& TRIUMF

Radiative Capture
and Pair Production
inp+ "Li

Peter Gysbers
P. Navratil, C. Hebborn, G. Hupin,
K. Kravvaris, S. Quaglioni

iC
v}
0

2
i

APCTP: Aug. 11, 2022

Discovery,

accelerated



Radiative Capture A+ B — C +

» Notation: B(A,~)C

» A nuclear reaction that often occurs in astrophysics: More Notation:

2
> Stellar burning: d(p,v)*He, *He(a,~) Be, ... i; 4%6
> Big Bang Nucleosynthesis: d(p,v) He, “He(d,~)Li, ...
» Search for new physics: “Li(p,v)*Be, *H(p, v)*He
() gl
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adapted from:
Feng PRD 95, 035017 (2017)
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Radiative Capture A+ B — C +
» Notation: B(A,~)C

» A nuclear reaction that often occurs in astrophysics:
> Stellar burning: d(p,v)*He, *He(a,v) Be,

More Notation:
d="2H

» Big Bang Nucleosynthesis: d(p, v)*He

a = ‘He

He(d, v)OLi, . ..

» Search for new physics:|"Li(p, v)*Be,

=~ O

2

PH(p,7)*He

(7)) ¥
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adapted from:
Feng PRD 95, 035017 (2017)
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Calculating Radiative Capture

To calculate the rate of reaction (cross section) we need:
» initial wavefunction: |¥;) (A + B)
» final wavefunction: |¥ ;) (C)

» photon interaction (electromagnetic operator): O,

We need to calculate the square of the transition matrix elements:

o~y (g 00 2
i
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Bound States: |¥) = ‘J}Tfo>

Eigenstate of the nuclear Hamiltonian:

HA|\IJk>:Ek|\IIk>,whereHA ZTJrZVéVN Z z]f

1<j 1<j<f
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Bound States: |¥) = ’J}Tfo>

Eigenstate of the nuclear Hamiltonian:

HA|U,) = B}, |U,), where HA = ZT +Y VIV Y VR

1<j <j<f

The No-Core Shell Model (NCSM)
Expand in anti-symmetrized products of

harmonic oscillator single-particle states:

Nmax

W) = Z ZCN] [Pn;)

N=0 j

Convergence to exact as Ny, — 00
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Unbound (Continuum) States: [¥;) = |[|W4) |[¥5) ¢ (rA—FB)](JZTiTi)>

» The incoming state is made of distinct clusters with relative motion

» Harmonic oscillator states cannot describe the tail of the wavefunction
(long-range physics)

» A method beyond the NCSM is needed for scattering and reactions
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Unbound (Continuum) States: |¥;) = |[|[V4) |[¥p) ¢ (rA—FB)](JZTiTi)>

» The incoming state is made of distinct clusters with relative motion
» Harmonic oscillator states cannot describe the tail of the wavefunction
(long-range physics)
» A method beyond the NCSM is needed for scattering and reactions
No-Core Shell Model with Continuum (NCSMC)
» Solution: extend the NCSM basis!

(A) _ .
-
A

)

(A=-a)

& 2)+ 2 [dF 1) A,
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NCSMC Equations

HWY = EW® P e

c, ‘,)L>+2fdf 7, (F) ;\V
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Results Part |

Radiative capture: *He 4+ d — Li + v
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Recent results for *He(d, v)Li

107°

!

Process:

» Solve NCSM for each constituent nucleus gm 9
i.e. °Li,*He and d (*H) £

» Solve NCSMC for ¢y (E), v, (r, E) ? 1
» Cross-section (S-factor) depends on transition lo’f
matrix elements e.g. (¥ (Ey)| M1|¥(E)) 1100.:
S=o0- Ee\/% 1211

[Hebborn et al.

PRL 129, 042503 (2022)]

Noswc = > oL, /\>+Z/d7’%(7“)flu [*He +d,v) o]
A v

........ NN-only
NN+3Nijge

—— NN+3Nj,-pheno

*‘Fn"

e

BBN range

Total E2+E1+M1
- E2

E [MeV]
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Recent results for *He(d, v)°Li

v

R

(6) —
NCSMC —

esults:

>

A

» Agreement with red points (direct measurement)
» Disagreement with blue points

(indirect: Li disintegration on a lead target)

» “pheno” fits input NCSM energies to °Li g.s.
» Can predict the S-factor at BBN energies

» Previous studies neglect M1 and don’t include
internal structure of clusters

S:crEe\/&Ei

e ’6Li, )\>+Z/dr'y,,(r)/l,, ‘4He +d,v) 10-7

10764 -==-

[Hebborn et al.
PRL 129, 042503 (2022)]

........ NN-only
NN+3Njoe
—— NN+3Njoc-pheno

**ﬂ*

e

BBN range

;| — Total E2+E1+M1

-- E2

101 100
E [MeV]
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Impact on Reaction Rates
» Reaction rate < [ Ec(E)exp(—E/kgT)dE
» Rate smaller than NACRE Il evaluation (2013) with less uncertainty
» Agreement with LUNA result (2017)

2.00
—— NACRE II

1.754 —— LUNA 2017

: 1.50 1 —— NN+3Nje-pheno
—_—

§ 1.251 —
Z 100
:§
2 0.751
2 0.50

0.25 1

0.00

102 10—1 100 [Hebbom et al
Ty [CK] PRL 129, 042503 (2022)]
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Results Part Il

Radiative capture: "Li + p — *Be + v
Pair production: "Li+ p — ®Be + ete™
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Input States from NCSM

\I’r(\IS();SMC = Zc,\ ‘SBe, )\> + Z/drfyu(r)fly ‘7Li +p, I/> + Z/dr%(r)flu ‘7Be + n,,u>
A v m

reeel24 FEfHerpanm |0 3 06758
9.522 g_ggo/ o LT%MW *Be+n -
“He +d PRSI 22 0T P R8T g
. . l =, N
» 3 NCSM calculations: “Li, "Be and ®Be J2499 TAML -~ i o gy Livd
Li+n 6604, .37 _ R &
- 1= 7= 57 57\ 71; 7 | . 777 5.6058
> {3 2 12 12 12 _} Liand ‘Be 4652t Lo Z4 Litp
states in cluster basis 2 a7 |
S iti i i He+t | 7 1.5866
j58p05|t|ve anq 15 negatlvg parity states T o palTe
in °Be composite state basis T T I L
T =3 024 ros L:+
. £1-4
Li

TUNL Nuclear Data Evaluation Project
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Input States from NCSM

W&B();SMC = Zc,\ ‘SBe, M)+ Z/drfyy(r)fly ‘7Li +p,v)+ Z/dTW(T)Au ‘7Be +n, p)
A v m

18.8997 - fis0

» 3 NCSM calculations: “Li, "Be and ®Be Betn s 172551
T2
e o e -
>{3,*,%,%,2}7Lland Be

states in cluster basis

» 15 positive and 15 negative parity states
in 8Be composite state basis

-0.0918 TUNL Nuclear Data Evaluation Project

‘He+4He SBe ’
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NCSMC for "Li(p, v)*Be

\IJI(\ISC):SMC = Zc,\ ’8Be, )\> + Z/dry,,(r)fl,, ’7Li + p, 1/> + Z/dr*yu(r)/l# ’7Be + n,,u>
A v o

Process:
» Solve NCSM for each constituent nucleus: ®Be, “Li and "Be

» 30 eigenstates from ®Be
> 5 eigenstates each from “Li and "Be

» Solve NCSMC for c)\(E), v, (r, E) — ¥(E)
» Cross-section depends on transition matrix elements e.g. (V(Ep)| M1 |¥(E))
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PHYSICAL REVIEW C 101, 014318 (2020)

Interaction: Chiral NN N°LO + 3N(Inl) e

» Good description of excitation energies in light nuclei
» Hamiltonian determined in A = 2, 3,4 systems NN N3LO (Entem-Machieid 2003)
» Nucleon-nucleon scattering, deuteron, *H, “He SN N7LO w localinonocal regulator

B . ll‘é“ S ) 1,0
| = i - e | T
12 o T — — 3/2°3/2 Iy e 2: 1+0
1= 7. . s, : n 16— — 27041
Li — 158§ §
10+ _
S 4= Be N
o= 131 i
— 8 — e — 12 ————————, 4+(} —
= ——— e 5/2 Z 1 -
2 — s ] = 1 :
5 = ] _
Hsh : =gk NCSM ]
4 - 6 NN+3N(Inl) |
5+ _
3 NCSM i 4+ o . ]
2 NN+3N(Inl) — 3+ T 270
2+ .
- — N V- 1+ R 4
0 ——————— e 30 4] 0O+ - —_———oeeeee . 00O —
2hQ 4hQ 6hQ 8hQ 10hSX Expt 2hQ 4hQ 6hQ 8hQ Expt
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Convergence of ground state energies:

A--ATBe NCSM
'10 T T T T 7. .
A vV 'Li NCSM
NS O -0%e NCSM | ]
20k S -0 %8e NCSMC|
\\iA --- 'Be Expt
N LN - LBt | ]
< 30+ RANCIS --*Be Expt |
% 30 \\\ V\:\\\A- p
= L \ SN IITA——__, i
_.% \O V—--._V _.:__
LU -40_ \\ -0 H
~
N
- \& 4
-501 \\:\6“\0_ ]
—---0
L o
_ | | | | | |
605 2 Z 6 8 10 12
Nmax
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NCSMC Results

B ®Be Structure

O Scattering: "Li(p, p) "Li

O Transfer Reactions: “Li(p, n) Be, "Be(n, p) "Li
B Radiative Capture: "Li(p, v)®Be

B Search for new physics: "Li(p, X)®Be
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*Be Structure

Calculations of ®Be “bound” states (w.r.t. "Li + p threshold)
are improved by inclusion of the continuum (N4 = 9)

State | Energy [MeV] ‘
NCSM | NCSMC | Experiment
0t | —15.96 | —16.13 —17.25
2t —12.51 —12.72 —14.23
4+ —-3.97 —4.31 -5.91
2+ +0.76 —0.10 —0.63
2t +1.09 +0.31 —0.33

» Energies likely too high due to neglected o + « breakup

» Matches experiment well, except the 3rd 27" is still
slightly above the “Li + p threshold

TUNL Nuclear Data Evaluation Project

2221209

20.2— g

18.8997 |

"Be+n

o
+
\

1172551
‘_
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*Be Structure

Calculations of ®Be “bound” states (w.r.t. "Li + p threshold)
are improved by inclusion of the continuum (N4 = 9)

State | Energy [MeV] ‘
NCSM | NCSMC | Experiment
0t | —15.96 | —16.13 —17.25
2t —12.51 —12.72 —14.23
4+ —-3.97 —4.31 -5.91
2+ +0.76 —0.10 —0.63
2t +1.09 +0.31 —0.33

» Energies likely too high due to neglected o + « breakup

» Matches experiment well, except the 3rd 27" is still
slightly above the “Li + p threshold

TUNL Nuclear Data Evaluation Project
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Eigenphase-shift Results (positive parity)

180

150

120

90

3 [deg]

60

30

0 1 12
1 "Be+n

"Li + p threshold

3 4 5
E,, [MeV]

22[209 P
18.8997 |02 19.862-"-‘-3:2,‘3_9_,%5—3
7Be+n —)‘i@%—@v‘

Additional resonances are seen
compared to TUNL data
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Eigenphase-shift Results (positive parity)

180 T T T T T T T T T T T T T T
150}
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120 = e
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Convergence with N,

0 [deg]
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Radiative Capture woiipy [y ) o]

P:L=1
7Li+p phase shifts
- Cross-section ("Lis/-(p,y)*Be) 1soF T R S ]
5 —— NCSMC: 7 3 Sp! = ; ——=
H —== NCSMC: 79 + 4 i ! ; )
10734 E e Data: 7y o 150 C :
. Data: o +m1 F (T=1 .
10~ 120 dominated) : (T=0 7]
= ool - dominated) 1
® 1051 [ |
60 C k3 7
X L 15 ]
1074 30+ : -
_— r i i ]
okl Prelminary | ; i :
00 02 04 06 08 1.0 1.2 14 [ ; i ]
E [MGV] 0 T T T S S S S
0 0.2 0.4 0.6 0.8 1 1.2
~0: decay to ground state (07) 4 E;, [MeV]

' . Oy =E1+ M1+ E2

. + ¥

i decay to first excited (27) Phenomenological adjustment: fit threshold and
Data: Zahnow et al resonance positions to match experiment
Z.Phys.A 351 229-236 (1995)
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Radiative Capture (cont.)

Differential Cross-section

o o —
- Cross-section (‘Liz/s-(p,y)°Be) E—039 MeV 0"
H —— NCSMC: 7 = i
3 ~== NCSMC: '>¢:+'n 100 3
1043 E E °  Data: v L
o e Data: y+m ’E‘ .
- ) E=0.39 MeV 2
ol E
o G
(SIS < L -
107 T 10 .
- ]
10-6] oo E0%0Mev 2]
j Preliminary - Preliminary E
-t . . . . . I E=0.90 MeV 0" 1
00 02 04 06 08 10 12 14 N I R H T E T E R R
E [MeV] 0 30 60 90 120 150 180
O [deg]

v0: decay to ground state (07) - B
v1: decay to first excited (2+) Oy = E1+ M1+ E2

Data: Zahnow et al
Z.Phys.A 351 229-236 (1995)
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Radiative Capture (cont.)

Cross-section ("Lis/(p,7)*Be)

Capture at E, = 1021.5 keV (Orsay)

1072 8
% —— NCSMC: 7o —— NCSMC: v¢
) . === NCSMC: 7o +m1 71 === NCSMC:m
1073 Data: 7o t  Data: g
e Data: yo+m ?64
4 551
=10 £ .
b, s <
10 = 34
S
= 92
106 i i
] H H 1 H. i
; Preliminary Preliminary
=7 ! T T T T T T 0 ! y Y ' . ' . i
0700 02 04 06 08 10 12 14 0 2 50 75 100 125 150 175
E [MeV] Ocm [deg]

v0: decay to ground state (07) - _
v1: decay to first excited (27) Oy = El+ M1+ E2
Data: Zahnow et al
Z.Phys.A 351 229-236 (1995)
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The X17 Anomaly in p + 'Li — ®Be + ete

» "Li(p,eTe”)®Be @ATOMKI (Hungary)
» The decay of ®Be 11 excited states produces electron-positron pairs

®Be” ® <>
(o) M*

f’\\«
+ (R V\ )
p O @ S \/
7 Q.‘i?“ﬁ! %E\u‘
Li o

SBe

Feng PRD 95, 035017 (2017)
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. 7T » 8 o )
The X17 Anomaly in p + ‘Li — “Be + e™e e o 32 04005 (2020)

j'Lil[p\;g'jSBe
» The angle 6 between the electron and E,=1100 keV
positron was measured 0L IPCC:

(Internal Pair Creation

» Minimum angle from a massive ~+ " Angular Correlation)

intermediate particle: 6 ~ sin~' (%)

» Bump could be explained by 17 MeV
bosons decaying to eTe™

IPCC (relative units)

Can ab initio nuclear physics help interpret
the anomaly?
0

[ 1 1 1 1
40 6l 80 100 120 140 160
& (deg.)




Pair Production Distribution
» Approximate calculation

» based on Hayes [PRC 105, 055502 (2022)]
NCSMC: Ep;, = 0.9 MeV

,_.
o
L

IPCC (relative units)

_
9
V)

—— NCSMC: Total
NCSMC: E1
=== NCSMC: M1
-~ ATOMKI 2019
-~ ATOMKI 2016

k— best fit of scaling parameter

Yy

L 10—1

Vi

L 10—2

Preliminary
60 80

N
<)
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X17 Candidate Bosons (mx ~ 17 MeV, AE > 17.2251 MeV ["Li + p),

kx = \/AE2 —m%, ky = AE)

Operators for 1* — 0T decay (in the long-wavelength approximation)
» Pseudo-scalar (07):(Xp) ~ ep <S> kx

» Axial-vector (17): (X4) ~ €a <5> 2+ Z%? Vs
» Vector (17): (Xv) ~ ey (E1) I/%
» For comparison: v (E1 (17), M1 (11), E2 (21), etc) Yi

(E1) ~ (rY1) ky

(M1) ~ (gz <L> + g <S>) ky X

[Backens, PRL 128, 091802 (2022)]
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Preliminary “Li(p, X )®Be Cross-sections

1072
o Data: v
104 8% | o, (M1)
..... o, (E1)
_ 106 - -== op Pseudo-scalar (07)
F = e N (oo % Vector (17)
5 ; T o4 Axial-vector (17)
10754/
1010y
/~/// Preliminary using ex estimates
10712 i =2 .4 . . 1- 1-2 Vi from Backens, PRL 128
0.0 02 0. %ﬁ[M 0\-/8] 0L * 091802 (2022)
e
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Angular Distributions
» Ongoing and planned experiments at Orsay and Montreal will provide an
independent verification of the anomaly
» They can change the angle (relative to the beam) at which the pairs are measured

(ATOMKI: 0y = 90°)
B = 0.90 MeV

Preliminary b

0.50

0.45 AT

0.40 A

0.35 1

do /dS) [mb/sr]

0.30 1

75 l(’)O 155 150 1%5
Ox [deg]
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In progress

» Full continuum—bound calculation
» expect E1-M1 interference between different LSJ channels in angular distributions

A
! vy
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In progress

» Full continuum—bound calculation
> expect E1-M1 interference between different LSJ channels in angular distributions

» Comparison to new ATOMKI data (2205.07744)
» bump observed off-resonance suggests vector character

e

Counts/(5 degree)
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10 °F
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-+
B et

“++ : = s
I ILP— 800 keV

et
-— +_._w.1 e e

7Li([),kf’ta')sB(e

+—+ X2
-, E = 1100 keV

i
x1 +

— + -+
X0 +++
.

++
s +++ ++

n
E=650keV

-
-+
-+

RS

4
+
E =450 keV +

+++

40
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80

1 L . L
100 120 140 160
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Summary

» NCSMC successfully describes the spectrum of ®Be including the 1T resonances
» Calculations of "Li(p, v)®Be radiative capture match data

Outlook
» Compare "Li(p, e*e~)®Be to data with v — e*e~ operator
and various X — e*e™ operators (e.g. axions, vector bosons, axial vector bosons)
» Calculations of *H(p, eTe~)*He are also relevant to the X17 anomaly

» Explore charge-exchange reactions relevant for nucleosynthesis:
"Be(n,p)Li, "Li(p, n) Be
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Backup Slides
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Constralnts On ”’I’X Feng PRD 95, 035017 (2017)

In the frame of the X boson the electron and positron momenta are anti-parallel.
Boosted to a minimum separation angle:

0= 2511171(%;()

Contours of my (MeV)

\21
2!

19

» ®Be anomaly occurs in the isoscalar
transition (decay of 170 resonance)

» In-between resonances in *He

» Bumps could be explained by 17 MeV
bosons decaying to eTe™

8

160 180
6% (deg)
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Exclusion Plot

Current (gray) and
projected sensitivities
of future experiments

Feng PRD 95 035017 (2017)
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