNLSP.

In figure 4 we plot in the plane of varying mNLSP and ΩNLSPh2 where contours of TR

for a fixed mã = 0.01GeV (left panel) and 1GeV (right panel). In the left panel, where

mã is tiny, for sufficiently large TR thermal production dominates and the dependence on

ΩNLSPh2 is very weak. Indeed, only at small mã and large ΩNLSPh2 the NTP contribution

∝ (mã/mNLSP)ΩNLSPh2 starts playing some role.
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Figure 6: Left panel: TR vs. ΩNLSPh2 for mNLSP = 300 GeV and for m eG = 0.01 GeV (solid blue)
and m eG = 1 GeV (dashed red). The bands correspond to the upper and lower limits of dark matter
density in (1.1). Right panel: TR vs. m eG for ΩNLSPh2 = 100 (dashed blue), 0.1 (solid red) and 0.01
(dotted black). To the right of the solid vertical line the gravitino is no longer the LSP.

from 1 sec to 1012 sec, depending on the masses of the two. Thus BBN usually provides

severe constraints on the yield of the NLSP.

The neutralino NLSP is almost excluded with m eG ∼> 1GeV due to BBN [26, 28]. On

the other hand, if the gravitino mass is less than ∼ 1GeV, the lifetime of the neutralino

becomes smaller than about 1 sec and the window of neutralino NLSP opens up again [28].

In our numerical examples below we will not impose the constraint from BBN but will

indicate in which case it is satisfied or not.

The second important difference with the axino case was already discussed in section 2.

While Y TP
ã is independent of the axino mass, in the gravitino case Y TP

eG
∝ 1/m eG

2. Thus

ΩTP
ã h2 ∝ mãTR while ΩTP

eG
h2 ∝ TR/m eG. In other words, if TP dominates, ΩTP

eG
h2 # 0.1,

we find

TR ∝ m eG. (4.1)

This is reflected in the right panel of figure 6 where we show TR vs. m eG for our nominal

value of the NLSP mass of 300GeV and for some fixed values of ΩNLSPh2. So long as

m eG $ mNLSP and ΩNLSPh2 is small enough, e.g. ΩNLSPh2 = 0.1 (denoted by a solid red

curve), or less, the gravitino relic density is dominated by TP and TR scales linearly with

m eG so that ΩTP
ã h2 # 0.1. On the other hand, when ΩNLSPh2 = 100 (dashed blue), NTP

becomes rapidly dominant even with sub-GeV LSP mass. This can also be seen in the

left panel of figure 6 where we show TR vs. ΩNLSPh2 for the same NLSP mass and for

m eG = 0.01GeV (solid blue) and m eG = 1GeV (dashed red). For the smaller value of

m eG the TP contribution remains dominant up to much larger allowed values of ΩNLSPh2

(horizontal part of the curves) before finally NTP takes over (vertical part). Note that,
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Figure 7: Maximum reheating temperature T max
R vs. NLSP relic density ΩNLSPh2 with gravitino

DM for NLSP mass mNLSP = 100 GeV (dashed red) and 300 GeV (solid blue).

just like with the axino LSP case before, once we know mNLSP and ΩNLSPh2, we can place

an upper bound on the mass of the gravitino assumed to be the dominant component of

CDM in the Universe, see figure 3.

The turnover between the TP and NTP dominance allows one to derive a conservative

upper bound Tmax
R

which, unlike for the axino CDM, even without knowing the gravitino

mass. This can be seen from eqs. (2.6)–(2.8) from which an expression for TR as a quadratic

function of m eG can easily be found. Its maximum can then be expressed as

Tmax
R =






108 GeV

0.27

(
1TeV

mg̃

)2 ( mNLSP

100GeV

)
1

4ΩNLSPh2 , for ΩNLSPh2 > 0.05

1010 GeV

0.27

(
1TeV

mg̃

)2 ( mNLSP

100 GeV

) (
0.1 − ΩNLSPh2

)
, for ΩNLSPh2 < 0.05

, (4.2)

where we have used ΩLSPh2 = 0.1. This is plotted in figure 7 for two representative choices

of mNLSP = 100, 300GeV, the former one being roughly the lowest value allowed by LEP.

In figure 8 we present, in analogy with figure 4, contours of TR for a fixed m eG = 1GeV

(left panel) and 100GeV (right panel). In both, at sufficiently large ΩNLSPh2 we find a

similar turnover of the contours as in the right panel of figure 4 for the axino case. Again, in

order to elucidate the situation, in figure 9 the TP and NTP contributions to the gravitino

relic abundance are explicitly shown for one of the cases presented in figure 8, along with

the corresponding ΩNLSPh2/100, in analogy with figure 5 for the axino case. The (initially

subdominant) TP part increases with increasing mg̃ (which grows with mχ), thus the NTP

part has to decrease in order for the sum to remain constant at 0.104. In the upper left-

hand corner of both panels of figure 8, for a given ratio of m eG/mNLSP, ΩNLSPh2 becomes

too large and Ω eGh2 exceeds 0.104, despite basically turning off the TP contribution (by

reducing TR).
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.

3
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.

3

mG̃ =0.2m0, 0.4m0

0.2m1/2, 0.4m1/2

0.1GeV....100GeV

(43)

3He/D (44)

∆M ! 10−2 GeV ∆M ∼ 10GeV (45)

Treh mNLSP mG̃ ΩNLPSh
2 Treh (46)

1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV
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The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive
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gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above
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This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has
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Figure 6: Left panel: TR vs. ΩNLSPh2 for mNLSP = 300 GeV and for m eG = 0.01 GeV (solid blue)
and m eG = 1 GeV (dashed red). The bands correspond to the upper and lower limits of dark matter
density in (1.1). Right panel: TR vs. m eG for ΩNLSPh2 = 100 (dashed blue), 0.1 (solid red) and 0.01
(dotted black). To the right of the solid vertical line the gravitino is no longer the LSP.

from 1 sec to 1012 sec, depending on the masses of the two. Thus BBN usually provides

severe constraints on the yield of the NLSP.

The neutralino NLSP is almost excluded with m eG ∼> 1GeV due to BBN [26, 28]. On

the other hand, if the gravitino mass is less than ∼ 1GeV, the lifetime of the neutralino

becomes smaller than about 1 sec and the window of neutralino NLSP opens up again [28].

In our numerical examples below we will not impose the constraint from BBN but will

indicate in which case it is satisfied or not.

The second important difference with the axino case was already discussed in section 2.

While Y TP
ã is independent of the axino mass, in the gravitino case Y TP

eG
∝ 1/m eG

2. Thus

ΩTP
ã h2 ∝ mãTR while ΩTP

eG
h2 ∝ TR/m eG. In other words, if TP dominates, ΩTP

eG
h2 # 0.1,

we find

TR ∝ m eG. (4.1)

This is reflected in the right panel of figure 6 where we show TR vs. m eG for our nominal

value of the NLSP mass of 300GeV and for some fixed values of ΩNLSPh2. So long as

m eG $ mNLSP and ΩNLSPh2 is small enough, e.g. ΩNLSPh2 = 0.1 (denoted by a solid red

curve), or less, the gravitino relic density is dominated by TP and TR scales linearly with

m eG so that ΩTP
ã h2 # 0.1. On the other hand, when ΩNLSPh2 = 100 (dashed blue), NTP

becomes rapidly dominant even with sub-GeV LSP mass. This can also be seen in the

left panel of figure 6 where we show TR vs. ΩNLSPh2 for the same NLSP mass and for

m eG = 0.01GeV (solid blue) and m eG = 1GeV (dashed red). For the smaller value of

m eG the TP contribution remains dominant up to much larger allowed values of ΩNLSPh2

(horizontal part of the curves) before finally NTP takes over (vertical part). Note that,

– 12 –

J
H
E
P
0
4
(
2
0
0
8
)
0
1
6

Figure 7: Maximum reheating temperature T max
R vs. NLSP relic density ΩNLSPh2 with gravitino

DM for NLSP mass mNLSP = 100 GeV (dashed red) and 300 GeV (solid blue).

just like with the axino LSP case before, once we know mNLSP and ΩNLSPh2, we can place

an upper bound on the mass of the gravitino assumed to be the dominant component of

CDM in the Universe, see figure 3.

The turnover between the TP and NTP dominance allows one to derive a conservative

upper bound Tmax
R

which, unlike for the axino CDM, even without knowing the gravitino

mass. This can be seen from eqs. (2.6)–(2.8) from which an expression for TR as a quadratic

function of m eG can easily be found. Its maximum can then be expressed as

Tmax
R =






108 GeV

0.27

(
1TeV

mg̃

)2 ( mNLSP

100GeV

)
1

4ΩNLSPh2 , for ΩNLSPh2 > 0.05

1010 GeV

0.27

(
1TeV

mg̃

)2 ( mNLSP

100 GeV

) (
0.1 − ΩNLSPh2

)
, for ΩNLSPh2 < 0.05

, (4.2)

where we have used ΩLSPh2 = 0.1. This is plotted in figure 7 for two representative choices

of mNLSP = 100, 300GeV, the former one being roughly the lowest value allowed by LEP.

In figure 8 we present, in analogy with figure 4, contours of TR for a fixed m eG = 1GeV

(left panel) and 100GeV (right panel). In both, at sufficiently large ΩNLSPh2 we find a

similar turnover of the contours as in the right panel of figure 4 for the axino case. Again, in

order to elucidate the situation, in figure 9 the TP and NTP contributions to the gravitino

relic abundance are explicitly shown for one of the cases presented in figure 8, along with

the corresponding ΩNLSPh2/100, in analogy with figure 5 for the axino case. The (initially

subdominant) TP part increases with increasing mg̃ (which grows with mχ), thus the NTP

part has to decrease in order for the sum to remain constant at 0.104. In the upper left-

hand corner of both panels of figure 8, for a given ratio of m eG/mNLSP, ΩNLSPh2 becomes

too large and Ω eGh2 exceeds 0.104, despite basically turning off the TP contribution (by

reducing TR).
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.

3

mG̃ =0.2m0, 0.4m0

0.2m1/2, 0.4m1/2

0.1GeV....100GeV

(43)

3He/D (44)

∆M ! 10−2 GeV ∆M ∼ 10GeV (45)

Treh mNLSP mG̃ ΩNLPSh
2 (46)

1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.

The heavy Gravitinos around 100 GeV

We can look at in the plane of reheating temperature and freeze-out temperature from the thermal equilib-

rium. In the above of the diagonal line, the particle was in the thermal equilibrium with background plasma,

and after some time they have frozen-out.

For the particles which interacts more strongly will be located here with Tf is much smaller than m/25.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which

varies between eV and TeV.

The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has

problem with large scale structure formation.
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1 Talk

The weakly interacting massive particle, WIMP, is a attractive dark matter candidate. However even though

the interaction is extremely weaker than that of WIMP, it still can be a good dark matter candidate.

In this talk I will present the general properties of this E-WIMP and especially give focus on the heavy

gravitino as a dark matter candidate with the constraints from cosmology and astrophysics.

Assumnig the inflation, the standard big bang universe begins with the highest temperature, reheating

temperature, which is not determined yet. Tf is the freeze-out temperature of the fields, in other words, above

this temperature, the particles can be thermalised with backgrounds. In the case of the WIMP and neutrinos,

Treh is bigger than Tf and they freeze-out from thermal equilibrium. However the interaction too small, they

could not. This corresponds to E-WIMPs and also the FIMP

This figure is the time evolution of the abundance after inflation. The WIMPs are frozen out from the

thermal equilibrium in the early Universe. But E-WIMPs cannot be thermalised and thus do not follow the

equilibrium line. Only small amounts of them are created from the particles in the thermal plasma. However

as we will later, this amount is enough to explain dark matter energy density.

For FIMP with renormalisable interactions, the dominant creation occurs at low temperature around the

mass of that particle, which makes the UV physics independent.

However another kinds with non-renormalisable interactions below reheating temperature, the dominant

production occurs at the hightest temperature, the reheating temperature. This kinds of E-WIMPs enables

us to probe the earliest time of the Universe after inflation.

The famous example is the gravitino and axino. In this talk I will focus on the Gravitinos, the axinos have

many common features and will be discussed tomorrow by Prof. Kim.

Gravitino is a supersymmetirc particle of Graviton in the theory of supergravity. They become massive

when the supersymmery is broken, and the mass is highly depends on the SUSY breaking mechanism, which
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The coupling is determined by theory and is basically suppressed by Planck scale and non-renormalizable.

For light gravitinos, however due to the goldsttino component, interactions with another SUSY particles are

enhanced by the mass ratio. This is the reason that the light gravitino below around keV can be in the

thermal equilibrium in the early Universe and can be a hot or warm dark matter component. Though it has
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BBN exclude
 stau NLSP

confirmed later by with different parameterization [Steffen 2008]



Summary

• In sugravity gravitinos exist and become a good candidate for dark matter
• Gravitinos are produced by thermal and non-thermal productions
• The cosmological constraints on gravitino DM are strong

- Neutralino NLSP (100 GeV) is difficult as gravitino DM (> 1 GeV)
- Stau NLSP is a viable NLSP for gravitino DM

• Rather heavy stau NLSP (> TeV) for 100 GeV gravitino DM

• Degenerate gravitino and stau ~ 100 GeV with conservative 6Li/7Li

• Conservative upper bound on the reheating temperature with gravitino DM
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• Determination of the reheating temperature  and the mass of gravitino or 
axino from the LHC collider measurements
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(I) Hot Relic : neutrino, light gravitino(2) WIMP

(3) E-WIMP : Gravitino, Axino,...

(4) FIMP : moduli, modulino, models from 
              Dirac neutrino
              with renormalizable coupling

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (2)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (3)

(φ,χ) (Aµ,λ) (4)

Tf & 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(5)

ΩG̃h
2 &

( mG̃

1 keV

)(100

g∗

)
(6)

mG̃ ! 30 eV (7)

mG̃ " 2 keV (8)

Treh ' Tf ' m Treh ' m ' Tf Treh ' Tf Treh ( Tf } (9)

m

20 ∼ 25
(10)

1

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (2)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (3)

(φ,χ) (Aµ,λ) (4)

Tf & 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(5)

ΩG̃h
2 &

( mG̃

1 keV

)(100

g∗

)
(6)

mG̃ ! 30 eV (7)

mG̃ " 2 keV (8)

Treh ' Tf ' m Treh ' m ' Tf Treh ' Tf Treh ( Tf } (9)

m

20 ∼ 25
(10)

1

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (2)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (3)

(φ,χ) (Aµ,λ) (4)

Tf & 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(5)

ΩG̃h
2 &

( mG̃

1 keV

)(100

g∗

)
(6)

mG̃ ! 30 eV (7)

mG̃ " 2 keV (8)

Treh ' Tf ' m Treh ' m ' Tf Treh ' Tf Treh ( Tf } (9)

m

20 ∼ 25
n ∝ T 3 n ∝ (mT )3/2e−m/T (10)

1

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (2)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (3)

(φ,χ) (Aµ,λ) (4)

Tf & 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(5)

ΩG̃h
2 &

( mG̃

1 keV

)(100

g∗

)
(6)

mG̃ ! 30 eV (7)

mG̃ " 2 keV (8)

Treh ' Tf ' m Treh ' m ' Tf Treh ' Tf Treh ( Tf } (9)

m

20 ∼ 25
n ∝ T 3 n ∝ (mT )3/2e−m/T (10)

1

hi

mG̃ = 〈WeK/2〉 = FX

MP
(1)

L =
imλ

8
√
6mG̃MP

ψ̄[γµ, γν ]λF
µν +

m2
χ −m2

φ√
3mG̃MP

(ψ̄χL)φ
∗ + h.c. (2)

ψµ ∼ i

√
2

3

1

mG̃

∂µψ (3)

(φ,χ) (Aµ,λ) (4)

Tf & 1TeV
( g∗
230

)1/2( mG̃

10 keV

)2
(
1TeV

mg̃

)2

(5)

ΩG̃h
2 &

( mG̃

1 keV

)(100

g∗

)
(6)

mG̃ ! 30 eV (7)

mG̃ " 2 keV (8)

Treh ' Tf ' m Treh ' m ' Tf Treh ' Tf Treh ( Tf } (9)

m

20 ∼ 25
n ∝ T 3 n ∝ (mT )3/2e−m/T (10)

m " 2GeV (11)

1

[Lee,Weinberg 1977]
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m : mass
T : temperature
Treh : reheating temperature
Tf : freeze-out temperature
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mNLSP
Ωcoll

NLSPh
2 = ΩDMh2 ( 0.1 (19)
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Bh ∼ 10−5 − 10−2 Bh ∼ 10−3 (63)

ΩXh2 # 3× 10−6 mXYX

10−14 GeV
(64)

mG̃ ! 10 TeV mG̃ " 1 keV (65)

ΩG̃h2 # 1.17
(

100
g∗

) ( mG̃

1 keV

)
(66)

τ (τ̃ → ãγ) # 25 sec
(

100 GeV
mτ̃

) (
100 GeV

mB̃

)2 (
fa

1011 GeV

)2

(67)

τ (χ̃ → ãγ) # 0.33 sec
(

100 GeV
mχ̃

)3 (
fa

1011 GeV

)2

(68)

ΩNTP
ã =

mã

mNLSP
ΩNLSP (69)

ΩNTP
LSP h2 =

mLSP

mNLSP
ΩNLSP h2 (70)

(71)
Ωh2 = ΩTP h2 + ΩNTP h2 ∼ 1 (72)

10 MeV " mLSP < mNLSP mã ( GeV) TR ( GeV) (73)

mã < mχ̃ormτ̃ (74)

H & Γ ã (75)

dn

dt
+ 3Hn = n〈σannv〉 (76)

T ∼ 1 MeV (t ∼ 1 sec) T ∼ 100 MeV T ∼ 100 GeV (77)

ma =
√

z

1 + z

mπfπ

fa
= 6

(
106 GeV

fa

)
eV (78)

109 GeV " fa " 1012 GeV (79)

6× 10−3 eV ! ma ! 6× 10−6 eV (80)
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Ωcoll
χ < ΩDM Ωcoll

χ ∼ ΩDM Ωcoll
χ > ΩDM

Yes Direct detection Gravitino is not the dominant DM component
Gravitino LSP can explain this inconsistency

No Direct Detection
(σSI

p " 10−10pb) TP dominant NTP + TP NTP + TP

1 LHC and Gravitino

nG̃ =
3
4

43
11

4
gd

nγ0 (1)

nG̃ (2)

mG̃ ! 1 keV (3)

· · · ·︸ ︷︷ ︸ (4)

χ→ G̃ + γ χ→ G̃ + Z(h, γ∗/Z∗)→ G̃ + qq̄ (5)
(6)

τ̃ → G̃ + τ τ̃ → G̃ + τ + Z(γ∗/Z∗)→ G̃ + τ + qq̄ (7)
τ̃ → G̃ + ντ + W → G̃ + ντ + qq̄ (8)

(9)

π− + p→ π0 + n (10)
(11)

γ + D → n + p (t ! 106 s) (12)
(13)

γ + 4He→ n + 3He (t " 106 s) (14)
γ + 4He→ p + n + D (15)
n + p→ D → 4He n + 4He→ D + · · · (16)
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Ωcoll
χ < ΩDM Ωcoll

χ ∼ ΩDM Ωcoll
χ > ΩDM

Yes Direct detection Gravitino is not the dominant DM component
Gravitino LSP can explain this inconsistency

No Direct Detection
(σSI

p " 10−10pb) TP dominant NTP + TP NTP + TP

1 LHC and Gravitino

nG̃ =
3
4

43
11

4
gd

nγ0 (1)

nG̃ (2)

mG̃ ! 1 keV mG̃ " 10 TeV (3)

· · · ·︸ ︷︷ ︸ (4)

χ→ G̃ + γ χ→ G̃ + Z(h, γ∗/Z∗)→ G̃ + qq̄ (5)
(6)

τ̃ → G̃ + τ τ̃ → G̃ + τ + Z(γ∗/Z∗)→ G̃ + τ + qq̄ (7)
τ̃ → G̃ + ντ + W → G̃ + ντ + qq̄ (8)

(9)

π− + p→ π0 + n (10)
(11)

γ + D → n + p (t ! 106 s) (12)
(13)

γ + 4He→ n + 3He (t " 106 s) (14)
γ + 4He→ p + n + D (15)
n + p→ D → 4He n + 4He→ D + · · · (16)
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Note, that the overall normalization differs from the expression given in [10] by the factor

4(N2 − 1).

The dependence of the soft part of the gravitino production rate on the cutoff kcut

is again cancelled by the cutoff dependence of the contribution from the hard 2 → 2

processes. There are 10 processes denoted by A to J [5]:

• A: ga + gb → g̃c + G̃
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qj
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g
a

• I: qi + q̄j → g̃a + G̃ (crossing of G)

• J: q̃i + ¯̃qj → g̃a + G̃ (crossing of H)

The corresponding matrix elements have been evaluated in [7]. As discussed in section 2,

they must have the form

|Mi|2 ∝
1

M2

(

1 +
m2

g̃

3m2
G̃

)

(40)

in the high energy limit.

process i |Mi|2/ g2

M2

(
1 +

m2
g̃

3m2

G̃

)

A ga + gb → g̃c + G̃ 4(s + 2t + 2 t2

s )|fabc|2

B ga + g̃b → gc + G̃ −4(t + 2s + 2 s2

t )|fabc|2

C q̃i + ga → qj + G̃ 2s|T a
ji|2

D ga + qi → q̃j + G̃ −2t|T a
ji|2

E ¯̃qi + qj → ga + G̃ −2t|T a
ji|2

F g̃a + g̃b → g̃c + G̃ −8 (s2+st+t2)2

st(s+t) |fabc|2

G qi + g̃a → qj + G̃ −4(s + s2

t )|T a
ji|2

H q̃i + g̃a → q̃j + G̃ −2(t + 2s + 2 s2

t )|T a
ji|2

I qi + q̄j → g̃a + G̃ −4(t + t2

s )|T a
ji|2

J q̃i + ¯̃qj → g̃a + G̃ 2(s + 2t + 2 t2

s )|T a
ji|2

Table 1: Squared matrix elements for gravitino (G̃) production in two-body processes in-

volving left-handed quarks (qi), squarks (q̃i), gluons (ga) and gluinos (g̃a). The values are

given for the specified choice of colors and summed over spins in the initial and final state.

fabc and T a
ji are the usual SU(3) colour matrices.
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Ωh2 ! m

keV

(
230
g∗

)
(79)

dn

dt
+ 3Hn =

∑
〈σ(i + j → ã = · · · )〉 (80)

1 eV ! mã ! mG̃ or more (81)

• τ < 106 sec • τ > 106 sec (82)

(83)

(84)

(85)

(86)
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(89)

(90)

(91)
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Ωcoll
χ < ΩDM Ωcoll

χ ∼ ΩDM Ωcoll
χ > ΩDM

Yes Direct detection Gravitino is not the dominant DM component
Gravitino LSP can explain this inconsistency

No Direct Detection
(σSI

p " 10−10pb) TP dominant NTP + TP NTP + TP

ΩNTP
G̃

h2 =
mG̃

mNLSP
ΩNLSP h2 (4)

mG̃ = m0 m (5)

mG̃ # 10 keV (6)

mX # 2 TeV (7)

7Li/H = (5.24 + 0.71− 0.67)× 10−10 (8)

6Li/7Li ∼ 0.05 (9)

6Li/7Li ∼ 10−15 − 10−14 (10)

γ, leptons, qq̄ (11)

3 NLSP decay BBN

· · · ·︸ ︷︷ ︸ (12)
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10 TeV. As one can see, the ! parameters almost vanish at
T * 0:1 MeV. This is because, for such high temperature,
energetic hadrons are stopped by the electromagnetic pro-
cesses before scattering off the background nuclei. As the

temperature becomes lower, the ! parameters increase
until T ! 0:3 keV. In this period, the hadrodissociation is
dominated by the energetic neutron since the mean-free
path of the neutron is much longer than that of the proton.
Energy loss of the neutron becomes less efficient as the
temperature becomes lower, so the effects of the hadrodis-
sociations become more effective as the temperature be-
comes lower. Once the cosmic temperature becomes lower
than T ! 0:3 keV, however, the neutron decays before
scattering off "BG. Since the stopping process of the proton
is more efficient than that of the neutron, hadrodissociation
is suppressed at the low enough temperature. Thus, we see
sharp drop-off of the ! parameters at T ! 0:3 keV.

We also plot !n in Fig. 27. Note that, in Fig. 27, we
subtract the number of neutrons which are contained in the
initial spectrum of neutrons ~F"0#

n from !n in order to show
the number of the secondarily produced neutrons. The
drastic decrease at T ! 0:3 keV is, again, due to the neu-
tron decay.

VIII. NONTHERMAL PRODUCTION OF LITHIUM
AND BERYLLIUM

In this section, we discuss the nonthermal production
processes of Li and Be. As we have discussed in the
previous sections, energetic T, 3He, and 4He can be pro-
duced by the hadronic or photodissociation processes with
the background "BG. Such energetic nuclei may scatter off
the background "BG again and produce other nuclei, in
particular, 6Li, 7Li, and 7Be. Although these collisions are
not so frequent, they are important since the observations
severely constrain the primordial abundances of 6Li and
7Li.

First, we consider the nonthermal production of 6Li by
the energetic T and 3He. In this case, energetic T and 3He
are produced by

p"n# $ "BG !
!
T$ % % %
3He$ % % % ; (8.1)

and these T and 3He scatter off the "BG to produce 6Li:

T $ "BG ! 6Li$ n; (8.2)

3He$ "BG ! 6Li$ p: (8.3)

Once the energetic nucleus Ai & T or 3He is injected
into the thermal bath, it loses its energy via the electro-
magnetic interactions by scattering off the background
electron and photon while it also scatters off the back-
ground "BG. With the energy-loss rate "dEAi

=dt# given in
the previous section, the number of 6Li produced by one Ai
is

Z E"in#
Ai

~E"R&1#
Ai

dEAi

"dEAi

dt

#'1
n"#Ai$"BG!6Li$%%%"EAi

#$Ai
; (8.4)

where E"in#
Ai

is the initial energy of Ai, $Ai
is the velocity of

FIG. 26 (color online). Same as Fig. 24, except for mX &
10 TeV.

FIG. 27 (color online). !n as a function of the temperature.
Here we take Yp & 0:25 and % & 6:1( 10'10; the total energy
of the two hadronic jets is 2Ejet & 100 GeV, 1 TeV, and 10 TeV.
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We also plot !n in Fig. 27. Note that, in Fig. 27, we
subtract the number of neutrons which are contained in the
initial spectrum of neutrons ~F"0#

n from !n in order to show
the number of the secondarily produced neutrons. The
drastic decrease at T ! 0:3 keV is, again, due to the neu-
tron decay.

VIII. NONTHERMAL PRODUCTION OF LITHIUM
AND BERYLLIUM

In this section, we discuss the nonthermal production
processes of Li and Be. As we have discussed in the
previous sections, energetic T, 3He, and 4He can be pro-
duced by the hadronic or photodissociation processes with
the background "BG. Such energetic nuclei may scatter off
the background "BG again and produce other nuclei, in
particular, 6Li, 7Li, and 7Be. Although these collisions are
not so frequent, they are important since the observations
severely constrain the primordial abundances of 6Li and
7Li.

First, we consider the nonthermal production of 6Li by
the energetic T and 3He. In this case, energetic T and 3He
are produced by

p"n# $ "BG !
!
T$ % % %
3He$ % % % ; (8.1)

and these T and 3He scatter off the "BG to produce 6Li:

T $ "BG ! 6Li$ n; (8.2)

3He$ "BG ! 6Li$ p: (8.3)

Once the energetic nucleus Ai & T or 3He is injected
into the thermal bath, it loses its energy via the electro-
magnetic interactions by scattering off the background
electron and photon while it also scatters off the back-
ground "BG. With the energy-loss rate "dEAi

=dt# given in
the previous section, the number of 6Li produced by one Ai
is

Z E"in#
Ai

~E"R&1#
Ai

dEAi

"dEAi

dt

#'1
n"#Ai$"BG!6Li$%%%"EAi

#$Ai
; (8.4)

where E"in#
Ai

is the initial energy of Ai, $Ai
is the velocity of

FIG. 26 (color online). Same as Fig. 24, except for mX &
10 TeV.

FIG. 27 (color online). !n as a function of the temperature.
Here we take Yp & 0:25 and % & 6:1( 10'10; the total energy
of the two hadronic jets is 2Ejet & 100 GeV, 1 TeV, and 10 TeV.
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tive, however, production of those light elements from the
dissociation of the background !BG is far more important
since !BG is more abundant than other light elements
(except pBG). Thus, our constraints are not affected by
our approximation on the target particles of the hadronic
processes.

The second simplification is that, among various had-
rons generated by hadronic scattering processes, only p
and n are used as projectile nuclei in the next-step hadronic
process (except for the nonthermal production processes of
Li and Be, which will be discussed in the next section).
This is because most of the nuclei produced in the shower
processes are p or n, and also because we could not find
sufficient experimental data for the cross sections for other
nuclei. One might worry about the effects of the energetic
4He. However, energetic 4He is much rarer than p or n in
the hadronic shower since the energy transfer to 4He in the
elastic p!BG scattering process is fairly small. Notice also
that the cross sections for the inelastic p! !BG ! p!
!! " " " reactions are relatively small. Thus, the energetic
4He has a small effect on the evolution of the hadronic
shower.

The hadronic scattering processes considered in our
study are listed in Tables III and IV. The experimental
data of the cross sections are summarized in
Refs. [71,74]. In addition, in our Monte Carlo analysis,
we adopt 20% errors to all the hadronic cross sections.

In some case, we could not find sufficient experimental
data and adopt some reasonable approximations or as-
sumptions. In particular, the hadronic cross sections for
the energy of the projectile higher than #20 GeV cannot
be found except for some pp and np reactions.
Fortunately, according to the existing data, however, the
cross sections for the pp and np reactions are known to
become approximately constant at a high-energy region

[71]. Thus, we assume that the inelastic cross section for
the p! process is constant above E> 20 GeV. Our results
are insensitive to this assumption since the evolution of the
hadronic shower is mostly determined by the hadrons with
energy less than #O$1% GeV. In addition, sufficient ex-
perimental data are not available for the n! reactions. For
these processes, we use the SU(2) isospin symmetry and
use the cross sections of p! reactions for the n! reactions.
Those cross sections differ due to the Coulomb corrections.
Using the familiar formula of the Coulomb correction
factor [75], however, the Coulomb correction is estimated
to be less than a few percent for the projectile energy larger
than the threshold energy for the inelastic n! scattering
process ( # 25 MeV). Thus, we neglect such a Coulomb
correction.

In addition, the experimental data of the hadronic scat-
tering processes for other processes are also insufficient.
Thus, we make the following approximations for the
daughter nuclei D, T, 3He, and 4He.

(i) In considering the hadronic process, the energetic
daughter nuclei scatter off only the background pro-
ton and !BG.

(ii) The daughter nucleus Ak is assumed to survive only
if (a) its typical energy just before the hadronic
scattering (i.e., ~E$R&1%

Ak
) is smaller than the threshold

energy for the dissociation of Ak by scattering off
the background proton, and (b) typical energy of the
background photon in the center-of-mass frame is
smaller than the threshold energy for the photodis-
sociation process of Ak. [In fact, the second condi-
tion is not crucial; the resultant constraints on X do
not change much even if we do not include the
condition (b).] That is, the surviving probability of
the daughter particle Ak$& D;T; 3He or 4He% is
simply given by

TABLE III. Hadronic processes with the background proton pBG.

Process i & n i & p Reaction type

$i; pBG; 1% n! pBG ! n! p p! pBG ! p! p elastic
$i; pBG; 2% n! pBG ! n! p! " p! pBG ! p! p! " inelastic
$i; pBG; 3% n! pBG ! n! n! " p! pBG ! p! n! " inelastic

TABLE IV. Hadronic processes with the background !BG.

Process i & n i & p Reaction type

$i;!; 1% n! !BG ! n! ! p! !BG ! p! ! elastic
$i;!; 2% n! !BG ! D! T p! !BG ! D! 3He inelastic
$i;!; 3% n! !BG ! 2n! 3He p! !BG ! p! n! 3He inelastic
$i;!; 4% n! ! ! p! n! T p! ! ! 2p! T inelastic
$i;!; 5% n! !BG ! n! 2D p! !BG ! p! 2D inelastic
$i;!; 6% n! !BG ! p! 2n! D p! !BG ! 2p! n! D inelastic
$i;!; 7% n! !BG ! 2p! 3n p! !BG ! 3p! 2n inelastic
$i;!; 8% n! !BG ! n! !! " p! !BG ! p! !! " inelastic
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ã h2 ∼ 0.1 (45)
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mG̃ ! 1 keV mã ! 100 MeV (mã ! 1 GeV) mX ! 1 TeV (43)

mχ = 100GeV fa = 1011 GeV ΩNLSP h2 " 104 (102) (1 GeV) mX ! 1 TeV (44)

ΩNTP
G̃

h2 ∼ 0.1 ΩNTP
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10 TeV. As one can see, the ! parameters almost vanish at
T * 0:1 MeV. This is because, for such high temperature,
energetic hadrons are stopped by the electromagnetic pro-
cesses before scattering off the background nuclei. As the

temperature becomes lower, the ! parameters increase
until T ! 0:3 keV. In this period, the hadrodissociation is
dominated by the energetic neutron since the mean-free
path of the neutron is much longer than that of the proton.
Energy loss of the neutron becomes less efficient as the
temperature becomes lower, so the effects of the hadrodis-
sociations become more effective as the temperature be-
comes lower. Once the cosmic temperature becomes lower
than T ! 0:3 keV, however, the neutron decays before
scattering off "BG. Since the stopping process of the proton
is more efficient than that of the neutron, hadrodissociation
is suppressed at the low enough temperature. Thus, we see
sharp drop-off of the ! parameters at T ! 0:3 keV.

We also plot !n in Fig. 27. Note that, in Fig. 27, we
subtract the number of neutrons which are contained in the
initial spectrum of neutrons ~F"0#

n from !n in order to show
the number of the secondarily produced neutrons. The
drastic decrease at T ! 0:3 keV is, again, due to the neu-
tron decay.

VIII. NONTHERMAL PRODUCTION OF LITHIUM
AND BERYLLIUM

In this section, we discuss the nonthermal production
processes of Li and Be. As we have discussed in the
previous sections, energetic T, 3He, and 4He can be pro-
duced by the hadronic or photodissociation processes with
the background "BG. Such energetic nuclei may scatter off
the background "BG again and produce other nuclei, in
particular, 6Li, 7Li, and 7Be. Although these collisions are
not so frequent, they are important since the observations
severely constrain the primordial abundances of 6Li and
7Li.

First, we consider the nonthermal production of 6Li by
the energetic T and 3He. In this case, energetic T and 3He
are produced by

p"n# $ "BG !
!
T$ % % %
3He$ % % % ; (8.1)

and these T and 3He scatter off the "BG to produce 6Li:

T $ "BG ! 6Li$ n; (8.2)

3He$ "BG ! 6Li$ p: (8.3)

Once the energetic nucleus Ai & T or 3He is injected
into the thermal bath, it loses its energy via the electro-
magnetic interactions by scattering off the background
electron and photon while it also scatters off the back-
ground "BG. With the energy-loss rate "dEAi

=dt# given in
the previous section, the number of 6Li produced by one Ai
is

Z E"in#
Ai

~E"R&1#
Ai

dEAi

"dEAi

dt

#'1
n"#Ai$"BG!6Li$%%%"EAi

#$Ai
; (8.4)

where E"in#
Ai

is the initial energy of Ai, $Ai
is the velocity of

FIG. 26 (color online). Same as Fig. 24, except for mX &
10 TeV.

FIG. 27 (color online). !n as a function of the temperature.
Here we take Yp & 0:25 and % & 6:1( 10'10; the total energy
of the two hadronic jets is 2Ejet & 100 GeV, 1 TeV, and 10 TeV.
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tive, however, production of those light elements from the
dissociation of the background !BG is far more important
since !BG is more abundant than other light elements
(except pBG). Thus, our constraints are not affected by
our approximation on the target particles of the hadronic
processes.

The second simplification is that, among various had-
rons generated by hadronic scattering processes, only p
and n are used as projectile nuclei in the next-step hadronic
process (except for the nonthermal production processes of
Li and Be, which will be discussed in the next section).
This is because most of the nuclei produced in the shower
processes are p or n, and also because we could not find
sufficient experimental data for the cross sections for other
nuclei. One might worry about the effects of the energetic
4He. However, energetic 4He is much rarer than p or n in
the hadronic shower since the energy transfer to 4He in the
elastic p!BG scattering process is fairly small. Notice also
that the cross sections for the inelastic p! !BG ! p!
!! " " " reactions are relatively small. Thus, the energetic
4He has a small effect on the evolution of the hadronic
shower.

The hadronic scattering processes considered in our
study are listed in Tables III and IV. The experimental
data of the cross sections are summarized in
Refs. [71,74]. In addition, in our Monte Carlo analysis,
we adopt 20% errors to all the hadronic cross sections.

In some case, we could not find sufficient experimental
data and adopt some reasonable approximations or as-
sumptions. In particular, the hadronic cross sections for
the energy of the projectile higher than #20 GeV cannot
be found except for some pp and np reactions.
Fortunately, according to the existing data, however, the
cross sections for the pp and np reactions are known to
become approximately constant at a high-energy region

[71]. Thus, we assume that the inelastic cross section for
the p! process is constant above E> 20 GeV. Our results
are insensitive to this assumption since the evolution of the
hadronic shower is mostly determined by the hadrons with
energy less than #O$1% GeV. In addition, sufficient ex-
perimental data are not available for the n! reactions. For
these processes, we use the SU(2) isospin symmetry and
use the cross sections of p! reactions for the n! reactions.
Those cross sections differ due to the Coulomb corrections.
Using the familiar formula of the Coulomb correction
factor [75], however, the Coulomb correction is estimated
to be less than a few percent for the projectile energy larger
than the threshold energy for the inelastic n! scattering
process ( # 25 MeV). Thus, we neglect such a Coulomb
correction.

In addition, the experimental data of the hadronic scat-
tering processes for other processes are also insufficient.
Thus, we make the following approximations for the
daughter nuclei D, T, 3He, and 4He.

(i) In considering the hadronic process, the energetic
daughter nuclei scatter off only the background pro-
ton and !BG.

(ii) The daughter nucleus Ak is assumed to survive only
if (a) its typical energy just before the hadronic
scattering (i.e., ~E$R&1%

Ak
) is smaller than the threshold

energy for the dissociation of Ak by scattering off
the background proton, and (b) typical energy of the
background photon in the center-of-mass frame is
smaller than the threshold energy for the photodis-
sociation process of Ak. [In fact, the second condi-
tion is not crucial; the resultant constraints on X do
not change much even if we do not include the
condition (b).] That is, the surviving probability of
the daughter particle Ak$& D;T; 3He or 4He% is
simply given by

TABLE III. Hadronic processes with the background proton pBG.

Process i & n i & p Reaction type

$i; pBG; 1% n! pBG ! n! p p! pBG ! p! p elastic
$i; pBG; 2% n! pBG ! n! p! " p! pBG ! p! p! " inelastic
$i; pBG; 3% n! pBG ! n! n! " p! pBG ! p! n! " inelastic

TABLE IV. Hadronic processes with the background !BG.

Process i & n i & p Reaction type

$i;!; 1% n! !BG ! n! ! p! !BG ! p! ! elastic
$i;!; 2% n! !BG ! D! T p! !BG ! D! 3He inelastic
$i;!; 3% n! !BG ! 2n! 3He p! !BG ! p! n! 3He inelastic
$i;!; 4% n! ! ! p! n! T p! ! ! 2p! T inelastic
$i;!; 5% n! !BG ! n! 2D p! !BG ! p! 2D inelastic
$i;!; 6% n! !BG ! p! 2n! D p! !BG ! 2p! n! D inelastic
$i;!; 7% n! !BG ! 2p! 3n p! !BG ! 3p! 2n inelastic
$i;!; 8% n! !BG ! n! !! " p! !BG ! p! !! " inelastic
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1 MeV

)−1 ( mB̃

100 GeV

)−1/2
(

fa

1011 GeV

)

v0 ! 14.7
km
sec

( mã
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mG̃ ! 1 keV mã ! 100 MeV (mã ! 1 GeV) mX ! 1 TeV (43)

mχ = 100GeV fa = 1011 GeV ΩNLSP h2 " 104 (102) (1 GeV) mX ! 1 TeV (44)

ΩNTP
G̃

h2 ∼ 0.1 ΩNTP
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10 TeV. As one can see, the ! parameters almost vanish at
T * 0:1 MeV. This is because, for such high temperature,
energetic hadrons are stopped by the electromagnetic pro-
cesses before scattering off the background nuclei. As the

temperature becomes lower, the ! parameters increase
until T ! 0:3 keV. In this period, the hadrodissociation is
dominated by the energetic neutron since the mean-free
path of the neutron is much longer than that of the proton.
Energy loss of the neutron becomes less efficient as the
temperature becomes lower, so the effects of the hadrodis-
sociations become more effective as the temperature be-
comes lower. Once the cosmic temperature becomes lower
than T ! 0:3 keV, however, the neutron decays before
scattering off "BG. Since the stopping process of the proton
is more efficient than that of the neutron, hadrodissociation
is suppressed at the low enough temperature. Thus, we see
sharp drop-off of the ! parameters at T ! 0:3 keV.

We also plot !n in Fig. 27. Note that, in Fig. 27, we
subtract the number of neutrons which are contained in the
initial spectrum of neutrons ~F"0#

n from !n in order to show
the number of the secondarily produced neutrons. The
drastic decrease at T ! 0:3 keV is, again, due to the neu-
tron decay.

VIII. NONTHERMAL PRODUCTION OF LITHIUM
AND BERYLLIUM

In this section, we discuss the nonthermal production
processes of Li and Be. As we have discussed in the
previous sections, energetic T, 3He, and 4He can be pro-
duced by the hadronic or photodissociation processes with
the background "BG. Such energetic nuclei may scatter off
the background "BG again and produce other nuclei, in
particular, 6Li, 7Li, and 7Be. Although these collisions are
not so frequent, they are important since the observations
severely constrain the primordial abundances of 6Li and
7Li.

First, we consider the nonthermal production of 6Li by
the energetic T and 3He. In this case, energetic T and 3He
are produced by

p"n# $ "BG !
!
T$ % % %
3He$ % % % ; (8.1)

and these T and 3He scatter off the "BG to produce 6Li:

T $ "BG ! 6Li$ n; (8.2)

3He$ "BG ! 6Li$ p: (8.3)

Once the energetic nucleus Ai & T or 3He is injected
into the thermal bath, it loses its energy via the electro-
magnetic interactions by scattering off the background
electron and photon while it also scatters off the back-
ground "BG. With the energy-loss rate "dEAi

=dt# given in
the previous section, the number of 6Li produced by one Ai
is

Z E"in#
Ai

~E"R&1#
Ai

dEAi

"dEAi

dt

#'1
n"#Ai$"BG!6Li$%%%"EAi

#$Ai
; (8.4)

where E"in#
Ai

is the initial energy of Ai, $Ai
is the velocity of

FIG. 26 (color online). Same as Fig. 24, except for mX &
10 TeV.

FIG. 27 (color online). !n as a function of the temperature.
Here we take Yp & 0:25 and % & 6:1( 10'10; the total energy
of the two hadronic jets is 2Ejet & 100 GeV, 1 TeV, and 10 TeV.
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tive, however, production of those light elements from the
dissociation of the background !BG is far more important
since !BG is more abundant than other light elements
(except pBG). Thus, our constraints are not affected by
our approximation on the target particles of the hadronic
processes.

The second simplification is that, among various had-
rons generated by hadronic scattering processes, only p
and n are used as projectile nuclei in the next-step hadronic
process (except for the nonthermal production processes of
Li and Be, which will be discussed in the next section).
This is because most of the nuclei produced in the shower
processes are p or n, and also because we could not find
sufficient experimental data for the cross sections for other
nuclei. One might worry about the effects of the energetic
4He. However, energetic 4He is much rarer than p or n in
the hadronic shower since the energy transfer to 4He in the
elastic p!BG scattering process is fairly small. Notice also
that the cross sections for the inelastic p! !BG ! p!
!! " " " reactions are relatively small. Thus, the energetic
4He has a small effect on the evolution of the hadronic
shower.

The hadronic scattering processes considered in our
study are listed in Tables III and IV. The experimental
data of the cross sections are summarized in
Refs. [71,74]. In addition, in our Monte Carlo analysis,
we adopt 20% errors to all the hadronic cross sections.

In some case, we could not find sufficient experimental
data and adopt some reasonable approximations or as-
sumptions. In particular, the hadronic cross sections for
the energy of the projectile higher than #20 GeV cannot
be found except for some pp and np reactions.
Fortunately, according to the existing data, however, the
cross sections for the pp and np reactions are known to
become approximately constant at a high-energy region

[71]. Thus, we assume that the inelastic cross section for
the p! process is constant above E> 20 GeV. Our results
are insensitive to this assumption since the evolution of the
hadronic shower is mostly determined by the hadrons with
energy less than #O$1% GeV. In addition, sufficient ex-
perimental data are not available for the n! reactions. For
these processes, we use the SU(2) isospin symmetry and
use the cross sections of p! reactions for the n! reactions.
Those cross sections differ due to the Coulomb corrections.
Using the familiar formula of the Coulomb correction
factor [75], however, the Coulomb correction is estimated
to be less than a few percent for the projectile energy larger
than the threshold energy for the inelastic n! scattering
process ( # 25 MeV). Thus, we neglect such a Coulomb
correction.

In addition, the experimental data of the hadronic scat-
tering processes for other processes are also insufficient.
Thus, we make the following approximations for the
daughter nuclei D, T, 3He, and 4He.

(i) In considering the hadronic process, the energetic
daughter nuclei scatter off only the background pro-
ton and !BG.

(ii) The daughter nucleus Ak is assumed to survive only
if (a) its typical energy just before the hadronic
scattering (i.e., ~E$R&1%

Ak
) is smaller than the threshold

energy for the dissociation of Ak by scattering off
the background proton, and (b) typical energy of the
background photon in the center-of-mass frame is
smaller than the threshold energy for the photodis-
sociation process of Ak. [In fact, the second condi-
tion is not crucial; the resultant constraints on X do
not change much even if we do not include the
condition (b).] That is, the surviving probability of
the daughter particle Ak$& D;T; 3He or 4He% is
simply given by

TABLE III. Hadronic processes with the background proton pBG.

Process i & n i & p Reaction type

$i; pBG; 1% n! pBG ! n! p p! pBG ! p! p elastic
$i; pBG; 2% n! pBG ! n! p! " p! pBG ! p! p! " inelastic
$i; pBG; 3% n! pBG ! n! n! " p! pBG ! p! n! " inelastic

TABLE IV. Hadronic processes with the background !BG.

Process i & n i & p Reaction type

$i;!; 1% n! !BG ! n! ! p! !BG ! p! ! elastic
$i;!; 2% n! !BG ! D! T p! !BG ! D! 3He inelastic
$i;!; 3% n! !BG ! 2n! 3He p! !BG ! p! n! 3He inelastic
$i;!; 4% n! ! ! p! n! T p! ! ! 2p! T inelastic
$i;!; 5% n! !BG ! n! 2D p! !BG ! p! 2D inelastic
$i;!; 6% n! !BG ! p! 2n! D p! !BG ! 2p! n! D inelastic
$i;!; 7% n! !BG ! 2p! 3n p! !BG ! 3p! 2n inelastic
$i;!; 8% n! !BG ! n! !! " p! !BG ! p! !! " inelastic
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ã =

mã
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g∗

) ( mG̃

1 keV

)
(64)

τ (τ̃ → ãγ) # 25 sec
(

100 GeV
mτ̃

) (
100 GeV

mB̃

)2 (
fa

1011 GeV

)2

(65)

τ (χ̃ → ãγ) # 0.33 sec
(

100 GeV
mχ̃

)3 (
fa

1011 GeV

)2

(66)

ΩNTP
ã =

mã

mNLSP
ΩNLSP (67)

ΩNTP
LSP h2 =

mLSP

mNLSP
ΩNLSP h2 (68)

(69)
Ωh2 = ΩTP h2 + ΩNTP h2 ∼ 1 (70)

10 MeV " mLSP < mNLSP mã ( GeV) TR ( GeV) (71)

mã < mχ̃ormτ̃ (72)

H & Γ ã (73)

dn

dt
+ 3Hn = n〈σannv〉 (74)

T ∼ 1 MeV (t ∼ 1 sec) T ∼ 100 MeV T ∼ 100 GeV (75)

ma =
√

z

1 + z

mπfπ

fa
= 6

(
106 GeV

fa

)
eV (76)

109 GeV " fa " 1012 GeV (77)

6× 10−3 eV ! ma ! 6× 10−6 eV (78)

6
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• Charged particle during BBN : Catalyzed BBN

v0 ! 1.68
km
sec

( mã

1 MeV

)−1 ( mB̃

100 GeV

)−1/2
(

fa

1011 GeV

)

v0 ! 14.7
km
sec

( mã

1 MeV

)−1 ( mτ̃

100 GeV

)1/2 ( mB̃

100 GeV

)−1
(

fa

1011 GeV

)

(48)

∝ 1
exp(v/v0) + 1

(49)

mLSP ! 10 keV (50)

mG̃ ! 1 keV mã ! 100 MeV (mã ! 1 GeV) mX ! 2 TeV (51)

mχ = 100GeV fa = 1011 GeV ΩNLSP h2 " 104 (102) (1 GeV) mX ! 2 TeV (52)

ΩNTP
G̃

h2 ∼ 0.1 ΩNTP
ã h2 ∼ 0.1 (53)

mG̃ ormã $ 10 keV mã $ 100 MeV ( mã $ 1 GeV ) mX $ 2 TeV (54)

λFS =
∫ teq

ti

v(t)
a(t)

dt

! 2v0teq(1 + zeq)2 ln

(√

1 +
1

v2
0(1 + zeq)2

+
1

v0(1 + zeq)

)
, (ti % teq)

(55)
λFS " 0.5 Mpc (56)

τ(χ→ G̃γ) ! 6× 103 sec
(

1 TeV
mχ

)5 ( mG̃

100 GeV

)2
(

1−
m2

G̃

m2
χ

)−3 (
1 + 3

m2
G̃

m2
χ

)−1

τ(τ̃ → G̃τ) ! 6× 103 sec
(

1 TeV
mτ̃

)5 ( mG̃

100 GeV

)2
(

1−
m2

G̃

m2
τ̃

)−4

! 0.01− 1012 sec

1 sec−100 sec (t < 100 s) (100 sec−107 sec) (104 sec−1012 sec) (57)
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Particle physics catalysis of thermal Big Bang Nucleosynthesis

Maxim Pospelov (a,b)

(a)Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2J 2W9, Canada
(b)Department of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1 Canada

We point out that the existence of metastable, τ > 103 s, negatively charged electroweak-scale
particles (X−) alters the predictions for lithium and other primordial elemental abundances for
A > 4 via the formation of bound states with nuclei during BBN. In particular, we show that the
bound states of X− with helium, formed at temperatures of about T = 108K, lead to the catalytic
enhancement of 6Li production, which is eight orders of magnitude more efficient than the standard
channel. In particle physics models where subsequent decay of X− does not lead to large non-
thermal BBN effects, this directly translates to the level of sensitivity to the number density of
long-lived X− particles (τ > 105 s) relative to entropy of nX−/s <∼ 3 × 10−17, which is one of the
most stringent probes of electroweak scale remnants known to date.

Standard Big Bang Nucleosynthesis (SBBN) is a well-
established theory that makes predictions for elemental
abundances of light elements, H, D, He and Li, as func-
tions of only one free parameter, the ratio of baryon to
photon number densities. Agreement of the observed
abundances for D and 4He with the SBBN predictions
that use an additional CMB-derived [1] input value of
nb/s = 0.9 × 10−10 serves as a sensitive probe of New
Physics. Indeed, over the years a finessed SBBN ap-
proach has led to constraints on several non-standard sce-
narios, including constraints on the total number of ther-
mally excited relativistic degrees of freedom [2]. This first
class of constraints results essentially from the destor-
tion of the time-frame for the n/p freeze-out, affecting
mostly the abundance of 4He. The second class of con-
straints comes from the nonthermal BBN, that results
from the late decay of metastable heavy particles [3]. If
such decays happen during or after BBN, they trigger
electromagnetic cascades that affect light elements via
photodissociation, or lead to non-thermal nuclear reac-
tions by fast hadrons produced in the decay, resulting in
significant modifications of D, 6Li 7Li and 3He/D abun-
dances. The BBN constraints have been instrumental in
limiting some variants of supersymmetric (SUSY) mod-
els with long-lived unstable particles. For example, late
decays put constraints on the energy density of unstable
gravitinos, limiting it to be less than ∼ 10−13 relative to
entropy×GeV [4, 5, 6] for some selected range of lifetimes
and SM branching ratios. It is important to establish
whether the late decay of heavy particles can possibly
“cure” [4, 5, 6] what is known as the lithium problem, a
statistically significant and persistent discrepancy of the
SBBN prediction for 7Li from the roughly twice smaller
observational value over a wide range of metallicities.

The purpose of this Letter is to show that in ad-
dition to the change of the timing for BBN reaction
and non-thermal processes, there is a third way particle
physics can significantly affect the prediction for primor-
dial abundances of light elements. This new way consists
of the catalysis of thermal nuclear reactions by heavy

relic particles that have long-range (electromagnetic or
strong) interactions with nuclei. In particular, we show
that the cosmological presence of metastable charged par-
ticles, called X− hereafter enables the catalyzed BBN
(CBBN) via the formation of bound states between light
nuclei and negatively charged particles X−. These bound
states form in the range of temperatures from 1 to 30
KeV, changing the standard nuclear reaction rates but
more importantly opening new channels for thermal re-
actions and changing the abundance of Li and other ele-
ments with A > 4. The most significant difference is seen
in the 6Li production mechanism,

SBBN : 4He + D → 6Li + γ; Q = 1.47MeV (1)

CBBN : (4HeX−) + D → 6Li + X−; Q $ 1.13MeV, (2)

and, as we are going to show, the cross section for the
CBBN channel is enhanced by eight orders of magnitude
relative to SBBN. In (2) and below, (NX) denotes the
bound state of a nucleus N and X−. In the remainder
of this Letter, after a brief review of the relevant bound
states (NX), we analyze the cross section and thermal
rate for reaction (2), make a prediction for 6Li in CBBN,
put constraints on some of the particle physics scenarios,
and point out new CBBN mechanisms for 7Li depletion.

Properties of the bound states. Here we assume that
the electromagnetic force is acting between nuclei and
X− particles, and calculate properties of the ground
states using the variational approach. Binding energies
Eb, average distances between the center of the nucleus
and X−, and the “photo-dissociation decoupling” tem-
peratures T0, are summarized in Table I where the con-
straint mX− % mN is also imposed. The main uncer-
tainty in Table I comes from the charge distribution in-
side the nucleus as the naive Bohr orbit a0 = (ZαmN )−1

can be well within the nuclear radius. It leads to a reduc-
tion of the bound state energies relative to the Bohr-like
formula, E0

b = Z2α2mN/2 from ∼ 13% in (4HeX) to 50%
in (8BeX). Realistic binding energies are calculated for
two types of nuclear radii assuming a uniform charge dis-
tribution: for the simplest scaling formula Rsc

N = 1.22A
1

3 ,

6$%.,%-,'001

2

bound st. |E0
b | a0 Rsc

N |Eb(R
sc
N )| RNc |Eb(RNc)| T0

4HeX− 397 3.63 1.94 352 2.16 346 8.2
3HeX− 299 4.81 1.76 276 2.50 267 6.3
7LiX− 1566 1.38 2.33 990 3.09 870 21
7BeX− 2787 1.03 2.33 1540 3 1350 32
8BeX− 3178 0.91 2.44 1600 3 1430 34

TX− 75 9.6 2.27 73 2.27 73 1.8

DX− 50 14 - 49 2.75 49 1.2

pX− 25 29 - 25 1.10 25 0.6

TABLE I: Properties of the bound states: Bohr a0 and nuclear
radii RN in fm; binding energies Eb and “photo-dissociation
decoupling” temperatures T0 in KeV.

and for the nuclear radius determined via the the root
mean square charge radius, RNc = (5/3)1/3Rc with ex-
perimental input for Rc where available. Finally, as an
indication of the temperature at which (NX) are no
longer ionized, we include a scale T0 where the photo-
dissociation rate Γph(T ) becomes smaller than the Hub-
ble rate, Γph(T0) = H(T0). It is remarkable that sta-
ble bound states of (8BeX) exist, opening up a path to
synthesize heavier elements such as carbon, which is not
produced in SBBN. In addition to atomic states, there
exist molecular bound states (NXX). The binding en-
ergy of such molecules relative to (NX) are not small
(e.g. about 300 KeV for (4HeX−X−)). Such neutral
molecules, along with (8BeX) and (8BeXX), are an im-
portant path for the synthesis of heavier elements in
CBBN. One can easily generalize Table 1 for the case of
doubly-charged particles, which was recently discussed in
[7] in connection with the dark matter problem.

BA

Temperature in KeV

108642

1

0.5

0

FIG. 1: Fraction of X− locked in the bound state with 4He: A.
Realistic result based on Boltzmann equation, B. Saha-type pre-
diction with a rapid switch from 0 to 1 at T ! 8.3 KeV

The initial abundance of X− particles relative to
baryons, YX(t ! τ) ≡ nX−/nb, along with their lifetime
τ are the input parameters of CBBN, and it is safe to
assume that YX ! 1. The most important catalytic en-
hancement results from the bound states (4HeX). Their
abundance relative to the total abundance of X−, YBS =
nBS/nX− is calculated using the Boltzmann equation

− HT
dYBS

dT
= 〈σrecv〉nHe − 〈σphv〉YBSnγ (3)

along with the photoionization and recombination cross
section. The result is shown in Fig. 1, where a significant
deviation from the naive Saha equation is observed as the
recombination rate of X− and 4He is only marginally

larger than the Hubble rate. For the same reason the
abundance of bound states with rare light elements is
very low, nNX−/nX−

<∼ 10−6, where N =3He, D and T.
As we are going to show, an actual abundance of X− at
T ' 8 KeV has to be less than 10−6, which makes the
overall impact of these bounds states on BBN negligible.

Li
6

He
4He

4
Li
6

D ! D

X
!X( !)

FIG. 2: SBBN and CBBN mechanisms for producing 6Li.

Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [9]. For the CBBN process
(2) the real photon in the final state is replaced by a
virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN ! a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
ement. A straightforward quantum-mechanical calcula-
tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
state leads to the following relation between the astro-
physical S-factors at low energy:

SCBBN = SSBBN ×
8

3π2

pfa0

(ωa0)5

(

1 +
mD

m4He

)2

. (4)

Here a0 is the Bohr radius of (4HeX−), pf =
(2m6Li(QCBBN + E))1/2 is the momentum of the out-
going 6Li in the CBBN reaction, and ω is the photon
energy in the SBBN process, ω = QSBBN + E. For
E ! Q the value of the final momentum of the 6Li nu-
cleus is pf ' (1.8fm)−1. Throughout the whole paper,
c = ! = 1. The S factor is defined in the standard way,
by removing the Gamow factor G from the cross sec-
tion: S(E) = Eσ/G. A somewhat more sophisticated

7%$%)89*,'001

ar
X

iv
:h

ep
-p

h
/0

6
0

5
2

1
5

v
4

  
1

5
 M

ar
 2

0
0

7

Particle physics catalysis of thermal Big Bang Nucleosynthesis
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(a)Perimeter Institute for Theoretical Physics, Waterloo, Ontario N2J 2W9, Canada
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We point out that the existence of metastable, τ > 103 s, negatively charged electroweak-scale
particles (X−) alters the predictions for lithium and other primordial elemental abundances for
A > 4 via the formation of bound states with nuclei during BBN. In particular, we show that the
bound states of X− with helium, formed at temperatures of about T = 108K, lead to the catalytic
enhancement of 6Li production, which is eight orders of magnitude more efficient than the standard
channel. In particle physics models where subsequent decay of X− does not lead to large non-
thermal BBN effects, this directly translates to the level of sensitivity to the number density of
long-lived X− particles (τ > 105 s) relative to entropy of nX−/s <∼ 3 × 10−17, which is one of the
most stringent probes of electroweak scale remnants known to date.

Standard Big Bang Nucleosynthesis (SBBN) is a well-
established theory that makes predictions for elemental
abundances of light elements, H, D, He and Li, as func-
tions of only one free parameter, the ratio of baryon to
photon number densities. Agreement of the observed
abundances for D and 4He with the SBBN predictions
that use an additional CMB-derived [1] input value of
nb/s = 0.9 × 10−10 serves as a sensitive probe of New
Physics. Indeed, over the years a finessed SBBN ap-
proach has led to constraints on several non-standard sce-
narios, including constraints on the total number of ther-
mally excited relativistic degrees of freedom [2]. This first
class of constraints results essentially from the destor-
tion of the time-frame for the n/p freeze-out, affecting
mostly the abundance of 4He. The second class of con-
straints comes from the nonthermal BBN, that results
from the late decay of metastable heavy particles [3]. If
such decays happen during or after BBN, they trigger
electromagnetic cascades that affect light elements via
photodissociation, or lead to non-thermal nuclear reac-
tions by fast hadrons produced in the decay, resulting in
significant modifications of D, 6Li 7Li and 3He/D abun-
dances. The BBN constraints have been instrumental in
limiting some variants of supersymmetric (SUSY) mod-
els with long-lived unstable particles. For example, late
decays put constraints on the energy density of unstable
gravitinos, limiting it to be less than ∼ 10−13 relative to
entropy×GeV [4, 5, 6] for some selected range of lifetimes
and SM branching ratios. It is important to establish
whether the late decay of heavy particles can possibly
“cure” [4, 5, 6] what is known as the lithium problem, a
statistically significant and persistent discrepancy of the
SBBN prediction for 7Li from the roughly twice smaller
observational value over a wide range of metallicities.

The purpose of this Letter is to show that in ad-
dition to the change of the timing for BBN reaction
and non-thermal processes, there is a third way particle
physics can significantly affect the prediction for primor-
dial abundances of light elements. This new way consists
of the catalysis of thermal nuclear reactions by heavy

relic particles that have long-range (electromagnetic or
strong) interactions with nuclei. In particular, we show
that the cosmological presence of metastable charged par-
ticles, called X− hereafter enables the catalyzed BBN
(CBBN) via the formation of bound states between light
nuclei and negatively charged particles X−. These bound
states form in the range of temperatures from 1 to 30
KeV, changing the standard nuclear reaction rates but
more importantly opening new channels for thermal re-
actions and changing the abundance of Li and other ele-
ments with A > 4. The most significant difference is seen
in the 6Li production mechanism,

SBBN : 4He + D → 6Li + γ; Q = 1.47MeV (1)

CBBN : (4HeX−) + D → 6Li + X−; Q $ 1.13MeV, (2)

and, as we are going to show, the cross section for the
CBBN channel is enhanced by eight orders of magnitude
relative to SBBN. In (2) and below, (NX) denotes the
bound state of a nucleus N and X−. In the remainder
of this Letter, after a brief review of the relevant bound
states (NX), we analyze the cross section and thermal
rate for reaction (2), make a prediction for 6Li in CBBN,
put constraints on some of the particle physics scenarios,
and point out new CBBN mechanisms for 7Li depletion.

Properties of the bound states. Here we assume that
the electromagnetic force is acting between nuclei and
X− particles, and calculate properties of the ground
states using the variational approach. Binding energies
Eb, average distances between the center of the nucleus
and X−, and the “photo-dissociation decoupling” tem-
peratures T0, are summarized in Table I where the con-
straint mX− % mN is also imposed. The main uncer-
tainty in Table I comes from the charge distribution in-
side the nucleus as the naive Bohr orbit a0 = (ZαmN )−1

can be well within the nuclear radius. It leads to a reduc-
tion of the bound state energies relative to the Bohr-like
formula, E0

b = Z2α2mN/2 from ∼ 13% in (4HeX) to 50%
in (8BeX). Realistic binding energies are calculated for
two types of nuclear radii assuming a uniform charge dis-
tribution: for the simplest scaling formula Rsc

N = 1.22A
1

3 ,

2

bound st. |E0
b | a0 Rsc

N |Eb(R
sc
N )| RNc |Eb(RNc)| T0

4HeX− 397 3.63 1.94 352 2.16 346 8.2
3HeX− 299 4.81 1.76 276 2.50 267 6.3
7LiX− 1566 1.38 2.33 990 3.09 870 21
7BeX− 2787 1.03 2.33 1540 3 1350 32
8BeX− 3178 0.91 2.44 1600 3 1430 34

TX− 75 9.6 2.27 73 2.27 73 1.8

DX− 50 14 - 49 2.75 49 1.2

pX− 25 29 - 25 1.10 25 0.6

TABLE I: Properties of the bound states: Bohr a0 and nuclear
radii RN in fm; binding energies Eb and “photo-dissociation
decoupling” temperatures T0 in KeV.

and for the nuclear radius determined via the the root
mean square charge radius, RNc = (5/3)1/3Rc with ex-
perimental input for Rc where available. Finally, as an
indication of the temperature at which (NX) are no
longer ionized, we include a scale T0 where the photo-
dissociation rate Γph(T ) becomes smaller than the Hub-
ble rate, Γph(T0) = H(T0). It is remarkable that sta-
ble bound states of (8BeX) exist, opening up a path to
synthesize heavier elements such as carbon, which is not
produced in SBBN. In addition to atomic states, there
exist molecular bound states (NXX). The binding en-
ergy of such molecules relative to (NX) are not small
(e.g. about 300 KeV for (4HeX−X−)). Such neutral
molecules, along with (8BeX) and (8BeXX), are an im-
portant path for the synthesis of heavier elements in
CBBN. One can easily generalize Table 1 for the case of
doubly-charged particles, which was recently discussed in
[7] in connection with the dark matter problem.

BA

Temperature in KeV

108642

1

0.5

0

FIG. 1: Fraction of X− locked in the bound state with 4He: A.
Realistic result based on Boltzmann equation, B. Saha-type pre-
diction with a rapid switch from 0 to 1 at T ! 8.3 KeV

The initial abundance of X− particles relative to
baryons, YX(t ! τ) ≡ nX−/nb, along with their lifetime
τ are the input parameters of CBBN, and it is safe to
assume that YX ! 1. The most important catalytic en-
hancement results from the bound states (4HeX). Their
abundance relative to the total abundance of X−, YBS =
nBS/nX− is calculated using the Boltzmann equation

− HT
dYBS

dT
= 〈σrecv〉nHe − 〈σphv〉YBSnγ (3)

along with the photoionization and recombination cross
section. The result is shown in Fig. 1, where a significant
deviation from the naive Saha equation is observed as the
recombination rate of X− and 4He is only marginally

larger than the Hubble rate. For the same reason the
abundance of bound states with rare light elements is
very low, nNX−/nX−

<∼ 10−6, where N =3He, D and T.
As we are going to show, an actual abundance of X− at
T ' 8 KeV has to be less than 10−6, which makes the
overall impact of these bounds states on BBN negligible.

Li
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FIG. 2: SBBN and CBBN mechanisms for producing 6Li.

Photonless production of 6Li. The standard mecha-
nism for 6Li production in SBBN is “accidentally” sup-
pressed. The D-4He cluster description gives a good
approximation to this process, and the reaction rate
of (1) is dominated by the E2 amplitude because the
E1 amplitude nearly vanishes due to an (almost) iden-
tical charge to mass ratio for D and 4He. In the E2
transition, the quadrupole moment of D-4He interacts
with the gradient of the external electromagnetic field,
Vint = Qij∇iEj . Consequently, the cross section at BBN
energies scales as the inverse fifth power of photon wave-
length λ = ω−1 ∼ 130 fm, which is significantly larger
than the nuclear distances that saturate the matrix ele-
ment of Qij , leading to strong suppression of (1) relative
to other BBN cross sections [9]. For the CBBN process
(2) the real photon in the final state is replaced by a
virtual photon with a characteristic wavelength on the
order of the Bohr radius in (4HeX−). Correspondingly,
one expects the enhancement factor in the ratio of CBBN
to SBBN cross sections to scale as (a0ω)−5 ∼ 5×107. Fig-
ure 1 presents a schematic depiction of both processes.
It is helpful that in the limit of RN ! a0, we can ap-
ply factorization, calculate the effective ∇iEj created by
X−, and relate SBBN and CBBN cross sections with-
out explicitly calculating the 〈D4He|Qij |6Li〉 matrix el-
ement. A straightforward quantum-mechanical calcula-
tion with ∇iEj averaged over the Hydrogen-like initial
state of (4HeX) and the plane wave of 6Li in the final
state leads to the following relation between the astro-
physical S-factors at low energy:

SCBBN = SSBBN ×
8

3π2

pfa0

(ωa0)5

(

1 +
mD

m4He

)2

. (4)

Here a0 is the Bohr radius of (4HeX−), pf =
(2m6Li(QCBBN + E))1/2 is the momentum of the out-
going 6Li in the CBBN reaction, and ω is the photon
energy in the SBBN process, ω = QSBBN + E. For
E ! Q the value of the final momentum of the 6Li nu-
cleus is pf ' (1.8fm)−1. Throughout the whole paper,
c = ! = 1. The S factor is defined in the standard way,
by removing the Gamow factor G from the cross sec-
tion: S(E) = Eσ/G. A somewhat more sophisticated
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γ, leptons, qq̄ (12)

mX (13)

m0, m1/2, A, tanβ, sgn(µ) and mG̃ (14)

TR < a few× 107 GeV (! 108 GeV) (15)

τX (16)

mG̃ = 10GeV mG̃ = 100GeV (17)

YX ! 10−14 τX " 5× 103 sec (18)

2

<3--*V&(-*#

7001'=%8',3=(.%$*'5%,'(.2&$'<3-''

Ωcoll
χ < ΩDM Ωcoll

χ ∼ ΩDM Ωcoll
χ > ΩDM

Yes Direct detection Gravitino is not the dominant DM component
Gravitino LSP can explain this inconsistency

No Direct Detection
(σSI

p " 10−10pb) TP dominant NTP + TP NTP + TP

ΩNTP
G̃

h2 =
mG̃

mNLSP
ΩNLSP h2 (4)

mG̃ = m0 m (5)

mG̃ # 10 keV (6)

mX # 2 TeV (7)

7Li/H = (5.24 + 0.71− 0.67)× 10−10 (8)

6Li/7Li ∼ 0.05 (9)
6Li/7Li ∼ 10−15 − 10−14 (10)

6Li/7Li < 0.1(0.66 conservative) (11)

γ, leptons, qq̄ (12)

mX (13)

m0, m1/2, A, tanβ, sgn(µ) and mG̃ (14)

TR < a few× 107 GeV (! 108 GeV) (15)

τX (16)

mG̃ = 10GeV mG̃ = 100GeV (17)

YX ! 10−14 τX " 5× 103 sec (18)

5× 103 sec < τX < 107 sec (19)

2


