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Standard big bang nucleosynthesis (SBEBN)
@n<p equilibrium (n/p)eq=exp(-Q/T) Q=m,-m,=1.293MeV
@t~1sec, T=T~1MeV(week Interaction freeze-out) (1mMev=1.16x10

v'Neutrinos decouple from photons (x--v—A(.e*e' «— V7)
v'n—p reactions freeze-out
v'eTannihilate (T~m_./3)
(N/P)sreeze-out=€XP(-Q/Tg)~1/6
@ Nuclear reactions freeze-out—final abundances
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(Mathews et al. 2009) ) X
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SBBN prediction and observation

Standard BBN: only parameter : baryon-to-photon ratio 1

3 min. after the Big Bang ) ¢
g 0% J
. % s | *He ) =
[lconstraint on n by WMAP E SIILILILLLLRNAN S TN N
= 024 = S
N=(6.14+=0.25) x 10-10 = /
(Spergel et al. 2003) . L Lo o B
E mé*’ﬁ
Li problem! <=
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SLi & 7Li problems

’Li observed abundance of
Metal-Poor Halo Star is a
factor of ~3 smaller than - ﬂ] "Li problem
CMB+SBBN prediction. e

Asplund et al. (2006)
7 "
Liggn

Possible high plateau
abundance (+upper limits) | i i
of 6Li has been detected. A

"Li/H=(1.1-1.5) x 10-10 - Old stars ~ primordial ? 210°
6Li/H = 6 x 10-12 ~_ SLiproble

Candidates of differences -2.0
i - o
[6L|] depletion in stellar atmosphere ; T T
IIIII I&gslog,osmlc ray nuclear fusion a+« with large 5Li depletion |
cosmological origin ? (Richard etal. 2003)




BBN with Negatively-Charged Massive Particles

v'Charged particle X" binds to a nucleus Ato form Ay (Cahn & Glashow 19¢
v'Constraints on such particles (Rujula et al. 1990, Dimopoulos etal. 19¢
v’ Enhancement of the ®Li abundance by “Hey(d,X")°Li (Pospelov 20C
v'Calculation with a quantum three-body model (Hamaguchi et al. 20(
v'Details on related physics e.g. recombination (Kohri & Takayama 20(
v Enhancements for *Hey(t,X"), *Hex(*He, X), SLix(p,X") (Cyburt et al. 20(
v'"Be destruction by "Bey+p=>8By*3(n=2,1=1)>8Bey+y

(Bird et al. hep-ph/07030!
v'Late time CBBN (Jedamzik 2008a, 200¢
v'°Be production by 8Bey+n=>°Be*"(1/2+)>°Be+X"

(Pospelov arXiv:0712 .06«

Goal of study

@Check if the SLi and 7Li problems are resolved
in dynamical BBN calculation taking account of
recombination of X- by nuclei as well as
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many possible nuclear reactions of X-bound nuclei.



BBN with Negatively-Charged Massive Particles

v'Charged particle X" binds to a nucleus Ato form Ay (Cahn & Glashow 19¢
v'Constraints on such particles (Rujula et al. 1990, Dimopoulos etal. 19¢
v’ Enhancement of the ®Li abundance by “Hey(d,X")°Li (Pospelov 20C
v'Calculation with a quantum three-body model (Hamaguchi et al. 20(
v'Details on related physics e.g. recombination (Kohri & Takayama 20(
v Enhancements for *Hey(t,X"), *Hex(*He, X), SLix(p,X") (Cyburt et al. 20(
v'"Be destruction by "Bey+p=>8B,*3(n=2,1=1)>8Bey+y

(Bird et al. hep-ph/07030!
v'Late time CBBN (Jedamzik 2008a, 200¢
v'°Be production by 8Bey+n=>°Be*"(1/2+)>°Be+X"

(Pospelov arXiv:0712 .06«

Goal of study

@Check if the Li and 7Li problems are resolved
in dynamical BBN calculation taking account of
recombination of X- by nuclei as well as
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many possible nuclear reactions of X-bound nuclei.



1. Binding energy'of nuclides with X-

[Assumptions]
# X" has spin O, charge -e, mass my>>1 GeV
#®Nuclides have Gaussian charge distributions.

plr) = Ze(fi::**ﬂ2 )_3 : exp(—r: rﬁl) = <?;'>

Two-body Schradinger equation mean square charge radius

[bvl V) - E}%m(r) -0
2u

Ze [

- ;i 4 .- |
V)= pr)—d’r ===erf (/1) a_
1

We obtained binding energies by variational calculation nuclide /
(Gaussian expansion method, e.Hiyama et al. 2003)
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Binding energy

nuclide p RMS (i) Reference Eging (MeV)
H 0.875 = 0.007 Yao et al. (2006) | 0.025
’H 2116 + 0.006 Simon et al. (1981) 0.049
H 1.755 £ 0.086 | TUNL Nuclear Data Evaluation 0.072
‘He 1.959 = 0.030 | TUNL 0.268
‘He 1.80 £0.04 | Tanihata et al. (1988) 0.343
SLi 248 = 0.03 Tanihata 0.806
71 243 +0.02 | Tanihata 0.882
8Li 242 =002 | Tanihata 0.945
°Be 252 =002 | We took "Be radius 1.234
Be 257 34 002 Tanihata 1.324
‘Be 252 +002 | We took "Be radius 1.401
‘Be 250 =0.01 | Tanihata 1.477
B 2.68 =0.12 We took 2B radius 1.752
B 268 =0.12 Fukuda et al. (1999) 1.840
T oB 268 =012 | We took 2B radius 1657




2. Nuclear reactions of nuclei bound to X-
(only non-resonant reactions)

»Neutron capture: (n,7) reaction
G, v~const.~<G, v>
BA(Nn.7)B reaction rate is used for Ay(n.7)By rate.

» Reaction of charged particles:
Rate

7.2x1077 - E0=0.12(Z4°Z,°A)""T4?"> Me\
<crv> = — te S(E, )ecm’s™ Ey=E,+5T/6
— 1=3E,/T

m\Ve correct nuclear charges (Z4. £,),
reduced mass number (A=A,A/[A+A5]), and
used S-factor: S(E)=c(E)E exp(2nZ,Z50/V)
of the corresponding reaction.
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m\Ve changed reaction Q-value taking account of binding energy.



3. X- transfer reaction “Hey(d,X")Li

~Pospelov (2007) suggested that the rate of X- transfer reaction *Hey(d,X")*
is enhanced by 7 orders of magnitude more than that of “He(d,y)°Li

m\We adopted the precise cross section for *“Hey(d,X")°Li calculated in a
quantum three-body (*He, d ,X) model by Hamaguchi et al. (2007).

- In “Hey(d,X") SLi reaction, the component of the transition from the s-wave
of “He«-d to the s-wave of °Li-X- dominates

4. 'Bey(p,7)By through atomic excited state of 2B,

»Bird et al. (2007) suggested that the =
resonant reaction 166 keV
"Bex+p2>8By*3(n=2,1=1)>°By+y

contribute to destruction of "Be.

8By *2(n=2, |

"Bey+p

m\Ve adopted this process, and added
die?Bey (p,7)° By reaction through |

Aatamir aveitard ctate AF 90

SBX



Possible reactions

»Atomic excited state of a nucleus and X-
(e.g., 'Bex+p=2>8By*3(n=2)>EBy+y
- Bird etal. 2007)

~Atomic state between a nuclear excited
state and X-
(e.g., 'Bey+p=>eB*(1+)x2>8By+y
MK et al. 2007)

» X" transfer reaction through an atomic state |

to a separate state
(e.g., EBey+n=>°Be*(1/2+)y>%Be+X
, Pospelov 2007arXiv0712.0647)

irsa: 08050054

E
! °B*(1%)x
|
_£Bx*3(n=2,1=1)
166 ke |
— |
=
| BescHp E1) 819 kel
|
LE
EB)(
‘ 9Be*(1/2%)y
BRo. L_
HEREN 32 | 9Be+)

“Bey
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Possible reactions

E
»Atomic excited state of a nucleus and X- T BT )k
(e.g., 'Bex+p=2>By*3(n=2)>EBy+y j
- Bird etal. 2007) 1@'&%/2%32* .
. |
»Atomic state between a nuclear excited "Bex+p =1 ik
state and X"
(e.g., 'Bex+p=2°B*(1+)y2>8By+y
. MK et al. 2007) | 2¢
N __J | BBX
» X transfer reaction through an atomic state
to a separate state %Be*(1/2%)x
(e.g., S Bey+n—=>°Be*(1/2+)>°Be+X _—
, Pospelov 2007arXiv0712.0647) 8Bey+n ;_
3/2 | °Be+)

‘ gBeX
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"Bey(p,y)®By through B*(1*)y

~ Resonant reaction rate:
2T 11 L1

3/2
| LA E
<_5"3’R i @ EXP| — O = |
-- 1, T , kT T QL +DQL+D) T,

I, y-decay width
[, decay width into 2 charged particles of relative angular momentur

o

\1/2
ﬂh 2 fa 1,2 B B 3 ]_'\ _T i
} et O E Y expl BE ™Y +1.05(4Rz.2.)" 2 —7.62(1 + =V (ARz.z.) ">
i R(_‘,qu] A C p[ ( I.ﬁ) ( 2)( = .ﬁ)

R=1.4(A,3+A,"3)x10"3 cm interaction radius

M, atomic mass unit

0,2 dimensionless reduced width
E-.=1.44 MeV fm z,z,/R height of Coulomb barrier
b=31.28z,z,A"= (keV'?) Sommerfeld parameter

@We deduce the spin parity for 8B(0.770 MeV) to be I”=1* from the conjugat
P ogftalog state of 8Li(1*, 0.9809 MeV) and "Bey+p>8B*(1%)y2>8By+7e

e T S g ) . Y



~0,2=0.82 from a standard resonant rate for "Be+p—>28B*(1*)—>EB+7
~1',=25+4 meV (Ajzenberg-Selove 1938)

~Correcting the charge, reduced mass, and energy, we obtain

. & i e s _
(E, [keV) -

m\Ve assumed (MK et al. 2007) uniform charge
distribution of radius ry=1.2A"3 fm
(Cahn & Glashow 1981).

—)Eth=O.IVIeV " SB*(']"')}(
th —
mlf E;,~30keV, this reaction channel - /”%
contributes to destroying "Bey Bex+p

mBut this resonance is found to be too high

~te-aperate effectively. N -
(MK af al 2002) Bx




~0,2=0.82 from a standard resonant rate for "Be+p—>8B*(1*)—>eB+7
~1'=25+4 meV (Ajzenberg-Selove 1938)

~Correcting the charge, reduced mass, and energy, we obtain

L, ~17x10°%Vexp| —— 2
(B, k=N
NOD32 - =5 . oy

m\Ve assumed (MK et al. Q) 7 rmonozia.

distribution of radius r,=1 -
ji=a
=2>E,,=0.MeV 9B*(14),
=

mlf E;~30keV, this reaction channel ——

contributes to destroying "Bey Bex+p
mBut this resonance is found to be too high )
~te-@perate effectively. I A

(MK at al 2002) 8By



~0,2=0.82 from a standard resonant rate for "Be+p—>8B*(1*)—>EB+7
~1.=25+4 meV (Ajzenberg-Selove 1938)

~Correcting the charge, reduced mass, and energy, we obtain

E. sl pdaiteyen— -
(Ey/ keV) -

m\Ve assumed (MK et al. 2007) uniform charge
distribution of radius ry=1.2A"3 fm
(Cahn & Glashow 1981). |
L

> E,=0.MeV sB*(1%),
Ew =
mlf E;;~30keV, this reaction channel - e
contributes to destroying "Bey Bex+p

mBut this resonance is found to be too high

~te-aperate effectively. — e
(MK af al 2002) Bx




SBBN

t: time
ﬂ_ radiation dominant

new Processes

T(t)>p,p., 92, @ (y,e*, v, baryon)

l dl dT
sHubble expansion rate
sreactionrate »====x==- +SBBN(88) 1
l srecombination
snew BBN

S

- abundance change rate

dy,
dt
L

srecombination process of X

\ - - -
E ionization

—'%ﬁombination

== Vcﬂul

shew BBN reactions of X-bound
nuclides

Including e*Hey(d,X")°Li
.?Be)('i‘p%BB}{*a 9 BBK'I"
.BBE)('Fp% QB}(*E 9 QB}("'“

T(1), n(1), de(t).Y,(t)
time integration
(279 order Runge-Kutta)

dy, d};} +(cﬂﬁ

dt dt /SBBN \ dr fgi?;
dy, . _(dYﬂ] _[dﬁ J
dt dt ) ,euseN dt Jre

“ 101
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Nuclear reaction network
»Up to C isotopes included

N

‘Bex— Be;x— *Beyx — “Bex

3Hne:‘,;,{ —h"’He-,,X
Effective reactions
*Hey(d,X)eLi
5Liy(p,°HeX)*He
*Hey(t,v)"Lix & "Lix(p,aX)*He
"Bey(X%7Li
?Be}{(pgq{)BBx Page 19/30
SR,.I"EL"'U \BREL,
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Precise reaction rates by Prof. Kamimura et al.

MK et al. (2008) Kamimura et al.
~*Hey(d, X)L Hamaguchi et al. (2006)
7 *Hey (t.X) L 0 smaller than rates
~*Hey(*He. X")'Be (in Cyburt (2006) ]
#OLiy(p.aX)*He Deduced from SBBN similar
# "Lix(p.aX)*He Deduced from SBBN ~1/3

~ "Bey(p.7)®By Bird et al. (2007) mass dependence
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Abundance @ #Hey(d,X")5Li resSult Nuclear flow

log(X, Y, A/H)

log(A/H)

IIIII

D -,._:__.._ T S T F U

] = | on,=0.1n,, T,=%
_E L |
. (@ \\ | | *Hex(t XYL
D/H
| = /\/ *Hex(*He X")'Be
8 L . . o ne;g |

Kamimura (myx=50, 100, 500 Ge
Kamimura (my= =)

i ] HHey (tX), *Hey(*He X°) rates =(
. | (MK et al. 2008)
H *Hey(t,X), *Hex(*He X)) rates

1 _,*._,__7__ — S — by Cyburt et al. (2006)
-2 r HeX =
L ?{Bb}e X)Be 7Be,+p>8B,2>8B, +v (Bird et al. 2007
. = e (TBex+p>8B’(1%,0.77MeV) By +y
! is unimportant!)
- I ™ 3
ol "BeX eX

12 + "LiX 1
0805(%954 \ Page 21/30
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Parameter search 0

8Li/H, "Li/H
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Parameter search 1
+m,>500GeV

Contours of calculated Li abundance relative to
the observed value:  d(ALi)=ALic2lc/AL{Obs

10 T T T LEEE R L ™1 TT1T -r= T T T T T

;

_ $
B

Lifetime tx
8 L % d(®Li)=10

| production

i

log 7y (sec)
o)
|

107 10% 10° 107* 10° o001

X Abundance Yy=ny/

Possible parameter region leading to ......
71 i dactriiction and 61 i nroduction !

X



When

2ak boson exchange reaction

X0 (Bird et. al 2007) is included

Parameter search 2 |5,
Contours of calculated Li abundance reI;iBro\,lTLl(P a)*He
the observed value:  d(ALi)=ALiCalc/AL{Obs "Li(X",7) Lix(p,aX)*He
1]—6 1 x10 1t
10 - — =
l }
| -
Lifetime tx ! :
AN desimcﬁm{
F I
B) |
> 6 | production 'I
4_ -
< 7
10 10
Abundance Yy=ny/

Possible parameter region leading to ......
71 i dactriiction and 61 i nrodiiction !



(@

We calculated light-element nucleosynthesis during BBN with

negatively-charged X" particles dynamically with precise reaction rates
derived by Professor Kamimura.

(@

“6Li problem (a factor of ~10%) and/or "Li problem (a factor of ~3) is

resolved.”

» Related parameter region: Yy > 0.04-0.6 and tx=(1-3)x103s

» X particles enhance the production of °Li through *He(X",7)*Hey
followed by the X- transfer reaction *Hey(d,X")°Li (Pospelov 2007).

» 'Be+p—=>2By*2>°B,+y through the atomic excited state of By (Bird
etal. 2007).

@

Quantum mechanical model calculations are necessary to estimate

reaction rates of catalyzed BBN and obtain realistic results of light
element abundances.

» Transfer reactions to produce “Li and ’"Be are not so effective |
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Parameter search 2 |75, 730 Bird et al 2007) is included

When weak boson exchange reaction

Contours of calculated Li abundance reI;iEro\)[TLi(pﬂ)“He

the observed value:  d(ALi)=ALic2lc/AL{Obs

Lifetime ty

Pirsa: 08050054
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7Li(X- )7 Li(p,cX ) *He
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Parameter search 1

+m,>500GeV
Contours of calculated Li abundance relative to
the observed value:  d(ALi)=ALic2lc/AL{Obs
n=6.1 x10-1¢
sl i i 4 Sl o i Bt
I :_
Lifetime tx : : |
8 - | d(®Li)=10
! J
4 2| 2 '
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When weak boson exchange reaction
Parameter search 2 "Be, {7Li¥X° (Bird et. al 2007) is included

Contours of calculated Li abundance reI;iEtcr\){TLi(P,ﬂ)“H?
the observed value:  d(ALi)=ALiCalc/ALObs "Li(X,7) Lix(p,aX)*He
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Abundance | “*Hey(d,X")ELi =S|l Nuclear flow

0 — v SR T *_..,.,.,._.._,. e e

- N/H l " ‘nx:O-‘Inb: By 1
—2 = - |
4 (a) TD»H / 4Hex(t,X')7Li

= \ — ” *Hex(*He, X")'Be
'::_ 6 j “_T/H J }\/ '
< g / f' g Kamimura (my=50, 100, 500 Ge
g Be/ | | Kamimura (my= =)
’ ‘!— ] *He(t,X), *Hex(*He, X") rates =(
Sy | (MK et al. 2008)
' ®Li/H j *Hey(t,X), *Heyx(°*He, X") rates
o _--,_,._.7—— i R — by Cyburt et al. (2006)
_E : 5 *HE:{ |
L ;Bb}e X)Be - 7Be,+p>8B,'2>8B, +v (Bird et al. 2007
o L ("Bex+p>8B(1+,0.77MeV)>8By+y
e, 1 is unimportant!)
& -8t X 5
e I "BeX eX

1T

—12 + "LiX .
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Precise reaction rates by Prof. Kamimura et al.

MK et al. (2008) Kamimura et al.
~*Hey(d, X)L Hamaguchi et al. (2006)
7 *Hey (t.X) L 0 smaller than rates
~*Hey(*He. X)'Be (in Cyburt (2006) )
#SLiy(p.aX)*He Deduced from SBBN similar
# "Lix(p.aX)*He Deduced from SBBN ~1/3

~ "Bey(p.7)®By Bird et al. (2007) mass dependence
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