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George Gamow'’s predictions in 1948

1. If the Universe began from the Fire Ball of
hot Big-Bang and then expanded, we can
detect today the Cosmic Background
Radiation of T=5K'!

—2.7K CBR was discovered by

Penzias & Wilson (1965)
—CMB anisotropies by Smoot & Mathar (1992)

2. In the early hot Big-Bang Universe were
created (hopefully) almost all atomic nuclides !

“He & ’Li, discovered by astronomers (1980’)

Observational Signature === Big-Bang Nucleosynthesis !




The Power of BBN is that the Physics is Accessible
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Reaction Network

for Big-Bang
Nucleosynthesis
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Nuclear Statistical Equilibrium (NSE)

Zp+Nn @gmumdP \(ZN)+7y

nuclear mass A is the sum
of protons and neutrons A=Z+N

EINP S
Zp, + N, =py + by (<0)
Ya = Na/ng = ga(MT/27)%2 exp{(pa—ma)/T} /ng

1 Binding Energy
of Nucl\eusA
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NSE Equation
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Entropy/Baryon: S=10*7 (in Big-Bang), 10*? (in Supernovae)
H, D,34He,% L] Fe-Co-Ni




Beryon-to-Photon Ratio, n = ng/n,,

vs. Entropy per Baryon, S/k

Entropy density = s
s = 2n%/45-g*-T3 + s(NR)

g* =) gg(Te/T)* + 7/8) ge(TL/T)*

Bosons
Photon number density =n,

n, = £(3)/m? 'gY-T3

Entropy per Baryon = S/k
S/k = sy/nB = 3.6 nY/nB =3.6n!

| |

Early Universe 10°  m =ng/n =107

Fermions

Q:h? =3.73x10'n



Big-Bang (Primordial) Nucleosynthesis
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CMB (WMAP)
Baryon to Photon Ratio 7| x 10

Big-Bang Nucleosynthesis
D, 3He, “He and "Li

-10

O
29
o

Y, - Extragalactic HIl Regions & oz |
0.240 <Y, < 0.244
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D - QSO absorption systems
2.4x105<D/H< 3.2x10°5
Kirkman et al. (2003)
WMAP

x 10710

Li - Halo Stars
0.91x19<7,i/H< 1.91 x1010
Ryan et al. (2000) 0.01 0.02

Baryon Density Qbh2

Number Fraction Number Fraction *He Mass Fraction
x 107




BBN and Particle Physics

Smith, Kawano & Malaney, ApJ S85(2003) 219; Mathews, Kajino & Shima, PRD71 (2005) 21302 (R).
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Effect of Neutro-Life on BBN-*He : 2p + 2n— “He
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Plateau like HIGH ¢7Li ABUNDANCE --- primordial ?

Abundance scatter is too small

'Solar “Li

lial BBN process ?

N\
N\

7
to accept DEPLETION of factor 3! /LIBBN
3.0
T = 1~3x106 K BBN prediction /
2.5 1> 3 A A
.. . S PN WY ST S———
20| A 4 T A
Observed 7Li -~ _—~7-~
- ’..# o . ,—"'-/'-; ]
1.5 ' T
| s
ol @y L gel S bl B
7 .‘I-.:.- . " L //__,.-'"'; . WY
05 22 AR P ® Observed Li
A
2 AT .
- >103 NEW primor
SUBARU OBS. 0o .~ 10 P
Inoue, Aoki et al (2005) L B . ,
0 2.5 2.0 1.5 1.0 0.5 0.0
Ve /H Ve
2 B ~
BBN prediction
-2.0 \
Asplund et al. (2006). ApJ 644 (2006) 229. 6|_iBB|\I
-3.0 -2.0 -1.0 0.0

[Fe/H]



How to solve HIGH °Li primordial abundance?

Ellis et al. (1986); Moroi and Kawasaki (1994); Jedamzik PRL 84 (2000) 3248;

Cyburt et al., PRD 67 (2003) 103521; Ellis et al. PLB619 (2005) 30;
Kusakabe, Kajino & Mathews, D74 (2006), 023526, PR D76 (2007) 121302(R);

ApJ 680 (2008) 846

Cosmological Solution

1st possibility: SUSY Leptonic DM particles (Stau) X* are bound
to “He, ‘Li, ‘Be and catalize new BBN:

*He,(d,X)°Li,  "Bey(p,y)°By

2nd possibility: Decaying relic DM particles X decay to non-th y’s:

“He(yym,n)*He(*He,p)°Li,
“He(yymp)*H(*He,n)SLi.




SUSY-CDM Model
stau (scalartau) ( 7) immp X*-

1) Supersymmetry partner (boson) of the tau-lepton (fermion)
stau (spin = 0)
2) Gravitino = a candidate of the lightest SUSY particle (LSP)
(Fermion partner of the graviton, a cadidate for CDM)

Then, the next lightest SUSY particle (NLSP) stau decays!

3) lifetime ~ 1, > 10° sec (decay to gravitino)
mass ~ m, of order 100 GeV
4) charged lepton ; Coulombic interaction and weak interaction

Stau is expected to be discovered at LHC
at the early stage after the first beam.




A Binding energy of Ay

nuclide r.RMS (fm) Reference Eging (MeV)
1H 0.875 =+ 0.007 Yao et al. (2006) 0.025
°H 2.116 £+ 0.006 Simon et al. (1981) 0.049
3H 1.755 = 0.086 | TUNL Nuclear Data Evaluation 0.072
SHe 1.959 = 0.030 TUNL 0.268
“He X “He 1.80 = 0.04 Tanihata et al. (1988) 0.343
OLi 2.48 = 0.03 Tanihata 0.806
L 2.43 = 0.02 Tanihata 0.882
8L 2.42 = 0.02 Tanihata 0.945
°Be 2.52 = 0.02 We took "Be radius 1.234
Be x Be 2.52 £ 0.02 Tanihata 1.324
8Be 2.52 = 0.02 We took "Be radius 1.401
‘Be 2.50 = 0.01 Tanihata 1.477
B 2.68 = 0.12 We took 8B radius 1.752
8B 2.68 + 0.12 Fukuda et al. (1988) 1.840
°B 2.68 = 0.12 We took 8B radius 1.917




Binding energies of X-nuclei like *Hey

Assumptions

=» X has spin 0, charge -e, mass m,>>1 GeV
®»Nuclides have Gaussian charge distributions.

2
PF) = Ze(,7) ¥ exp (-1 /1) V=30

mean square charge radius
Two-body Schrodinger equation

{—hzvz +V(r) - E}%m(r) =0
21

n e Ze
V(r) = N—d’r=—erf(r./r
(1) jo ,0( )rl I (1 O) nuclide A

Gaussian expansion method, Kamimura, Kii & Hiyama et al. (2003)
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Cosmological Solution
i4 7
SUSY Leptonic DM (Stau) -
: © -8
“He, (d,X")Li 5
'‘Bey(p,y)°By 0
—12
Kusakabe, Kajino, Boyd, Yoshida, .
and Mathews, Phys. Rev. D (2008) —14 Ll
Pospelov (2007) O
Hamaguchi et al. (2007) |
Bird et al. (2007) =
—4
Decaying relic DM X § -6
“He(yyp,n)°He(*He,p)oLi & °
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S-factor {(eV-b)

Quest for Nuclear Physics

Stau-catalyzed °Li production in big-bang nucleosynthesis

K. Hamaguchi **, T. Hatsuda *, M. Kamimura®, Y. Kino ©, T.T. Yanagida*

Physics Letters B 650 (2007) 268-274

Radiative Fusion Reaction =)  X-Breakup Fusion
D T

He SLi
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Three-Body Clustering Wave Function
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‘Main Reactions in New
Big-Bang Nucleosynthesis ;T\J
Including X-Nuclel
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(1. 4He,(d,X)5Li VX B{ES: 16
2. SLiy(p,°He o)X vVX#& R 59
BETIBFE | 3. Hey(ty)'Lix & Lix(p.20)X (ZRHALE: 2)
4. "Be,(,XO)Li T 4
, : VX R EFIT: 3
5. Bex(p.y) By v'X-decay: 11
L 6. 8B,(,e"v.)®Be, y:




Cosmological Solution to both ®7Li problems

Kusakabe, Kajino, Boyd, Yoshida, and Mathews ApJ 680 (2008), 846: PRD 80 (2009), 103501.
80, 103501 (2009)

d(ALi)=ALiCalc/AL{Obs n=6.1x 1010

o °Li, solved !
_g 10 LRAL L B & rorrTrm LLLRLLIL LR L 'I""'r LR LR L
kS T 1H,("Be,X")eB
— .l d(eLi)=10 N / |
~ ", % IHe (t, X)7Li
H 2 ‘He,(3He, X")7Be
s e . | /
ap I
= : ' ‘Bey(p,y)®By
4
d("L)=1 7Lj, solved !
2
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7 6 5 —4 3 1' —
10" 10® 10° 10* 10° 0.0 Qcpu = 0.2

X-abundance Yy=n,/n, SOLUTION ! My < 110GeV



WIMP-nucleon o [em’]

Results from the Final Exposure of
the CDMS Il Experiment

Z- Ahmed et a.l- m i' k k - el 1 1 1 | L L
. DAMATIRRA allowed

(CDMS Collaboratlon) 150} CDMS exeloded ™ | e —

arxiv:0912.3592v1 _ ||-——XENONIO0 cxluded

W M, <20 GeV —110GeV

. ‘ When we include 'Bey — ’Li+X, in addition to 'Bey+p — 8Bay
° — 8B+ y and 'Bey + p — 8B(1+,0.770 MeV), — 8B, + .
Kusakabe, Kajino, Yoshida & Mathews, PR D81 (2010), 083521
m -.-.-.-: e




How to solve HIGH °Li primordial abundance?

Ellis et al. (1986); Moroi and Kawasaki (1994); Jedamzik PRL 84 (2000) 3248;

Cyburt et al., PRD 67 (2003) 103521; Ellis et al. PLB619 (2005) 30;
Kusakabe, Kajino & Mathews, D74 (2006), 023526, PR D76 (2007) 121302(R);

ApJ 680 (2008) 846

Cosmological Solution

1st possibility: SUSY Leptonic DM particles (Stau) X* are bound
to “He, ‘Li, ‘Be and catalize new BBN:

*He,(d,X)°Li,  "Bey(p,y)°By

2nd possibility: Decaying relic DM particles X decay to non-th y’s:

“He(yym,n)*He(*He,p)°Li,
“He(yymp)*H(*He,n)SLi.




Theoretical of X decay: X 2 vyt

Ellis et al. (1986); Moroi and Kawasaki (1994);Jedamzik PRL 84 (2000) 3248; Cyburt et al., PRD 67 (2003)
103521; Ellis et al. PLB619 (2005) 30; Kusakabe, Kajino & Mathews, D74 (2006), 023526.

Spectrum of non-thermal yyr p, (E,) Two Parameters

Primary yyr interacts with CBRs -
Pair creation (yy,,—~e’e”) Life time of X Ty
Inverse Compton (e*+y,,—e*+y)

Then it degrades its energy by: Number density % Ey of X
Compton scattering (y+e*, —y+e™)

Bethe—Heitler process (y+nuclus,,—~e*+e™+nucleus) oy c
Photon—photon scattering (yy,,—vy) &x o 70
/4
Reaction process
Rate equation dy Z P (A + Y, Py
- A A(P)' V1p N, (P)! 7in | + SBBN
3/2
nOé/x l o0
Ayl = (-t/7y) N>5(E, )lo,.ar (E,
[Ar]s Tx (ZHrtj Xp X _!{ E N, ( /)J ,+AHP( )
Photon # density B H = 87Gray

r 3
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BBN Light Elemental Abundance Constraints on X particle properties
Kusakabe, Kajino & Mathews, Phys. Rev. D74 (2006), 023526.

"Li low ‘He low

E
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Constraint from the CBR energy spectrum

Radiative decay causes CBR distortion from

black-body distribution by e*ygs2>e*y
Hu & Silk 1993, Feng et al. 2003

‘ Another Constraint

1{}_5 T T

1078

1077

Excluded by
CBR

1078

abundance parameter
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Plateau like HIGH °Li ABUNDANCE --- primordial ?

Factor 2~4 stellar depletion ? .
Abundance scatter is too small to accept DEPLETION ! ;LIBBN

Cosmological radiative decay of
relic CDM X partciles
or
New burst of BBN on leptonic
X-bound nuclei

can resolve
both SLi+’Li problems!

Relic X = progenitor of CDM

__.~""4He(yNT,n)3HéK‘£:He,p)6Li,
. *He(yyr,p)*H(*He,n)°Li.

Experimental Cross Sections,
well known ?
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Exp. Data vs. Theor. Calculation

Shima et al. Phys. Rev. C72 (2005) 044004, 4HE[T:P}3H

| ' [ ' '
Lundergan & Ehalﬂn
Efros et al.
Sandhas et al.
Cyburt et al. (fit)
® Shima et al. 7
e Experiment using real-y !

¥ .':_: ., v = laser-Compton photons _

Absolute Yields !
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Cross Section [mb]




Kusakabe, Kajino, Yoshida, Shima, Nagai, and Kii, PRD 79 (2009), 123513.

4He(§,'\',}”;n)3He(4He,p)6Li

V] ' ' | '
M (a,n)8Li
1 N, /N ¥ (20MeV)
2 _
\ Previous 6Li , unaffected by ungertaity
\ at low energy.
I \ p 3 ]
He(y,n)"H
\ ely.n) He ®*He(a,p)°Li
\
“He, legs destroyed. \ |
SHe, morg produced.
“Shjma’
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Kusakabe, Kajino, Yoshida, Shima, Nagai, and Kii, PRD 79 (2009), 123513.
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RFEO—FREFICEATHS=2DFAHI

Kusakabe, Kajino, Yoshida, Shima, Nagai, and Kii, PRD 79 (2009), 123513.

o =j: o(E,)dE, = o (1+x)=59.74x(1+x)

27°e’h NZ m) A
/GTRK: ﬂmc A K<<\P0[Dz,[v’Dz]]\Po>x(hszZ
Thomas-Reihe-Kuhn Meson-exchange current

QM calculation x=0.67~1.14 = o, =100~128 [MeV-mb]

0 G(E ) 2 82
Bremsstrahlung o= ““dE, =47 —x(¥,|D, D, |¥,)
B E ’ hc
Sum rule y

Az* e*> NZ
=i ap (1)) =262 <002 o

(24

1/2
Proton’s ms charge radius <r|02> =0.870+0.008 [fm]

“He’s ms charge radius <raz>1/2 =1.673+0.001 [fm]




Cosmological Solution to both ®7Li problems

Kusakabe, Kajino, Boyd, Yoshida, and Mathews ApJ 680 (2008), 846: PRD 80 (2009), 103501.
80, 103501 (2009)

d(ALi)=ALiCalc/AL{Obs n=6.1x 1010

o °Li, solved !
_g 10 LRAL L B & rorrTrm LLLRLLIL LR L 'I""'r LR LR L
kS T 1H,("Be,X")eB
— .l d(eLi)=10 N / |
~ ", % IHe (t, X)7Li
H 2 ‘He,(3He, X")7Be
s e . | /
ap I
= : ' ‘Bey(p,y)®By
4
d("L)=1 7Lj, solved !
2
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7 6 5 —4 3 1' —
10" 10® 10° 10* 10° 0.0 Qcpu = 0.2

X-abundance Yy=n,/n, SOLUTION ! My < 110GeV



Particle Physics Experiment tests Cosmological
and Astronomical Prediction !
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Conclusion

Big-Bang Nucleosynthesis provides “critical
test” for the particle and nuclear models of
weak interactions (neutron decay in quark
level) and even cosmological models
(through CBR constraints on DM particles or
th end of Inflation).

Relic SUSY particle - CDM model, if they are
bound in normal nuclel or radiative decay to
non-thermal photons, can solve both 6LI
and 7LiI problems in astronomy concerning
primordial Big-Bang nucleosynthesis.



