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The photodisintegration cross section of °Be and 2C
within Cluster Effective Field Theory
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INTRODUCTION and OUTLINE

Y. Capitani Photodisintegration of 9Be and 12C within Cluster EFT



The photodisintegration cross section of °Be and 2C
within Cluster Effective Field Theory

MODEL

<% Effective particles

® nucleons and a-particles < see Wed 22/10 session talks

<% Interaction

® potential models from Effective Field Theory (EFT)
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The photodisintegration cross section of °Be and >C
within Cluster Effective Field Theory

V—i—gBe%a—i-a—&-n A/+12C—>a+a+oz

¢ Study of the reactions of astrophysical relevance
in a 3-body ab initio approach and in the low-energy regime

® 3-body binding energies

® cross sections

¢ Comparison of the results with the experimental data
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The photodisintegration cross section of °Be and >C
within Cluster Effective Field Theory
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METHOD

< Bound-state problem

® variational method

® Non-Symmetrized Hyperspherical Harmonics (NSHH) method

< Continuum-states problem

® integral transform approach: Lorentz Integral Transform (LIT) method
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Cluster EFT approach
2B potentials
3B potential

Cluster Effective Field Theory (EFT) approach [Hammer et al. JPG 44 103002 (2017), Hammer et al. RMP 92 025004 (2020)]

%He ~ ann, *Be ~ aan, 0Be ~ aann, 12C ~ aaa , 160 ~ aaao e

Borromean systems: gBe ~ aan 53 ~ 1.573 MeV < Sp(4He) ~ 19.81 MeV
12C v aaa 53~ 7.275 MeV < S,(*He) ~ 19.81 MeV

= 3-body (or 4-body) effective clustering systems in the low-energy regime

Separation of energy scales — Halo/Cluster EFT approach

momentum scales: Mo, Mpigp

1
EFT expansion in (—AA;’L"";)V
i
1

error estimate
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Cluster EFT approach

2B potentials

Cluster Effective Field Theory (EFT) approach [Hammer et al. JPG 44 103002 (2017), Hammer et al. RMP 92 025004 (2020)]

%He ~ ann,’Be ~ aan,®Be ~ aann,?C ~ aaa, %0 ~ acaa, . ..

Borromean systems:  “Be ~ aan 53 &~ 1.573 MeV < S, (*He) & 19.81 MeV @ Chiral EFT
2C~aaa S~ 7.275 MeV < S,(“He) ~ 19.81 MeV J

= 3-body (or 4-body) effective clustering systems in the low-energy regime Pionless EFT
Separation of energy scales — Halo/Cluster EFT approach l

Halo/Cluster EFT
momentum scales: M., Mpigp
ceff N Veff

Miow ) v
M

EFT expansion in ( o
iel

1

error estimate
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Cluster EFT approach
2B potentials

3B potential

2-body effective potentials [Hammer et al. JPG 44 103002 (2017), Ji]

Effective potential in momentum space and in the partial wave £:

Ve(pm’):p‘p"[)\o + A (p2+p’2)+~--} g(piN) &(p'iN)

® sum of contact terms parametrized by the LECs

P \2m
®  momentum-regulator function : g(p;\) = e’(ﬂ) , m=1,2

@ 2 ©)
We calculate the 7-matrix by We compare the calculated low-energy 7T The LECs are fixed on the experimental
solving the Lippmann-Schwinger eq. with its ERE or goulomb—modified ERE values of scattering length a;® and
(on-shell: p = p’ = k) up to terms O(k*) effective range r;®
a-n: Ty(k) oo o
i = Xi(ae, re, A i = Xi(a,", P N
a—a 'Tesc(k) Coulomb-distorted strong term ! i(ae, re; M) ! (3", r )

The effective potentials V{*" and V*® reproduce the experimental low-energy a—n and a—a phase-shifts =
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Cluster EFT approach
2B potentials
potential

Low-energy phase-shifts

Calculated phase-shifts for different two-body cut-offs A < A™2* (<= Wigner bound)

a—n a—«
P32 T T
120 A=100 MeV 180 — A=100 MeV
N 0 r —- A=150 MeV T
100 Agan— 200 MeV p A=190 MeV S,
A 00 Mev 3/2 r o Afzal et al. (1969) 0
80 o 8, [Morgan, etal.] Resonance 160 Resonance
o PIf2 o
£ Ay =100 MeV g L
£ - A= 150 Mev 2 0l
-‘,=,) 40 P12 iz
% — Ay =250 MeV p «
o + 8, [Morgan, e al.] 1/2 [
S172 |-
0 gy = 100 MeV 120
— = A=200 MeV t 1
20 sin
— A =300 MeV 51/2 T I T R B
w0 3, (Hale] ! 2
- " Y% Elab [MeV]

-3 35
E,, [MeV]

Resonant waves are promoted "
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Cluster EFT approach

2-body potentials

Be

Lo VER(AS) + VR, (AR
an an
+V~51/2( 51/2)

+VETL(NB],)
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Cluster EFT approach
potentials
potential

2-body potentials

Be
® V5™ — subleading
(o707 [e7e% an P
LO V (/\ )+ P3/2 (AP3/2) 1/2
an ° an " . . .

51/2 (/\51/2) + Vr V51/2 — subleading in bound-state calculations
an (pan — LO effect in cross section calculations

+ VPI/Q(/\PI/Z)

— an deep bound state
To "project out" the deep bound states we add a
projection potential

Ve(p'.p) o< T, (P)0s, 5 (P)

Theoretically: ' — oo

In practice: I'-independence of the three-body results

=T is NOT a free parameter
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Cluster EFT approach
2B potentials
3B potential

2-body + 3-body potentials

Be
aa [e 703 an
LO (/\ )+ \),.;3/2(/\,,3/2
(A" Y+ Vr To avoid the dependence of the 3-body results
S1/2 S1/2
on the 2-body cutoffs, we add a
+ W3 state-dependent 3-body potential:
N . .
A:u= 190 MeV Ab=300 MeV V3(Q, Q ) - )\3 g(Q' /\3)g(Q 'A3)
R ! E;"=-B, ’ IR
osb ;7057 x V,,+ VErs0)
' ) * Vo * Vaa(100) ® we choose the 2-body cutoffs A®" A¥%
_r 1 E ® for each value of the 3-body cutoff As,
>
%—IS* Jask 3 the LEC )3 is fixed on a 3-body observable
“ N3 [] N ' 3 (e.g.: 9Be binding energy for bound-state
i calculations)
25F 4 -2sF B
L ]
3 |<‘)0 zr‘m 3r‘>o 3 1(‘)0 . |_‘sn 2(‘10
Ap, IMeV] A MeV]
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Response function
Methods NSHH method
LI hod

current m.e

Electromagnetic inclusive reactions

Cross section ogm x R(w)

Response function R(w) = /df | (We|O|Wo) > 8(Ef — Eo — w)
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Response function
Methods NSHH method

LIT method

Nuclear current m.e

Electromagnetic inclusive reactions

Cross section ogm x R(w)

Response function R(w) = /df | (We|O|Wo) > 8(Ef — Eo — w)

@ Calculation of the initial state |Wg) - Variational method + Non-Symmetrized HH basis
[Gattobigio, et al. PRC 83 (2011), Deflorian, et al. FBS 54 (2013)]

° Tis represented on a Non-Symmetrized basis in momentum space

v = Zm{K} Cm{K} fm(Q) Yiky (Q0) fm(Q) o< Laguerre polynomials basis (m =1, .. ., Niag)

Yk} (Qq) = complete basis of the HH functions (K = 1,..., K™)

® 7 is diagonalized
ZV, (W, |H|W, ), =Ec, Ep, {2} = v,
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function
Methods NSHH method
LIT method

Nuclear current m.e

Electromagnetic inclusive reactions

Cross section ogm x R(w)

Response function R(w) = /df | (We|O|Wo) > 8(Ef — Eo — w)

® calculation of the final states |W¢) in the continuum - integral transform approach

Lorentz Integral Transform (LIT) method
[Efros, et al. JPG 34 (2007)]

® Definition of an Integral Transform L(c) of the response function R(w) with a Lorentzian kernel

1 INVERSION
L(o) = /dwm R(w) , L(oc) ———— R(w)
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d e function
Methods NSHH method
LIT method
Nuclear current m.e.

Electromagnetic inclusive reactions

Cross section ogm x R(w)

Response function R(w) = /df | (We|O|Wo) > 8(Ef — Eo — w)

® determination of the operator o ~ photodisintegration processes [Bacca and Pastore JPG 41 (2014)]

Photon: A(x), &g x, q || 2

) Nucleus: p(x) nuclear charge, J(x) nuclear current
. 2
. [ Rey(w) ~ | (We| &qx - I(q) [Wo) | ]
w = |q| [Wo) — [Wy) Nuclear current matrix element
transition
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Siegert operator

Photodidintegration reactions

Twofold calculation [Siegert PR 52 (1937)]

1. Siegert operator Tj)l\’s(q; p)

® Multipole decomposition: ¢, 5 - J(a) = 7ZJ, /2m(2J + 1) [Tj;(q; D+ AT (g J)]

Ta@d) = T3 (@d) + T (@) Dominant: EJ = E1, E2
® Siegert theorem (continuity equation)
T (@ d) /dfl, q - J(@') Y (@) +— wp(g)—q-J(g)=0
x / X io(ax) P YA (R) o TE5(a: )

® Long-wavelength approximation (gR < 1)

77;’5(61:,0) <ij/ d3xxJp(x)YJ,\($<) < dipole dx or Tji’”(q; J) o w?™ « correction
quadrupole uy op.
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S C
1-body convection current
Comparison

perator

Photodidintegration reactions

Twofold calculation [Bacca and Pastore JPG 41 (2014)]

2. One-body current J[All(q)

® The nuclear current operator is a sum of terms
J=Ju 4 g2y gk < the nuclear current m.e. can be calculated

by using only the one-body term
i.e. the nuclear convection current

® Specifically with our EFT, the continuity equation is NOT fully satisfied

continuity equation: q - J(q) = [H, p(q)] , H=T+Vop +...
q-J8(q) = [T, p(q)] always satisfied
[Vas. p(@)] # 0 = 3 J%(q) such that g - J(q) = [Vas, p(a)]
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rt operator
1 dy convection current

Photodidintegration reactions 5
Comparison

Twofold calculation

1. Siegert operator 77)/\’5(‘7? P) 2. One-body current J[All(q)

® With the Siegert theorem,
since the continuity equation
is used explicitly,
the contribution due to
the many-body current operators
is implicitly included in the calculation

® With the one-body current,
the continuity equation
is not fully satisfied already at LO

® Comparison between the two calculations
= the contribution due to the many-body currents can be quantified
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9Be photodisintegration

12¢ photodisintegration

Results

y+°Be s ata+tn [0y : JT =3/27 — |fy:J" =1/2F

1/2* LIT and cross section
[YC et al., arXiv:2506.05040]

12 . ‘ ‘ ‘ ‘ B e e o e S B st e S
r A=200MeV ] 2 — o4l A=300MeV

Ir — A=300MeV ] [ — oAl A=400MeV ]

r L A>=4OO MeV 9 [ o Utsunomiya, et al. (2015) ]

o 08 3 . 151 f o Amold, er al. (2012) 4
Z [ o & Burda, et al. (2010) ]
NE 06 g r il Goryachev, et al. (1992) 1
£ o I + e ]
S04 r “ﬁA ]
[ N 2o, 4

02 0.5+ -

- r AR A0, 7]

r . AA@AAAAAAmgAAA 1

0, L P Lo v e e b
0 1 2 3 4 R 1.7 1.8 1.9 2 2.1 22

Gy [MeV] ®[MeV]
LIT: slight dependence on the 3-body cutoff A3 CS: bands — error due to the inversion procedure

L(og) = R(w)
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9Be photodisintegration

12¢ photodisintegration

Results

v+°Be s at+a+n [0) : JT =3/27 — |fy:JT =1/2%,5/27 3/2F

Total photodisintegration cross section

[arXiv:2506.05040]

U B m e
L - 1/2 contribution 1
2 3/2; contribution B ® A; =400 MeV
r - 5/2l |c<JnggnbYuon 4 . n L
r - ] 1/2% y5/2 3/2
t o Hhquml’ydle'af (2015) 4 ® 3-body LEC A; / 3/ s )\3/ chosen
[ o Amold, ef a i .
sk » Burda, et al. ( 010) ] to locate the resonance at the experimental energy
L 3 Uhunomnya. et al. (2000) i
[ Goryachets eral. (1992) ® 1/2% band: error due to the inversion procedure
= L %5 | .
ER i
o i B ® 5/2% band: error from the model-space convergence
[ ] ® 3/2% resonance: broad
o - ® inclusion of the P35 shape parameter
[ 1 — improvement at higher energies
(et [ . P R R T TP N N B

F 1 1
1.6 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
® [MeV]
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9Be photodisintegration

12,

C photodisintegration
Results

v+°Be s at+a+n [0) : JT =3/27 — |fy:JT =1/2%,5/27 3/2F

1/2%,5/2%,3/2% cross section: j, (1-body current) — dy (dipole) comparison

25 e LS | r e
boosnt 3n° w0y d)]
B — 0,[d,J.A;=300MeV ] [ o, 1j)
r —-- 0, [d,], A;=400 MeV ] L J
[ o, L], A;=300MeV ] 1+ *
sk 6, [j,], A;=400 MeV | — il
= 3
E I 1 T g
=L ] L J
- 7 ° ol ]
F b 051 i B
o5 NSTTmmeeaa ] [ i ]
[ ] i
b i L A 1 J
0 1 v e b b e b by =T Loleiany | R B I
1.6 1.7 1.8 1.9 2 2.1 22 2 25 3 35 4 45 2 25 3 35 4 45
® [MeV] ® [MeV] ® [MeV]
= non-negligible contribution = dominant effect
of the many-body currents of the many-body currents
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9Be photodisintegration

12¢ photodisintegration

Results

v+°Be s at+a+n [0) : JT =3/27 — |fy:JT =1/2%,5/27 3/2F
Total photodisintegration cross section: j, (1-body current) — d) (dipole) comparison

[arXiv:2506.05040]
. . —

o, [j)LJ Total

o, [&)] Total
Utsunomiya, et al. (2015)
Arnold, ef al. (2012)
Burda, et al. (2010)
Utsunomiya, et al. (2000)
Goryachev, et al. (1992)

o o
ovoo |

L e e e e e =

G [mb]

0.

o

L 1 I S I (N SN B
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48
o [MeV]
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9Be photodisintegration

12¢ photodisintegration

Results
Y+ s atata [0) : JT =2 (bound state) — |f): JT =05 (Hoyle state)
0t LIT (LO)
' T T ® Quadrupole operator
1x10* [~ — N, =30 7
I N 1 ® Vioss = Vg™ + Vs(As, As)
— 8x107 [ L 3 .
> L l A2" chosen to reproduce E&P(2]) = —2.875 MeV,
=0.05 MeV
i 6x10°F ° ¢ 7 )\g+ chosen to locate the resonance peak
= ] 1 at the experimental energy ~ 3.25 MeV
& axi0’F B
—
| | .+ +
o'l W 07 (ground state) and 0
| / “\94;'\371 are NOT simultaneously reproduced
N . E(07) = —1.792 MeV # E®P(0]) = —7.275 MeV
0 1 2 3 4
Oy [MeV]
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9Be photodisintegration

12¢ photodisintegration

Results
Y+ s atata [0) : JT =2 (bound state) — |f): JT =05 (Hoyle state)
0+ LIT (LO)
T T . . . Construction of the response function:
oL — 6;=001MeV 1 100k — 6,=0.0001 MeV B
10 - 6,=0.05 MeV !

l | ® we take the highest peak as a single “LIT state”
10°F | E

1. we impose the experimental width
of the resonance

( TP(0F) ~ eV, very narrow! )

I
| I
I [y | \l\ ’NE
10'e Al Al
i W
/ [

LIT [fm"* MeV ]
LIT [fm* MeV?)

2. we impose a width I'th

3 L L L
2 3 4 103577350 324 326 328 33
G, [MeV] G, [MeV] from Suno, et al. PRC 94 (2016)
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R [fm Mev]

7+12C—>a+a+a

0" cross section (LO)

[ from Suno, et al. (2016)]
T

12x10° 1"""(0 )=8.5eV |
— 10 =158V

1.0x10°F
8.0x10°
6.0x10°[-
40x10°F

2.0x10°F

3.25610 3.25615 3.25620
o [MeV]

3.25625

Results

9Be photodisintegration

C photodisintegration

[0) : JT =2 (bound state) — |f): JT =05 (Hoyle state)
[Suno, et al. PRC 94(2016)]
10— 50—
L — Present
4.0 theor. BW approximation i
sk i - ~ expt. BW approximation
| £ sop ]
— 6F 4 5:2.0— / \ B
En p
= 10F / R
4 1 \
L 00537535 037940 037945 037950
E [MeV]
s |
r Comparison
325610 325625 = factor ~ 4 or ~ 2

Y. Capitani

1
3.25615
® [Me

3.25620
V]
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Conclusions and outlook

Photodisintegration reactions of 3-body cluster nuclei at low energy
< potentials from Cluster EFT
¢ LIT method: cross sections
¢ study of the effect of the many-body currents
9Be: [Submitted to PRC, arXiv:2506.05040]
® total low-energy cross section: agreement with the experimental data
® non-vanishing effect of the many-body currents, dominant in the 5/2% channel
v Calculation of the magnetic transition M1
12C: [YC PhD Thesis (2024)]

LO calculation (early stage!): overestimation of the experimental data

= Addition of the D-wave a—« potential

% Four-body calculations
% NN interaction from EFT (1%Be,...)
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