
I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T Q, WIMP R D, PAMELA  F LAT

C. P
DEPARTMENT OF PHYSICS
UNIVERSITY OF PATRAS

B :
• S. L, C.P.  E. T, arxiv:0907.2941;
• C.P, Work in Progress

O
I
A T Q M

T Q D
T A P S

WIMP R D
T B E
T Ωχh2 E

e±-CR F χ A
T B F
F  PAMELA  F LAT D

C   mχ − 〈σv〉 P
I R
R

C
C. P T Q, WIMP R D, PAMELA  F LAT 1 / 14



I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

CMB  SNI O D

T A D  C P WMAP5 E C E   C 
 U:

ΩCDM = 0.214 ± 0.027, ΩDE = 0.74 ± 0.12  wDE < −0.86.

• N C  A   CDM  Weakly Interacting Massive Particles (WIMP), χ. W R:

0.097 . Ωχh2 . 0.12 W Ωχh2 = f
(
mχ, 〈σv〉

)
W  Standard Cosmology (SC).

(mχ   χ M  〈σv〉   T-A C S  χ T I V).

• DE   EW  I   S E T S F, q, C Q1.
A O P  T S   E   E Kination Dominated (KD)2 .

I  KD E  Ωχh2

• T P   KD E I3 D (  3 O  M) Ωχh2.

Ωχh2 = f
(
mχ, 〈σv〉, Q P

)
.

• A  C, 〈σv〉’ L T T A  SC  R   Quintessential Kination Scenario
(QKS). I.,

0.097 . Ωχh2 . 0.12 ⇒
{
〈σv〉 ∼ 2 · 10−9 GeV−2,   SC,
〈σv〉 ∼ (10−7 − 10−6) GeV−2,   QKS

 mχ ∼ (0.1 − 1) TeV.

1R.R. Caldwell et al. (1997)
2B. Spokoiny (1993); M. Joyce (1997)
3P. Salati (2002); S. Profumo and P. Ullio (2003); C.P. (2005).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

O   e±-Cosmic Ray (CR) F

R PAMELA4  F LAT5 H R (C, M O L, P E6) A R :

• e+ F F  10 . Ee+ /GeV . 100
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• PAMELA R N E  p̄-CR F4. T χχ→ l+l−,W l = e, µ (l = τ  E  BBN).

I P  E   e±-CR A V χ A   G?

• I   P  SC    V L 〈σv〉 R   CDM C
• I  P   C   A Q S?
4PAMELA Collaboration (2009)
5The Fermi-LAT Collaboration (2009))
6ATIC Collaboration (2008); AMS-01 Collaboration (2007); HEAT Collaboration (1997).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T Q D

R E

W A  E   S H S F, q W O  E: q̈+ 3Hq̇+ dV/dq = 0, W

V =
M4+a

qa +
b
2

H2q2,  F P a, b,  M  I C q̄I = q̄(τI) = 0.01, H̄I = H̄(τI) =
√
ρ̄qI.

• N Q: ρ̄i = ρi/ρc0 W i = q,R, M  ρc0 = 3m2
PH2

0 . A q̄ = q/
√

3mP  H̄ = H/H0.

• H̄2
= ρ̄q + ρ̄R + ρ̄M W ρ̄R ' ρ̄R0e−4τ, ρ̄M = ρ̄M0e−3τ  ρ̄q = Q̄2

/2 + V W Q̄ = H̄dq̄/dτ  τ = ln (R/R0).

• E Q:
{
• T D P, Ωi = ρi/(ρq + ρR + ρM), i = q,R, M,
• T B I, wq = (q̇2/2 − V)/(q̇2/2 + V)

T C E

T F q U F P D  C E:
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• T KD PW q̇ � ρR � V. T H̄ ' H̄q̄′/
√

2 − bq̄2,

q̄ '

√
2
b

sin
√

b (τ−τI) ⇒ τext ' (2k+1)

√
1
b
π

2
+τI, k = 0, 1, 2, ...

F τ = τext, q̇ = Hdq/dτ = 0 I  , ρR > q̇/2.
C,  q O B A.

• F-F D P, W H̄2
' ρ̄R  q̄ = cst.

• A D P, W ρq ' V  H̄2
' ρ̄M.

ρ̄q A  T S

ρ̄A ' ρ̄Af exp
(
−3(1 + wfp

q )τ
)
 wfp

q = −2/(a + 2)

• V D PW H̄ ' ρ̄q = V.
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T A P S

I R

• T C   I D  K: 0.5 < Ωq(τI) ≤ 1.

• T I C: Pt/Ps . 1⇒ H̄I ≤ 1056,W Pt [Ps] :  P S   T [S]
P.

• T BBN C: ΩBBN
q ≤ 0.21.

• T DE  C C:
Ωq(0) = ΩDE = 0.74⇒ M ∼ 1 eV  d2V(τ = 0)/dq2 ' H2

0 .

• T C A C9:
−1 ≤ wq(0) ≤ −0.86⇒ a ≤ 0.6.

b > 0 E T C7 O T E
KD PW T T S8

7 A. Masiero et al. (1999); F. Rosati (2003).
8 P. Binetruy (1999).
9 C. Baccigalupi et al. (2002).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T B E

C Ωχh2

T N D, nχ,  χ’ S  F Boltzmann Equation (BE):

ṅχ + 3Hnχ + 〈σv〉
(
n2
χ − neq2

χ

)
= 0

W D Yχ = nχ/s  Yeq
χ = neq

χ /s

}
⇒ Y ′χ = −y

√
gb

gq
〈σv〉

(
Y2
χ − Yeq2

χ

)
W ′ =

d
dτ
, y(τ) =

s̄
√
ρ̄R

s̄ =
s

ρ3/4
c0

, 〈σv〉 =
√

3mP ρ
1/4
c0 〈σv〉, H̄ '

√
gq

gb
ρ̄R, W gb = 1 −

b
2

q̄2 A gq '

{
1 + Q̄2

/2ρ̄R  τ � τKR,
1  τ � τKR.

A Yeq
χ (x) =

45g
4π4

√
π

2
g

gs∗
x−3/2 e−1/xP2

(
1
x

)
, W x =

T
mχ
, g = 2 A Pn(z) = 1 +

(4n2 − 1)
8z

·

T F-O P10

• F τ � τF, Yχ ' Yeq
χ  , BE  W  F: ∆′ = −Yeq

χ
′
− y 〈σv〉∆

(
∆ + 2Yeq

χ

) √
gb/gq W

∆ = Yχ − Yeq
χ . T F-O L T τF   D  ∆(τF) = δFYeq

χ (τF),  δF ∼ 1  F 
S I  F E:(

ln Yeq
χ

)′
(τF) = −yF〈σv〉δF(δF + 2)Yeq

χ (τF)
√
gb/
√
gq(δF + 1)  yF = y(τF).

• F τ � τF, Yχ � Yeq
χ  T, BE   S  F:

Yχ0 =
(
Y−1
χF + JF

)−1
, W JF =

∫ 0
τF

dτ
√
gb
gq
y 〈σv〉  YχF = (δF + 1) Yeq

χ (τF).

O F R   D A F: Ωχ = ρχ0/ρc0 = mχ s0Yχ0/ρc0 ⇒ Ωχh2 = 2.748 · 108 Yχ0 mχ/GeV.

10G. Jungman, M. Kamionkowski and K. Griest (1995); C.P (2005).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T Ωχh2 E

C ∆Ωχ

T E  Ωχh2 ..  V   SC, Ωχh2
∣∣∣
SC,   E,  D ∆Ωχ =

Ωχh2− Ωχh2
∣∣∣∣SC

Ωχh2
∣∣∣∣SC

·

T B  ∆Ωχ   F   F P   QKS   I   F
(a = 0.5, H̄I = 6.3 · 1053, TI = 109 GeV):
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|
min
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_TI
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H
I
 = 6.3 1053

b=0.32

b=0.15

b=0

 

 

∆
Ω

 χ

m
χ
 (TeV)

〈σv〉 10−7 10−6(
GeV−2

)
−τF 31.7 − 35.2 31.6 − 35.1

b = 0.15, τext ' −33.1
τmin

F −33.3 −33.3

b = 0.32, τext ' −33.8
τmin

F −34.1 −34.0

C

• F b = 0  O   KD   ∆Ωχ IW mχ I  〈σv〉 D.

• F b , 0, ∆Ωχ D C   H B τF  τext.

• A mχ I A 0.1 TeV, −τF I  M C  τext  ∆Ωχ DW I M
∆Ωχ

∣∣∣
min O  mχ = mχ

∣∣∣
min W C  τmin

F ' τext.
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

T B F

C Φχχ
e+

T e+ F P E –  U GeV−1cm−2s−1sr−1 –  E   χ A C  F F11:

Φ
χχ

e+
(E) =

1
2
ve+

4πb(E)

(
ρ�
mχ

)2

〈σv〉

∫ mχ

E
dE′ I

(
λD(E, E′)

) dNe+

dE′
e+
, W

•
dNe+
dEe+

=

{
δ(Ee+ − mχ)  χχ → e+e−,
( αem
π )A exp[−(A1y + A1y

2)] + B1 + B2y  χχ → µ+µ−,
W12 J = F(mχ), J = A, A1, A2, B1, B2.

• ve+   V  e+, y = Ee+ /mχ, ρ� = 0.3 GeV/cm3  b(E) = E2/(GeV tE )  tE = 1016 s.

• λ2
D = 4K0tE

[
(E′/GeV)δ−1−(E/GeV)δ−1

δ−1

]
W I(λD) = a0 + a1 tanh

(
b1−l
c1

) [
a2 exp

(
−

(l−b2)2

c2

)
+ a3

]
A l = log

(
λD
kpc

)
·

B A

A   P   CDM S, T  T S  U:

• T CDM D. W A  I H P,  A TW O  γ-CR13.

• T P  χ A P. W A  MED P M, W P  B F 
 C   V D-14. I F a’, b’  c’, K0  δ.

• T A B. W A C A B e+  e− F NW 
F-LAT D.

11E.A. Baltz and J. Edsjo (1999); J. Hisano et al. (2006); T. Delahaye et al. (2008); M. Cirelli, R. Franceschini and A. Strumia (2008).
12 I.Z. Rothstein, T. Schwetz and J. Zupan (2009).
13G. Bertone, M. Cirelli, A. Strumia and M. Taoso (2009).
14K. Cheung, P.Y. Tseng and T.C. Yuan (2009).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

F  PAMELA  F LAT D

T χ2 A

W D  χ2 V  F: χ2
A =

NA∑
i=1

(
Fobs

Ai − Fth
Ai

)2(
∆Fobs

Ai

)2 ,  FA =

{
Φe+ /

(
Φe+ + Φe−

)
 NA = 7  PAMELA,

E3
e+

(
Φe+ + Φe−

)
 NA = 26  F LAT,

W i R O  D P  E E A, “obs” [“th”] S  M [T P] V.

T B F P
P  χ2 AW F  E G F  PAMELA  F-LAT D  χχ→ µ+µ−.

A χ2
∣∣∣
min / mχ/ 〈σv〉/ 〈σv〉max/ Ωχh2

∣∣∣
SC /

M d.o.f TeV 10−7 GeV−2 10−7 GeV−2 10−4

χχ→ e+e− 95/31 0.58 4.6 2.5 5.8
χχ→ µ+µ− 24/31 1.28 19.5 16.5 1.4
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

I R

T P R F e±-CR A

T RW A F  95% [99%] ..   V E D   e±-CR  B F D

χ
2 . χ2

∣∣∣
min + 6

[
χ

2 . χ2
∣∣∣
min + 9.2

]
 χ2 =

{
χ2

1  PAMELA,
χ2

1 + χ
2
2  PAMELA  F LAT,

W χ2
∣∣∣
min C B E N B M  χ2 ..  I P, mχ  〈σv〉.

O C
L 〈σv〉’  J  P  BBN  H  I  CMB A S. L R
C   A I. C  O E:

• T BBN C15: 〈σv〉 ≤ 6 · 10−7 GeV−2 2mχ
Evis

mχ
1 TeV 

Evis
mχ =

{
2  χχ → e+e−,
0.7  χχ → µ+µ−.

• T CMB C16: 〈σv〉 ≤ 3.1·10−8 GeV−2

f
mχ

1 TeV  f '
{

0.7  χχ → e+e−,
0.24  χχ → µ+µ−.

• C   γ-CR17: 〈σv〉 .
{

3 · 10−6 GeV−2  χχ → e+e−,
4 · 10−6 GeV−2  χχ → µ+µ−.

A  I H P.

• T U C18: 〈σv〉 ≤ 8π GeV−2
( mχ

1 GeV
)−2
·

15J. Hisano M. Kawasaki, K. Kohri, T. Moroi and K. Nakayama (2009).
16S. Galli, F. Iocco, G. Bertone and A. Melchiorri (2009); T.R. Slatyer, N. Padmanabhan and D.P. Finkbeiner (2009).
17G. Bertone, M. Cirelli, A. Strumia and M. Taoso (2009).
18K. Griest and M. Kamionkowski (1990); L. Hui (2001).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

R

P A T

I A  A C  C D  F   mχ − 〈σv〉 P  F:
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S BBN S B H PAMELA (95% ..)
D CMB D B H PAMELA  F LAT (95% ..)
D U S R H PAMELA  F LAT (99% ..)

D-D γ-CR L G S CDM C

A S I   e±-CR A C   V C   A  
RW T G S A O T L O B  D L (W T a = 0.5, TI = 109 GeV).
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

F S

W C  E   e±-CR A C   N  O C. T
B-F (mχ, 〈σv〉)’W S  M S (CMB) B  A   T:

F  PAMELA A F-LAT D
χχ → e+e− χχ→ µ+µ−

mχ (TeV) 0.258 1.12
〈σv〉

(
GeV−2

)
1.14 · 10−7 1.44 · 10−6

χ2 − χ2
∣∣∣
min 177 9

Ωχh2
∣∣∣
SC 0.0022 0.00019

C  P Y Ωχh2 = 0.11I T QKS  a = 0.5  TI = 109 GeV
b 0 0.2 0.32 0 0.08 0.18

H̄I/1053 0.76 1.2 0.96 3.1 3.4 4.7
TKR (GeV) 0.07 0.03 0.04 0.019 0.005 0.009

F R

• T R F  PAMELA  F LAT  χχ→ e+e− C B E.
• P   R F  99% ..  PAMELA  F LAT  χχ→ µ+µ−  A.

F  B-F (mχ, 〈σv〉)  O χ2/d.o.f = 33/31.
• T CDM R  B S  A  P   QKS. W O TKR < 0.07 GeV.
• I R  C O A P M19 W T A C   χ A  µ+µ−

W  D 〈σv〉 D S-CW T ()P S.
19D. Feldman, Z. Liu and P. Nath (2009); R. Allahverdi et al. (2009); C. Balazs, N. Sahu and A. Mazumdar (2009)...
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

C   F  PAMELA  ATIC DATA

P  S χ2 AW F   F  PAMELA  ATIC D    χχ→ µ+µ−  
χχ→ e+e−   R 〈σv〉  C  〈σv〉max. A, χ2

∣∣∣
min /d.o.f   F  PAMELA  F-LAT D 

L      F  PAMELA  ATIC D.

A χ2
∣∣∣
min / mχ/ 〈σv〉/ 〈σv〉max/ Ωχh2

∣∣∣
SC /

M d.o.f TeV 10−7 GeV−2 10−7 GeV−2 10−4

χχ → e+e− 67/26 0.74 7.14 3.3 3.8
χχ → µ+µ− 76/26 2 28.6 26 0.97
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I A T QM WIMP R D e± -CR F χ A C   mχ − 〈σv〉 P C

C   mχ − 〈σv〉 P
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2 )
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(c )

F  PAMELA A ATIC D
χχ → e+e− χχ→ µ+µ−

mχ (TeV) 0.47 2
〈σv〉

(
GeV−2

)
2.1 · 10−7 2.6 · 10−6

χ2 − χ2
∣∣∣
min 15.8 1

Ωχh2
∣∣∣
SC 0.0012 0.0001

C  P Y Ωχh2 = 0.11 I T QKS  a = 0.5  TI = 109 GeV
b 0 0.2 0.32 0 0.08

H̄I/1053 0.88 1.35 1 3.5 3.7
TKR (GeV) 0.06 0.03 0.097 0.017 0.005
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