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1. Introduction

90% of human body consists of 1“C and '¢O.

12G and 90 are synthesized during helium burning
process in the stars.

12G/160 ratio in the universe is mostly determined
by the 2C(a, 7)'%0 process.

Meanwhile about 20% uncertainty of S-factors of
the 2C(«, v)!°O process (NACRE-II) exists after
more than a half century long intensive studies for
the process.

The main goal is to determine Sg;-factor for the
process with 5-10% theoretical uncertainty in the

future studies.
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2C(a,v)'Y O process

Level diagram of O
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Fig. 1. 100 states relevant to the 2C(a, ¥)'°0 reaction.
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EFT

e Effective Field Theories (EFTs)

* Model independent approach

» Separation scale

¢ Counting rules

* Parameters should be fixed by experiments
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2. 2C(a,v)!'*0Oin EFT

Typical momentum of the process

at T ~ 0.3 MeV; Q ~ 2uTqg ~ 40 MeV

The a and '%C states; elementary-like states
Separation (large) scale

Excited energies of « and '“C; large scale
The large momentum scale, Ay ~ 150 MeV

Expansion parameter, Q/Ag ~ 1/3
Thus, 5% uncertainty can be achieved up to N3LO
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Diagrams for 1“C(«a, v)'°O process
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3. Elastic o-'*C scattering in EFT

~ * Typical scales:
T, a energies of the exp. data (in Lab. frame) c.f., T ~ 4/3 T,
T,=2.6—6.6MeV; k=105—170 MeV

* Large scales:
The resonance energies, T’ (in CM frame)
T = 4.89,2.42,2.68,4.44 MeV for [T ,, =07, 15, 25, 35
k= 166,117,123,136 MeV

* Binding energies of °0O:
B =1.11,0.045,0.24,1.03 MeV for 7 ,, = 05 ,17,2],37
are included.
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Scattering amplitudes from EFT

Diagrams for dressed composite °O propagator
prmpp—— prmpmp—— : prp—_—_——————— ;;:I‘ ’\:;; + ;;:I‘ ’\:;;
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e Diagrams for elastic «-?C scattering
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Scattering amplitudes for [-th partial waves

A 21 (20 + 1) Py(cos 0)e** 7t W (n)C7
l — )
p Ki(k) — 2cH (k)

here n is the Sommerfeld parameter, n = x/k where « is the inverse of the Bohr
adius, k = Zy Zgua = 245 MeV, and

- G2t n2
__Zm Wl(n):WUO <1+n_2>’ Hy(k) = Wi(n)H (n) ,

H(n) = (in) + % In(in) .

Y(z) is the digamma function.
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he effective range parameters

1 1 1
K;(k) = —a—l + —rle — Zplk4 + Qlk6 — leS + -

The binding energies
he denominator of the scattering amplitude, D;(k), vanishes;

Dy (ky) = Ki(ky) — 26H;(ky) =0,

at k, = iv; where ~; is the binding momentum, ~; = +/2uB;. Thus one has

1 1 1
“w = ST P+ QA+ Ry - 26H ()
and
1 1
Di(k) = om (K +97) = 7P (K =) + Qu (k° +97) — R (K° =) + -+

—2k [Hy (k) — Hy(kp)] -
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Fitting effective range parameters to phase shift data

Wi(n)Chkcot & = ReDy(k).

ANCs for the subthreshold states

N~

dk?

L'+ 14 [mp dD;(k
|(jb|:%z( l'||)<| (k)

(tm—1/2),
k2:—'yl2

where 1, = k/kp.
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A new renormalization method

mismatch of the power series: Inthe case of s-wave, for example,
reported phase shift at the smallest energy, T, = 2.6 MeV, is §o = —1.893°;

C%k cot dg = ReDo(k) = Ko(k) — QKJRGHO(k)a )

here Ko(k) and 2k ReHq (k) are expanded as

1 1 1
Ko(k) = o + irokQ — ZPO/lc4 + QokS — RokB + - - -,
1 1 1 1
2kReHo(k) = —Kk? A —— 64 - 8.
kReHo (k) 6 + 60r3 + 1965 + 507 +

1 1 - . N
— §fok2 — ZPok‘l + Qok® — Rok® + - -

—  7.441 +0.136 +0.012 4+ 0.002 + - - - (MeV),
Cikcotdg = —0.019 MeV,

at k = 104 MeV (T, = 2.6 MeV), k = 245 MeV, and C? = 6 x 10~°.
e Three parameters, r;, P, Q; forl = 0,1, 2,
e Four parameters, r;, P;, Q;, R; for | = 3 as the counter terms.
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Numerical results: S-wave

put data sets {S0, S1, 52}, T, = 2.6 — 3.6,3.8,4.0 MeV for [ = 0,

ao (fm) ro (fm) Py (fm?) Qo (fm®) | ReDog (MeV)
SO0 | 6.2 x10* 0.268514(3) —0.0343(4) 0.0019(2) | 4.2(7) x 10=3
S1 | 6.6 x 10* 0.268514(3) —0.0342(3) 0.0020(3) | 4.0(5) x 10=3
S2 | 5.8 x10* 0.268513(3) —0.0345(2) 0.0018(1) | 4.4(4) x 10~3
— ro (fm) Py (fm?) Qo (fm®) —
— 0.268735 —0.0349 0.0027 —

0.01

0 M
-0.01 |

-0.02 ¢

dp (deg.)

-0.03

ReD, (MeV)

-0.04 |

-0.05

-0.06

T, (MeV)
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P-wave

put data sets {PO, P1, P2}, T, = 2.6 — 3.0,3.1,3.2 MeV for [ =1,

ar(fm3) ¢y (fm=1)  Pi(im) Qi (fm3) | ReDig (MeV3) |Gyl (fm—1/2)

—1.8 x 10> 0.4150(6) —0.577(8) 0.019(3 2.7(8) x 102 1.9(4) x 1014

—1.3 x 10> 0.4157(2) —0.569(2) 0.023(1 3.5(3) x 102 1.6(1) x 1014

) )
) )
—1.6 x 10> 0.4153(2) —0.574(2) 0.020(1) 3.0(3) x 102 1.8(1) x 104
) )
) )

— 71 (fm™! Py (fm) Q1 (fm?

— 0.4135 —0.591 0.013 — —
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D-wave

put data sets {DO0, D1, D2}, T, = 2.6 — 3.0,3.1,3.2 MeV for [ = 2,

az(fm®) re (fm=3) Py (fm™1) Q2 (fm) ReD3g (fm~°) |Cy| (fm—1/2
10.3 x 103 0.155(4)  —1.12(7)  0.11(3) | —1.66(156) x 104  2.4(3) x 10*
6.5x 103  0.152(2) —1.16(4)  0.08(2) —2.6(9) x 10~ 2.3(2) x 10%
4.3 x 103 0.149(2)  —1.21(3)  0.06(1) —3.8(6) x 10~4 2.1(1) x 10*
— 72 (fm=3) Py (fm™1) Q2 (fm) — —
— 0.159 —1.05 0.15 — —
0.2 f -0.0002 | e
-0.0004 +
. 04y 4 -0.0006 |
g 06 | = -0.0008 |
~ % i
S o8 | g -0.001
-0.0012 + DC
1 -0.0014 | Bi_
Exp. EXp.
-1.2 = — -0.0016
16 18 2 22 24 26 28 3 32 -0.5 0

T, (MeV)
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F-wave

put data sets {F0, F'1, F2}, T, = 2.6 — 4.6,4.8,5.0 MeV for [ = 3,

az(fm7) r3(fm=°)  P3(fm=3)  Qs(fm~1) R3(fm) ReD3g (fm~7)
—1.4x10% 0.0819(1) —0.453(11)  0.317(9)  —0.141(8) | 7.8(8) x 10~4
—1.5x 103 0.0320(1)  —0.459(9) 0.311(7)  —0.146(6) | 7.4(7) x 10~4
—1.8 x 103 0.0322(1)  —0.472(7) 0.301(6)  —0.156(5) | 6.4(6) x 10—4
— 73 (fm=5)  P3(fm=3) Q3 (fm~!) Rz (fm) —
— 0.0272 —0.498 0.290 —0.152 —
0.0012
0.001 +
~—~ 0.0008
B E
<) = 0.0006 |
3 3
© @  0.0004 |
00002 | /*
0
. 5 -
T, (MeV) T, (MeV)
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Convergence of the power series

Expansion parameter Q/Ag ~ 1/3 at Q ~ kg = /2ul g,
Q \? Q\* Q \°
(E) ~ 0.1, (E) ~ 0.01, (E) ~ 0.001.

e Ratios of the power series at T,

L =& 13—k | — (P —P)kE] (Qi — QK|
0 1 0.276 0.012 0.004
1 0.154 1 0.215 0.016
2 1 0.946 0.316 0.031
3 1 0.195 0.023 0.002
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Results for ANCs

NC for the 17 state

* Qur result:
(1.6 — 1.9) x 10* (fm~1/2),

* Exp. results: (2.08 +0.20) x 10** (Brune et al.),
(5.1 +0.6) x 10'* (Belhout et al.),
(17.4 — 26.4) x 10'* (Adhikari and Basu).

* Theor. results:
(2.22 — 2.24) x 10'* (Katsuma),
2.14(6) x 10'* (Ramirez Suarez and Sparenberg),
2.073 x 10'* (Orlov et al.)
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Results for ANCs
NC for the 2] state

* Qur result:
(2.1 —2.4) x 10* (fm~1/2)

* Exp. results:
(11 & 1) x 10* (Brune et al.),
(34.5 4 0.5) x 10* (Belhout et al.),
(12.2 — 18.2) x 10* (Adhikari and Basu).

* Theor. results:
(2.41 £ 0.38) x 10* (Konig et al.),
2.106 x 10* (Orlov et al,),
(14.45 £ 0.85) x 10* (Sparenberg),

(12.6 +0.5) x 10* (Dufour and Descouvemont),
505 x 104 (Orlov et al.)APFB2017, Guilin, China, August 24-29, 2017 —p. 20



Summary

EFT for the radiative capture and elastic scattering
of a-2C system at low energies is derived.

The EFT is applied to the elastic «-'?C scattering
at low energies introducing a new renormalization
method.

Experimental phase shifts below the resonance
energies, including the 07, 17, 27, 37 states, for

[ =0,1,2,3 are well reproduced by fitting three or
four effective range parameters.

Expansion series converge well, but significant
uncertainties, about 10% for [ =0, 3, 30% for [ =1,
100% for | = 2, of the amplitudes interpolated to T
remain.
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