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Qutline
0) Introduction

1) X"-catalyzed « -transfer reactions
(xX)+d > SLi + X
(xX)+°3H > TLi +X
(xX)+3He > "Be +X
2) X"-catalyzed radiative capture reactions
non-resonant: (‘BeX)+p > (CBX)+ 7r
resonant: ('BeX)+p > (®BX)3> (PBX)yg+ 7
3) X -catalyzed 3-body breakup reactions
PLiX)+p > a +°He +X
("LiX)+p 2> a+a +X
4) Late-time CBBN reactions with (pX )
(pX)+CLi > a+°He +X
Pirsa: 08050053 (p X ) + ?Be % BB + X Page 2/86
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| understand that
my role in this workshop is

to report fully-quantum three-body calculation of

various Catalyzed BBN reactions related to

production and destruction of ®Li and 7Li +/Be
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BBN reactions catalyzed by

a long-lived negatively-charged massive particle,
denoted as X~

A candidate of X~ particle is a SUSY particle stau.
(Hamaguchi et al. PL 650 (2007) 268)

But, in this talk, | always refere to X-.

Discussions about stau will be given by
Hamaguchi in this afternoon.
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0) Introduction

1) X"-catalyzed « -transfer reactions
(aX)+d > SLi + X
(xX)+°3H > TLi +X
(xX)+3He > "Be +X
2) X"-catalyzed radiative capture reactions
non-resonant: (‘BeX)+p > ((BX)+ 7
resonant: (‘BeX)+p > (®BX)3> (PBX)g* 7
3) X -catalyzed 3-body breakup reactions
PLiX)+p > a +°He +X
("LiX)+p 2> a+a +X
4) Late-time CBBN reactions with (pX )
(pX)+®Li > a +°He +X
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An important point in the study of CBBN reactions is that

there Is. and there will be.

no experiment on the reactions.

Any calculation of the CBBN reactions is

not a kind of analysis of existing experimental data,

but Is just a 'prediction’ with no experiment in future.

Theoretical prediction on CBBN reactions is then

heavily responsible for the network calculation of BBN.

~laerefore, you might have questions to me such as v



"Does your 3-body calculation have a predictive power?”

"If so, are there any successful examples of your prediction:

that were verified by experiments performed after

your predictions?”

“How accurate Is your calculation?”

Yes, our 3-body calculation has a predictive power.
There have been more than 10 examples of successful

predictions. But, | have no time to explain them.

lredRest example of the accuracy of our method for 3-body systemg,. .



The best example of the accuracy of our method for 3-body systems

Particle Listings 2007 (Particle Data Group)

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) and 2007 partial update for edition 2008 (URL: http://pdg.lbl.gov)

oroton E I(UP) = L(A+) Status: k% k%
VALUE (MeV) DOCUMENT ID TECN COMMENT
938.272029+0.000080 MOHR 05 RVUE 2002 CODATA value
e ¢ ¢ \We do not use the following data for averages, fits, limits, etc. o o @

038.271998 —=0.000038 MOHR a9 RVUE 1998 CODATA value
038.27231 =0.00028 COHEN 87 RVUE 1986 CODATA value
938.2796 = 0.0027 COHEN i3 RVUE 1973 CODATA value

antiproton P |mp—mp|/m)y

A test of CPT invariance. Note that the comparison of the P and p charge-
to-mass ratio, given in the next data block, is much better determined.

V CL% DOCUMENT ID TECN  COMMENT
@ 90 L HORI 03 SPEC PBe 4He and pe >He
¢ i -

This value was determined by our 3-body calculation eo .p
o Bosignificant figures) to analyze CERN's / . Page 9/86
He**
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Our calculational method for 3- and 4-body systems

Progress in Particle and Nuclear Physics, 51(2006) 223.(invited review paper
E. Hiyama, Y. Kino and M. Kamimura

[ Applications in CBBN ]

1] K. Hamaguchi, T. Hlatsuda, M. KaTimura, ¥ Kinlo and T.T Yapagida
Particle physics  Hadron ... Nuclear ... Atomic ... Particle ...
* Stau-catalyzed O production in big-bang nucleosynthesis *,
Phys. Lett. B 650 (2007) 268. € hep-ph/0702274 (Feb, 2007).

21 A paper on various CBBN reactions for SLi and "Li +/Be,

To appear in arXiv in June,

M. Kamimura, Y. Kino and E. Hiyama

7 Vi

Antiproton mass The winner of 2006 Yukawa Memorial Award
due to the above paper and
sa: 08050053 due to several successful predictions IN  rage e
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The next talk by Kusakabe

[3] Application of our CBBN reaction rates
to a BBN network calculation

M. Kusakabe and T. Kajino (NAQO)
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The next talk by Kusakabe

[3] Application of our CBBN reaction rates

to a BBN network calculation

irsa: 08050053

M. Kusakabe and T. Kajino (NAO)

________ =

Kamimura

}

Matsuse

l
Kajino
l

Kusakabe
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Section 1.

X -catalyzed « -transfer reactions

—— Reactions to produce 6Li, 7Li, 'Be —

(aX)+d > COLi + X
(aX) +°H-> 7Li +X

(aX)+3°He> "Be +X
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1) SLi production

CBBN 5
Pospelov, PRL 98 (2007) 231301 [hep-ph/0605215] Sggy ~ 1©
d+ (aX) — °Li+ X + 1.1 MeV 1.1 MeV
.d
= el - @

:6fm | :: > .

o’ X X-
(a X™) atom

|

Formation of (@ X~) atom at Tg ~ 0.1

Problem Is to calculate the cross section of

this reaction at low energies E.

irsa: 08050053 Page 14/86




Definition of astrophysical S-factor S(E)

Cross section g(E) = S(E) exp (—{)E_%) /E

i
i

p
d+ (zX) > 6Li + X TS CEiEHB

Maxwell-Boltzmann / penetration
Reaction rate s E
(o ) = (const. ) 5 {*\p (—— — bE “) dE
0 kL L

Gamow peak

Gamow peak forTy,~ 0.1

_ S(E) Is to be calculated at
—| E=10-100 keV

Y 10 50 100
Pirsa: 08050053 = [kEV] Page 15/86



d+ (aX") — °Li+ X+ 1.1MeV

1.1 MeV
d
£ =10 — 100 keV o o o/
O o 6 fm :> s .
d @ @ N

Once the potentials between any pairs of
the 3 particles are given,

this is a well-defined quantum 3-body problem.

Let us solve exactly the 3-body Schroedinger equation

and derive the cross sections at E =10 -100 keV.

irsa: 08050053
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3 sets of Jacobi coordinates

He He
r2 R2 RS-
T )
d X d X
c=2 c=3

3-body Hamiltonian

B fi®
H=——V —-
2 2M.

VE, + Vage-x(71) + Vate-a(7r2) + Va-x (73

3-body Schroedinger equation
(H — Et@t-)qj.]l[ —
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® « ]

o—| =m» o °

==10-100 ke

Important points:

1) This is a rearrangement reaction in which, by strong d- @ interaction,

a particle is tranferred to deuteron to form SLi.

2) Incident energy is much below the Coulomb barrier (~500 keV ).
Therefore, the reaction proceeds very slowly.
There Is enough time to have multi-step transitions
between the entrance- and exit- channels.

3) Furthermore, in the interaction region, the 3-particles easily take
. complicated configurations that are much different from

the antrance- and axvit-channal wave fiinctions

Page 18/86



E=10-100 keV

validity of Born approximation

| @ - dinteraction | <<E

But, orderof 10 MeVV >> 10-100 keV

Similarly to other CBBN reactions

Born approximation does not work at all.

Pirsa: 08050053 Page 19/86



==10 - 100 keV

Precise 3-body calculation to solve this type of problem is
usually a very difficult task of nuclear reaction theory.

But, inthe study of muon catalyzed fusion,
Kino and myself have experiences of peforming

such a 3-body calculation of low-energy

muon transfer reactions that are very similar to
the present « -particle transfer reaction.

irsa: 08050053 Page 20/86



Pirsa: 08050053

Section 1.1
Analogical reactions In

the muon catalyzed fusion ( 1z CF) cycle

A review article :

K. Nagamine and M. Kamimura,
Adv. Nucl. Phys. 24 (1998) 151.



low-energy d+ (aX ) — SLie X"+ 1.1 MeV

a - transfer reaction

o

d @ X

E ~10-100 keV |

low-energy t + (dyu) — (tp-) +d +48eV

U - transfer reaction

p Xy

-%.Q.001 eV --- 100 eV




Full 3-body calculation of low-energy transfer reaction
pcF: t +(dp-) — (tu) +d +48eV

cBBN:d + (X)) — SLi+ X + 1.1 MeV (u')
a
O—= l - e
(X") (X°)
c=1 Important: no other open channels c=2
(closed
‘I’Hf—O;lh(rl)\ﬂf(Rl)JFO (r))\ﬂf(R?’) LD.L{_{ e
e A

Scattering wave functions to be solved

Pirsa: 08050053 Page 23/86
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P (@) &
O = -1 11 - O
t @ 4 -

)]

Wrar —fJ (rl)\HI(Rl) 5t \fu(R?)*‘D;iTHH :

Pmax

(closed)
Wonr |5 Z bry ®iar o

gr=—1
—— 3-body complete set

The 3-rdterm,  U',7°Y | stands for all the
closed channels (virtually-excited channels).

This term Is responsible for all the asymptotically-vanishing
3-body amplitudes that are not included in the first two scattering terms.

heterm is expanded in terms of the complete set of 3-body basis funetions

T o e = i i - R



Wi = UH (r1) \,rw(Rl) (I") \I”(R:-) e wrl{;w” -

11111

(closed )
Lp!'\f _Z JFV(I:)I1L.|F.U

pr—1

Scattering boundary condition:

—

———

! im W, = u (rf.)[uf;”"(A}-.R...)fi,.l — :15‘,’? ,.u?‘;"]{f{r\R,.]]}’}M(R(.), (g =172

Fs—so0 \ 538 W o

The above is the most general expression of the transfer reaction.

How to solve it starting from (H — E., )W 2 =0
Is written in Hamaguchl et al., Phys. Lett. B650 (200Q7) 268.

s Z 2J 4+ 1) |“> _,| — S(F) = 01—2(FE) Eexp(2rn(E

We calculated the wave function using two completely different methods:
1) direct numerical method (finite-difference method) --- by Kino
2) Kohn-type variational method --- by Kamimura.

Pirsal 08050053 Page 25/86
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Full 3-body calculation of muon transfer reaction
t +(dy) — (tu-) +d +48eV

(closed)

(1) ¢ \ Y 2F .) .
W = o:_?fi.irx ) Xgar(R1) + 0g ¢ (12) Xoar(Ra) + [

—~ Y S .
o U | U r,
o
> R i” - ® - R >
t /d i ] | d ;
c=
=1
Large error of approximations
Full 3-body 2-ch CC  Born App. (the best version)
Ratio of | 1 : 30
-ross«sections | 1 . 4 page 26/66




| have no time to discuss more about the results
and accuracy of the calculation.

But | say, among several literature calculations of the muon
transfer reaction, ours is considered to be best
and has been used as the benchmark for comparison.

[here are examples of successful predictions, before masuremen
n the following muon transfer reactions
/la resonant molecular states

:dﬂ)l:«- -t= 3H(‘ — (d 3I_[O'”.)111{,:-1«_*::'111*: — (:EHO;I ) 1s T+ d T )
:f)ﬂ) s _LH(__‘ = (_[)_LHCJ“)lnulsng-ule % (_lH(-]!(-{)l-“ i P . )

irsa: 08050053 Page 27/86

Afterwards, experiments at KEK (1993) verified our prediction (1992).



Section 1.2

Result on
(aX)+d > 6Li + X

Pirsa: 08050053



>oulomb barrier—— d + (X)) — °Li+ X~ + 1.1 MeV

lo Coulomb — t + (dy-) — ({Au-) +d +48eV

barrier

The former is much more difficult to treat:

1) X~ catalyzed nuclear fusion takes place much below

the Coulomb barrier.

e, I
2) We have to treat simultaneously both S e
long-range Coulomb potential and © :_
short-range nuclear potential which is d .X'

the driving force of the transfer reaction.

3) We have to choose a good «@-d nuclear interaction
st €Xplain @ -d system well. page 29/86



@ —d system ade

1) B.E. of °Li # R
_ - dOoO—e
2) r.m.s. charge radius of d, @, °Li X-
3) SLi electron-scattering form factor 4) @ —d phase shift
10% - .
I :1
150 \
i &
107 ~
T i
= 5
S
-2| i
10 50
-3 1 i ! ! I I i 1 Id
107, % : 10

Pirsa: 08050053 (1 Page 30/86
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o
Now, we have B

1) good interactions among the 3 particles. 4@ & X

2) an accurate method to solve 3-body Schroedinger equation.

|

3) predictability for the property of the 3-body system.

(many successful examples)

Spin of d is ignored.
No problem in non-resonant scattering
with only one particle having spin.

In Section 2, spin is very important in the resonant reactior
(TBE X ) =+ P — (SB X)Zp — (BB x)15 + 7. Page 31/86
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e d+ (aX”) — ®Li+ X~ +1.1MeV

Calculated

astrophysical 60——MmMm ————————————————
S_factor f (“*He X ) +d — °Li + X~
=
% 40
Hamaguchi etal. =
PL B650 = |
(2007) 268. %53
20
---~~.,‘5_Samo'~,- peak at T,=0.1
% s 100
E [keV]
Reaction rate
Nay(ov) =237 % 10°(1 — 0.34T3) 11,‘2";3 exp (—5.33 I—U‘l ) em®s~ I mol™l.

Pirsa: 08050053 Page 32/86



=10 -100 keV

O——| w @

oo L] L 42) \ (2) (closed )
Vinm = Ug.. (r1) X ,rw[Rl ) T+ P\ B0 Xiar(Ra) + Wiy :

T Mmax
L ¢ B
Uiy = Z brv ®iar.

fr="1]

FullCC 2-chCC Born app. (the best version)

cross section 1

St
(ratio) .
;

12

Pirsa: 08050053 Page 33/86



Section 1.3

Result on

(@X)+t > 7Li +X
(aX)+3He> "Be + X

Pirsa: 08050053
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(aX)+d > SLi + X

big difference

(xX)+t > T7Li +X a.—ot

s s e i g
( ) o .—'O 3He



Result

d+ (aX™) — °Li+ X" +1.1MeV

Calculated
astrophysical 60——MmMmMM
S-factor f (*He X)) +d — °Li+ X
o
T 40
Hamaguchi et al. =
PL B650 = !
(2007) 268. %53
20r
---~-.,‘13«amo‘-, peak at T,=0.1
% s 100
E [keV]
Reaction rate
Na(ov) =237 x 10° (1 — 0.34Tp) IJ_-EJI:::'E‘XE.} (—5.33 Tg‘l *}  em®s ! mol™L.

Pirsa: 08050053
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==10-100 keV

O——| wm» @
i

)

I (1) (2 \ (2) (closed)
Winr = 0g4 (1) Xgar(R1) + 052 (r2) X i (Re) +Wir 7|

l 1 Vmax
| Closed )
Unr =Y by Puar.

L=l

FullCC 2-chCC Born app. (the best version)

cross section 1

=
(ratio) .
;

12

irsa: 08050053 Page 37/86
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(X)+d > SLi+ X

big difference

7Li

(aX)+t > 7Li+X @ .—’L 1Q :

Be

aX)+3He> "Be + X
( ) .—O 3He
L=



(eX)+t > 7TLi +X

small L=1
amplitude

- --.a’

ey =T . :
O L=0 L=P - _ O
' Ll ®

(s-wave incoming)

Dominant case (p-wave incoming) . 7L|
O-———|=c = @ = / @

=1 ® =0 .

t inge @2 . +

_rggs™section (S-factor) will be smaller than that in the 6Li production™&dttion.



(aX)+t > TLi +X

We determined 7L

the interaction between @ and t S
- ._,,O t

to reproduce M 1

binding energy , r.m.s. radius,

low-energy a -t scttering phase shifts.



(aX)+t > 7Li +X

(*He X))+t — "Li+ X~

- 1 ~10 % of 6LI productiol

S(E) [keV b]
¥

Reaction rate

Nadgv) =1.4 x 107 T, ® exp (—6.08 Ty *)(1 + 1.37¢ + 0,5576)

wl[\_.l



(xX)+3He > "Be + X

20 T T T T T T T T T T T T
i (*He X7) + *He — 'Be + X
| ___— ~30 % of 6Li productior
O P
% e Fa—waue
8 R
T
Ll
s
sS—wave
r e e, d-wave -
D ___________________ il _r_--_rrl-__ ."_:-:.;T-‘-'_‘ ;;;; _'l
0 o0 100 150
E [keV]
Reaction rate
1 2
= 3

Nalov)=94x10° T, pr( —9.66 7y ®°) (14 0.207y> + Q.05 7H)

Page 42/86



reaction S(E_0)

CBBN: (aX)+d > SLi + X 38 keV b

SBBN: a+d = SLi+ r(E2 2x10-®keV b +— NACRE
enhancement CBBN /SBBN =2 x 107

CBBN: (aX) +t > TLi +X 3 keV b

; ? .

SBBN: a+t > "Li + r(E1) DAKENE o paeee
enhancement CBBN / SBBN = 30

CBBN: (aX)+3He> "Be +X 14 keV b

SBBN: @ +°He > 'Be + y(E1) 05kevb <+«— NACRE

irsa: 08050053

enhancement CBBN / SBBN = 30
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ratio CBBN /SBBN

irsa: 08050053

reaction 3-body cal. Scaling rule
(aX)+d > SLi + X 2 x 107 7x107 9 x107
(@X) +t> TLi + X 30 1x10° 3x104
(@X)+3He > "Be +X 30 3x10° 8x104

/

Estimated by Estimated by Kamimu

Cyburt et al. using Eq.(4) of

Astro-h/068562 Pospelov PRL 89
(2007) 111

Page 44/86

| have no time to discuss about the scaling rule itself.



Section 2.

X -catalyzed radiative capture reactions

—— Reactions to destruct 'Be ——

non-resonant: (TBe x)Ep =2 (BB X)+ 7

resonant: ('BeX)+p > (°B X)2p > (¢B ) QTP ¢

very similar Bird et al. (hep-ph/0703096)

Prediction for KEK experimet

i})[.t')'[__-,- -+ 4[_[(7' —> ([)_LHCﬂ)mulecule — 7 (4H(-1/-£)1.W + P

‘di)1. + 3He — (d3Het)wovon. — (PHet)1. + d + A



non-resonant: (‘BeX)+p > (BX)+ 71

resonant: (‘BeX)+p > (®BX),, > (BX)+7 very intersting
mechanism

Bird et al. (hep-ph/070309¢

——————————————— —————————— 0MeV
Brx ____ — -0.138 MeV Reaction rate depends
| strongly on Eg as
, = ~1 MeV
- CBX )y | l, exp(-Er/KT)
(BeX )+ P — v coooeompee | Eg =168 keV
————————————— i - At Tg=0.3 (kT=25 keV),
50 keV-change of Eg
O changes the rate
: by factor of e?=7.4
50 keV is only 5% of
7
Be. B.E. (~1 MeV) of (°BX),,
p) P—-irsmosoosg_a' ® x- = One should calculate Eg, carefully

o
Tag st



8B nucleus |

B is one of the most extensively studied nuclei.

i) A key nucleus in the solar neutrino problem:

TBe+p—-BB+ : &

l

SBe(2+) + et +v

\

Kamiokande

ii) A typical unstable nucleus

used for radioactive ion beam

Pirsa: 08050053
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232 3%
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Structure of 8B nucleus

2.32 3"
1) "Be + p structure
Very weakly bound state (-0.138 MeV
o d ( ) o770 17
2) Proton halo (long-range tail) 0.138MeV  "Be+p
3) p-wave halo OMeV 2%
Large Q-moment SR
0%
4) Spin = 27 o .
P T B(="ge+p)
1,2 3’T2 é 10~ i p
T % F‘__..-"".“.'\l_=1
deares B 1
L=1 s | | ._
Q 3 \ 3 ek
> _t Charge \
spin-dependent B ?B.;\_
10 °F .
s potential 5 N\ Page 48186
0

10



Models for °B + X~ g

°B
One can consider the following 4-types of p O. :ETBE
models of the °B +X system Y

Model (i) The simplest case:
Assumes Gaussian-shape charge distribution of °B

Bird et al. (hep-ph/0703096).

"Be + p model

Model (ii) Assumes the proton-halo-type charge distribution of °B
but with the monopole part only.

Model (iii) Solves 3-body problem without spins
(the quadrupole Coulomb potential is automatically included).

Madel (iv) Solves 3-body problem with spins

Page 49/86



Nuclear potential between 'Beandp

The most popularly used potential proposed
by H. Esbenson PRC 70 (2004) 047603

to explain the energy, charge radius and "Be(p. v )88 reaction.

Model (iv)

(1) (1) : y (closed)
W jar = oo (1) Xoo (R1) [E;( Be) 5%(1).)} + Wi -

> JAT
K=
3127
1/2 I
) =1
172 | @ J=1",
: e =
@ - L=0 } L=1
i_ - D .':_.. :__::
irsa: 08050053 e Re S 0 n a n Ce Page 50/86
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O . E’f’Be
Sy X-
50
185 100
176 500
oo
J=1" m X
m ~dependence

( . U ) Page 51/86

Model (i) Gaussian-shape charge Energy of
Model (ii) proton-halo-type charge resonance
(monopole only) E
Model (iii) 3-body cal. without spins R
Model (iv) 3-body cal. with spins.
mx = 0O
En = ;
g n 174 J=2-|
Wccnsiuiuinl?” - S A = B " .
J=0 ; |
1130 J=0/
es sosoylOdel (i) (i) (1v)
Bird et al. (i) final

final



~78g ™,
P - O . TBe
s X-
50
185 100
176 500
oo
J=1" my
m -dependence

(iU) Page 52/86
final

Model (i) Gaussian-shape charge Energy of
Model (ii) proton-halo-type charge resonance
(monopole only) =
Model (iii) 3-body cal. without spins R
Model (iv) 3-body cal. with spins.
Reaction rate
ratio) at T4=0.3 my = oo
— S it
Egr
e 174 J=2-
e sy bl v 2 DO £ e
J=0 ;
1130 J=0

s soscoylOdel (i) (ii) (1v)

Bird et al. (i) final



Model (i) Gaussian-shape charge

Model (ii) proton-halo-type charge
(monopole only)

Model (iii) 3-body cal. without spins

Model (iv) 3-body cal. with spins.

Reaction rate
ratio) at T4=0.3

Energy of
resonance

Eg

Er

168 keV

J=0

e 1) ©

174

143

= = . e e e e e e o e e e

130 J=0/

Pirsa: OBOSOOMOdEI (I) (ii)

Bird et al. (i)

(iv)

final

O . E?Be
T X-
GeV
196
50 @
7 W7 @
-_-_1.7.3 .......... .
RERCIENG
m -dependence

(iU) Page 53/86
final



3-body scattering calculation of
the resonance : Model (iv)

(energy Eg and width [ depending on my) J=1-

= | . ah /(almostthe sam
(Ba s rop = UBX % as for J=27)

[ =0.82 keV J=1"

\

]
¢
#
F]

Ep=173 : ?1176 ﬁ135 1 196 keV

=3
O
T

s-wave elastic cross section [b]

%0 180 200
~ 1 keV ~ 0.01 keV E [keV]
[

Pirsa: 08050053 [age 54/86
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Model (i) Gaussian-shape charge Energy of
Model (ii) proton-halo-type charge resonance

(monopole only)

o . E?Be
ey
GeV
196
50 @
185 100
176 500
173 .

J=1 r}{x

m ~dependence

( [ v ) Page 55/86

E
Model (iii) 3-body cal. without spins R
Model (iv) 3-body cal. with spins.
Reaction rate
ratio) at T4=0.3 My = o
En
P 174 J=2"|
Wiciacs™ ol SN b v 20 = ol W 7 S
J=0 H
@ 1130 J=0

s soscoylOdel (i) (if) (1v)

Bird et al. (iii) final

final



3-body scattering calculation of
the resonance : Model (iv)

(energy Eg and width " depending on my) J=1-

=0 | R ‘/(almostthe sam
(Be s R = (0A % as for J=27)

[ =0.82 keV =1

\

]
]
#
o

Ep=173 ; ?1176 4135 1 196 keV

=
—
Qo
o
D
(7p]
5
O fl 1
9 10} |1 fl .
= s B g
2. 2 I
= kT 4
- r E L h
o i ]
S (o) |} {1(500) [|(100) | :(50)
i Pl 4
» £ Al ;o
. _._i_"'_i-"fi“"k"“" ~ --""",' H.\_!__--_-_
960 180 200
~ 1 keV ~ 0.01 keV E [keV]
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| rp o F—~ Is confirmed ( Bird et al. assumed a priori).



Summary of resonances

(to appear in arXiv in June, 2008)

TABLE I: The "Be+X ~ +p three-hody coupled-channel calenlation of the enerey { Eg). the proton-

decay width (T',) and the radiative decay width (T ) of the .J = 0" resonance state | BeX "0 i

as well as the enerey (E, . ) of the J = 17 ground state ('BeXp), . |-. Epand E,. are measured

from the ('BeX ~]i. - p threshold whose energy ( £y is given in the last column with respect to

the three-bodv breakup threshold. All 15 caleulated for mx = 100 GeV. 300 GeV and m~y —

b

J=71 {res.)

J =3 fres)

J=2"(gs.) (‘BeX ) —p

my E F{ F}f I Eﬁf Ff Y Ees Ei
[GeV]  keV]  keV] [eV] ke V] keV] [eV] keV]| keV]
50 196.4 0.90 9.1 196.9 0.55 9.1 —624.2 (—1252.0)
100 185.0 0.82 9.6 185.5 0.50 9.6 —-635.5 (—1286.1)
500 175.8 0.74 9.9 176.3 0.44 9.9 ~-643.6 (—1316.4)
% 173.0 0.71 10.1 173.6 0.43 10.1 —-645.9 (—1324.0)
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Sum mary of reaction rate (to appear in arXiv in June, 200¢

resonant:  ("BeX)+p > (®BX)y, > (PBX}+ 7

-3

— 5 [ Bah N2 2 9J 41 rire B
N Yy = Nah° P oty | =
AR v (mw) X GL+ L) I+ T e“}( A-T)

ratio at T4=0.

) = 1.37 x 10° Ty * 2 exp (—2.28/Ty). (mx = 50 GeV)
Ni{ov) = 144 x 10° 1},_:5’""! exp (—2.15/Ty). (mx = 100 GeV)
Ny(ov) = 148 x 105 T, exp (=2.04/Ty).  (mx = 500 GeV)

} = 151 x10° T.L_,_g"’;2 exp(—2.01/Ty). (mx — x)

Bird et al. | - |
Na{ov) = 1.6 x 10° T3 *?exp(—1.94/Ty) (mx — )

ONCHIEE

(in units of cm® s mol 1)
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Non-resonant radiative capture | (‘BeX)+p > (BX)+ 7

Be +p+ X Spins are ignored

°B + X~ (no problem for non-resonant reaction

167 A2

S = f 0 = < | (E1) P R W oY
E - e )?Tp ‘T.'-:Ii;i.'f ™ (@3 [ Quar | WoolE) ) [
5 Y hvg;
T i i H
(BeX )+p ——= —----ore-

o EV(EY = S(E)exp(—2mn(E))/E .

e

S

; H next figure

¥ 7 E1)

o — L=0;
p
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Non-resonant radiative capture Ll i

S-factor S(E) (BeX)+p > ((BX)+ 7

1 ()(J T T T T T T T T T T T
- (‘BeX)+p — (BX )+ y

o

- L

&,

— 50t

|

7))
] SBBN
D 1 -l-"_---l-‘ 1 I I 1 1 1 ]----_--r"_' I
0 100 200

Scaling rule

-
-
-
-
-
-

a‘f

Bird et al. (hep-ph/0703096) Scppx(0) ~ 700 X Ssppx(0) ~ 15 keV b

E [keV]

Pirsa: 08050053

3-body calculation Sceen(0) ~ Sspen(@) ~ 0.82%kevb



Bird et al. (hep-ph/0703096) Scppx(0) ~ 700 x Ssppx(0) ~ 15 keV b
3-body calculation Sceen(0) ~ Seppn(0) ~ 0.02keV b

Main origin of this overestimation by the scaling rule
(D52 | QIED | woo(E) ) |2

Assumption: 3-body matrix element ~ 2-body matrix element

| !
(BeX)+p > (CBX)+ 7 ‘Be+p-> B + 7

IS not appropriate due to the presence of X~.

Reaction rate ( non-resonant ) (TBe AjEp 2 (BB X)+ 7€

Nilov) =283 10°T, Yexp(—8.83T, # (L4 1.9 f_ +0.5473) cm*s~'mol™'.
for ?_E_] py 0.5. [
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negligible in the CBBN network calculations



Non-resonant radiative capture | s e

S-factor S(E) (BeX)+p > ((BX)+ 7

100 T T T T T T T T T 1 T
- (‘BeX)+p — (BX)+y -

S0F

S(E) [ev b]

= O 00 00 Q00900000 0QCO0O0COaaaoo o]

o 100 200 |
E [keV] _Scaling rule

-
-
-
-
-
-

‘-\"

Bird et al. (hep-ph/0703096) Scppx(0) ~ T00 x Ssppx(0) ~ 15 keV b

Pirsa: 08050053

3-body calculation Sceen(0) ~ Sspen(@) ~ 0.82%kevb



Bird et al. (hep-ph/0703096) Scppn(0) ~ T_U{d} X Ssppn(0) ~ 15 keV b
3-body calculation Sceen(0) ~ Seppn(0) ~ 0.02keV b

Main origin of this overestimation by the scaling rule
I {b[lﬁ-;_] | Q‘,ﬁ'—; | | Woo(E) > -

Assumption: 3-body matrix element ~ 2-body matrix element

! l

(BeX)+p > (CBX)+ 7 ‘Be+p-> B + 7

IS not appropriate due to the presence of X~.

Reaction rate ( non-resonant ) (?Be X)y+p = (BB X)+ 7€

B T . 3 .
Ni{ov)=23x10°T, *exp(—8.83T, *) (1 +1.973 +0.54T3) cm> s~ mol™",
for Fﬂj f{»: 0.5. X
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negligible in the CBBN network calculations



Section 4.

X -catalyzed 3-body breakup reactions

—— Reactions to destruct ®Liand 'Li ——

PLiX)+p 2 « +3He +X
(TLiX)+p > a+a +X
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6'+ +3
nSBBN H*P > @ *°He

Li+p> a+a
are the main mechanism to destruct ®Li and 7Li.
Corresponding CBBN reactions :
PLiX)+p > o +3He +X
(LiX)+p > a+a +X
How to estimate the cross sections of these complicated reactions?

At least, 4-body calculation is necessary.

O P(;:He
...... syt ] 04 23
o — d..,,...-a? S ¢
e . @ ®
et /

The 4-body calculation itself is not difficult for our group,
ptit“@étermination of appropriate (strongly spin-dependent), low-en&ffy

= I.n"'\l.r-'hr-ll' :I!-I.+.|'-\I"r-\.|r'1+:i-\lr-|r-|. el el el o e | T Jl r-\lli-\ll..n'"l I . R e, \IJ-\I'\I+I-\J-J:I 1 7= !'-I.H-!-\l A:FF';J-\I II+



An alternative method = Absorptive-potential model

MeV 3He = | seen (NACRE compilation)
V(r)+iw-(r) ./ % -—ug::::c:::\:aa.\:Caﬁ:DD:
o — @ ) m.
P 61 ; E ] |
- e - T=01 _ 03
/ % — 100 - 200
How to describe this S-factor (EXP)7? E [keV]

idea : 1-st step

1) There are no other open channels at BBN energies. V(r)+iw(r)
2) We introduce an absorptive (imaginary) potential between °Li and p
3) and solve the sLj + p Schroedinger equation (1-channel calculation).

4) Elastic scattering S-matrix [S44| <1 due to the imaginary potential.

51 Pr8bability loss ( 1- [S44/% ) just stands for the transition to the exit€Kannel



6) The absorption cross section Is nothing but
the reaction cross section for ’Li+p > @ + °He.

i )
Oreac =— T35 (—)’( T l H [ s “(';";-II—I i_ )-
jI"IT d=0

Fosae =9 (&) exp(2an( E)) /. E

compared to the EXP.
/

7) We search an optimum potential.

8) Thus, we can explain the reaction cross section (S-factor)
without treating the exit channel explicitly.

N\

Of course , this is not the goal.

i

3-body calculation

Pirsa: 08050053 Page 67/86



S(E) [Mev b]

CBBN:

CLiX)+p > @ +3He +X
4+
SBBN
— CBBN 3
ol s-wave ]
Gamow peak
- To=0.1 0.3
N R p-wave ____|
I i Pl e T
0 100 200
E [keV]

O cgen(E) = Sceen(E) Gegen(E) /E
R V

\

- 1
3

3 exp (—6.74 T, ?)

SBBN: 0 5y (E) = Ssgen(E) Gsgan(E) /E
CBBN: _\'_1 {(}'g H" — A3 ¥ [{)H} ’rq_;
SERN:.

(NACRE)

Na(ov)es =3.54 x 1019772 exp(—8.415T; ')

| (to appear in arXivin June. 200¢

ratio at
T4=0.1 0.3

D (D



S-factor of T FillT

non-resonant reaction g

7 e |
0 -
| _9®
| X
B K.E.
L | Even for the head-on collision,
| | E.p =1/7 x T ~100 keV
[ 4 ! - (*LiX)+p — "He + ‘He + X~
1 L | 4
3 . 5 10 =
; e SBB
: j % | ﬁ-—-:_: ) =¥ 2 @ o g
% e ____CBBN 1
-50 MeV g.. 2+ s—wave 1
< - = - e S T
-BEN: 0 .ggn(E) = Scgen(E) Gegen(E) /E sl S e
Pirsa: 08050053 V 0 100 Page 69/86 200
Q \ E [keV]

g =1 =1 Y pr— F—y . ™ 'l i Y = -y -



cBeN: (LiX)+p > a+a +X

SBBN: ‘Li+p> a+a Small L=1 amplitude. 7
\_Y_.J gt s o
odd L even L \. A 5
o @ — L=0:
I (LiX)+p — He+ He+ X . D L=0 :

---------

=
CBBN( ) 0 6 — 0 8
SBBN(E)
ratio at
T9=0 1

i
3

(14081 T +0.30T) @ @

SBBN:  Na(0v)g =720 x 10°T; 2/ exp(—8.473T; ) + «vovevss 7 @

CBBN: Na(ovr)}=35x10°T,* P\p[ —6.74T,



PLiX)+p = @ +°He +X

SBEN

C':.:ID::.;.,:._

S(E) [Mev b]
\.I

o 100 200
E [keV]

Non-resonant radiative capture

0.1

(LiX)+p > a+a +X |

a o

L SBBN 5 @

100 - — — — ——

(BeX)+p> CBX)+ 7
E _ -
8 | CBBN __—7
£, o
— 50 i
T e
w e
[ o SBBN
Pirsa: (%.r.),50053L . . 1{':][] I ! ; , 260 I

A simple model

Sceen(E) .
Sseen(E) -

-

for Tg~ 0.1 ~—~ 0.5

O cen(E) = Ssgen(E) GegenlE) /E
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SLi+p > a +°He e ,
Corresponding {('LiX)*®p 2> a +°He +X

Li+p> a+a —— | (LiX)+p > a+a +X
e
‘Be+p-> °B +7 (TBeX)+p> (BX)+ 7
SBEN CBBN
A simple model
SceenlE) — 8 .. 5
| SSBBN(E) 2
| for Tg= 0.1~ 05
O ceen(E) =Sggen(E) GegenlE) /E
SBEN CBEN
F———=—=——======="=-"="="="===== 1 ---------------------------
@+ d—>SLi . No (xX)+d > BLi + X
PR TR (T 5 correspondence (aX)+3H>> TLi +X
Pilsa: 08050053 1 Page 72/86
| r—He—>TBe— ! (xX)+°3He > "Be + X



Summary reaction rates by 3-body calculations

Reaction Reaction rate (ecm” s~ ! mol™")
non-resonant reaction )
a) (*HeX~)+d — SLi+ X~ 2.78 % ur"f.,‘ exp (—5. 5::17] (1 —0.627T2 — 0.29T%)
b) (*HeX )+t — TLi+ X~ 14 x 107 T,  exp (=6.08 T *)(1+ L. iI., +0.55 To)
¢c) ("HeX ) +*He — Be+ X~ 9.4 x10° Ty : t*\]}[—‘} 66T, 3 - ) (1+0.20 !:: 0.05 Ty)
d) (°LiX")+p— ‘He+t+ X"~ 2.6 x 10107, 7 exp (—6.74 'Ef?']

es

= > ] —2 —= o
e) ("LiX")+p— *He+"He+ X~ 35x10°T, *exp(—-6.74T, *) (1 + 0.81 T} + 0.30 Ty)

f) ("BeX ™} + p— (PBX )+ 23 x 10°T, 2 exp(—8.837T; *)(1+1.9 if;;'* + 0.54 To)

resonant reaction

g) (‘BeX™) +p— (°BX )y, 1.37 x 108 T, 3 exp (—2.28T;!) my = 50GeV
— (*BX )+~ 1.44 x 108 T, 3 exp (—2.15T51) my = 100GeV
1.48 x 10°T, Te Xp (—2 {HI.; ) my = 500GeV
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Section 4.

Late-time CBBN reactions by (p X) atom

(pX)+°Li > a +°He +X

(pX)+'Be > 8B +X
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Late-time catalyzed reactions with (pX).

Yesterday, reported by Jedamzik (astro-ph/07072070).

1) (pX)+%Li > a+°He +X — (PLiX)+p > a +°He +X
2) (pX)+7Be > 8B +X — (BeX)+p > (BX)+ 7

Everything has been prepared
In these calculations
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o(E) = S(E) exp (—f;E—%) /E

|
1

1) (pX)+6Li > a +3He +X

3-body cal. BA (Jademzik, Fig.4)
E=1kevV S(E)= 0.00012 MeV b ~ 1MeVb

E=10keV S(E)= 0.00012 MeV b ~ 1MeVb



gl k) = 8{ k) exp (_()E—%> /E

Il
1

2) (pX)+'Be °> 8B+ X

3-body cal. BA (Jademzik, Fig.4)
E=1keV S(E)= 0.00016 MeV b ~ 1MeVb

E=10keVv S(E)= 0.00018 MeV b ~ 1MeVb



Jademzik (astro-ph/07072070) Fig.11

le-04 -
s . (PX)+SLi > a +3He+X
" o
o | —— (pX)+'Be > %B+X
le12 || : /
le-14 [ oo™ SLi
le-16 T e . 1 TBE
100 10 ll {J.II 0.01 | 0.001

T (keV)

The destruction will become much moderate.
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Charge-exchange reaction
3) (pX)+4He => (He X )+p

Much discussions by Pospelov and Jedamzik yesterday.

| have not calculated it yet.

But, the cross section will be much larger than the

previous two reactions.
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Section 5.

Summary
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