Ab Initio Investigation of
Radiative Capture and
Electron-Positron Pair Production

Peter Gysbers
Facility for Rare Isotope Beams

SM75 - July 21, 2024




Acknowledgements

Ab Initio investigation of the "Li(p, e*e™)®Be process and the X17 boson.

PRC 110, 015503 (2024) arXiv:2308.13751
Coauthors
» TRIUMF: Petr Navratil

» LLNL: Sofia Quaglioni, Kostas Kravvaris
» |JCLab: Guillaume Hupin

nsere [YBS| 2 TRIUMF

CRSNG zw

2 /929



The X17 Anomaly in p + 'Li » *Be + e*e-

» "Li(p, e*e”)®Be @ATOMKI (Hungary) [PRL 116 042501 (2016)]
» Decay of composite ®Be produces electron-positron pairs
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The X17 Anomaly in p + 'Li » *Be + e*e-

» "Li(p,e*e”)*Be @ATOMKI (Hungary) [PRL 116 042501 (2016)]
» Decay of composite ®Be produces electron-positron pairs
» Anomaly in pair distribution implies an intermediate particle of mass 17 MeV
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The X17 Anomaly in p + ‘Li - “Be + e*e e 82 04005 (2020)]

"Li( p,"gste
E =1100 keV

IPCC:
(Internal Pair Creation
—*= Angular Correlation)

» The angle © between the electron and 'L
positron was measured !
» Anomaly in pair distribution observed at
the energy of the second 1* resonance

Can ab initio nuclear physics help interpret
the anomaly?

IPCC (relative units)
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Radiative Capture: P+ T — F +~

» Notation: T'(P,v)F
» Often astrophysically relevant:

» Stellar burning: d(p,~)>He, *He(a,~) Be, ...
» Big Bang Nucleosynthesis: d(p,v)*He, *He(d,~)°Li, ...
» Search for new physics: “Li(p,v)"Be, *H(p,~)*He, 'B(p,y)'*C

e\ vy

AAVAVAVAVAY

[Adapted from:
Feng PRD 95, 035017 (2017)]
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(a) (4)
P F

Calculating Radiative Capture

Pp Pp
To calculate the rate of reaction (cross section) we need: \ /
» initial wavefunction: |¥;) (P +T) ®
> final wavefunction: |¥';) (F) 1[7 Q = (,3)
» photon emission (electromagnetic transition) operator: \
Oy(\,q) = ;- T(q) ~ L1 AT (@) + TH(a)
» approximations: (A-a) 7y

*» single-nucleon operators, long-wavelength expansion
E A l+7,; 2 ~
Tix(q) = X7 =52 i Yix(7y)

> transition matrix elements: (¥ ;| 0., |¥;)

o~ ¥ dal{w,|0, W)
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Bound States: |¥y) =

Jr ) NN + 3Ny

f Soma et al, PRC 101 014318 (2020)
Eigenstate of the nuclear Hamiltonian:

HA\|Wy,) = B, |U;,), where HA = ZT VN 2V,
i<j i<j<f

sz

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

harmonic oscillator single-particle states:

N'max

|\I]k Z ZCN] |(I)N.7>

N=0 g

Convergence to an exact solution as

Ninaz = 00
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, , I [0
Unbound (Continuum) States: |¥;) = [(Wp) \@bT))(S’) Y, (Tp - rT)]
» The incoming state is made of distinct clusters with relative motion

» Harmonic oscillator states cannot describe long-range physics
(the tails of the wavefunction are too small)

» A method beyond the NCSM is needed for scattering, reactions and
proper bound state asymptotics
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, , I [0
Unbound (Continuum) States: |¥;) = [(wp) WT))(S’) Y, (Tp - rT)]
» The incoming state is made of distinct clusters with relative motion

» Harmonic oscillator states cannot describe long-range physics
(the tails of the wavefunction are too small)

» A method beyond the NCSM is needed for scattering, reactions and
proper bound state asymptotics

No-Core Shell Model with Continuum (NCSMC)
» Solution: extend the NCSM basis!

lp“'“ — 2(_/1

A

(A)‘,A>+Efdf 7, () A‘, ‘F/(?) ,v>

(A-u)
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NCSMC Equations

HYW _ g Py =ECA‘(A)"A>+2fd7 v.(F) A,
2 v A-

HA

A r A r
g s (oliltie) ) (e lilte

| ! l

H ooy h @ 1NCSM @
h H o @ - 8 N rou ®

T
Bl dlte) BBk A,
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More Detalils

v

v

v

Internal Region

External Region

V= V:md + VC[)LJI V= VCoul
r=a
(1) = 32, Avn fn (1) (1) ~ 8y, 1, (1) — Suu, Ou(r)
R-matrix on a Lagrange mesh ®

Solve for generalized S-matrix: S;/7

Diagonal phase shifts: S/ ~ ¢

Eigen-phase shifts: e

2i6]™

2i87™

», eigenvalues of S

8

® =5
AR 0

ww" x’ﬂ\{ﬁ
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NCSMC for "Li(p,v)®Be

|\Ilr(\l%SMC> ZC/\‘ Be, A) + /dT%(T)A |"Li+p,v) Z/dT’VH(T)A#‘7Be+n,M>
n

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 cy(E), 7, (r, E), vu(r, E) — [U(E))
» Cross-section depends on transition matrix elements e.g. (¥ (Ey)| M1|¥(E;))
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Results

The NCSMC allows simultaneous calculation of many observables
® °Be Structure
© Scattering: "Li(p, p) "Li, "Be(n,n) Be
O Transfer Reactions: "Li(p,n) Be, "Be(n,p)"Li
@ Radiative Capture: Li(p,~7)®Be
® Search for new physics: "Li(p,e*e™)®Be, "Li(p, X )®Be
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®Be Structure
H “ ” . 22.98
Calculations of ®Be “bound” states (w.r.t. Li + p threshold) 20 BT
are improved by inclusion of the continuum (N4, = 9) oo —
5 18.8997 | fiflomisist 1o
"Betn [ LA 73561
. WL o +<> . %4_:} 6626587 )20 7Li+p
3 N
E 4+ 1135 e
— .10 7
€ 7 7%
-15
20 + 2+ 2+
. . . + - 2% 0|
» Energies likely too high due to neglected « + a breakup 2 7
» Matches experiment well, except the 3rd 27 is still 0t »
. . 8
S“ghtly above the 7L1 +p threshold [TUNL Nuclear Data Evaluation Project] Be
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Be Structure 24.0 e 21
Calculations of ®Be “bound” states (w.r.t. "Li + p threshold) e
are improved by inclusion of the continuum (N4 = 9) o o
18.8097 |, Bllumszet ire.
) "Betn | 3 " 17,9551
o] 5 o . - Si Pl T
3’ Y
> 4+ A )
— .10 7
&3 _
-15
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. . . + o 42 o)
» Energies likely too high due to neglected « + a breakup 2 -
» Matches experiment well, except the 3rd 2* is still 0t »
H . 8 g
S“ghtly above the 7L1 +p threshold [TUNL Nuclear Data Evaluation Project] Be
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Eigenphase-shift Results (positive parity)
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18.8997 [P2hose20l=kzio iy

Additional resonances are seen
compared to TUNL data evaluation

14 / 23



"Li(p,p)Li Elastic Scattering

—— NCSMC: Ny =9, 4.76 MeV
103 -==- NCSMC: Npz = 9, 4.38 MeV
X { Data: 5.43 MeV/u
= ¢ ¢ Data: 5.00 MeV/u
~
o)
£
d
%102_ ﬁNZu(l_m(Svu))
)
=
10!
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25+1p . [(|7Li) ‘p))(S) YL(TQ)]J

Radiative Capture O, = El+ M1+ E2 P
. 8
Lo "Lizjo-(p,7)Be
30 —— NCSMC: v T T T T T T ]
. —=== NCSMC: 7o + 71 1801 5P ——=" ) ‘__4_;;_
1072 4 $  Data: 150 1 . ‘oo
{  Data: yo+m 1 (T=1
1041 1201 dominated) (T=0
= ,@ ook dommated)_:
S h=) .
10754 © 60 ]
1 i
30 ]
10764 0 _
10-7 . . By 1 1 7
00 02 04 06 08 10 12 14 o 02 04 %SH[ME%? roo12
E [MeV]
~o: decay to ground state (0*)
~1: decay to first excited (2*) 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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Integrated Cross Sections ¢, - g1+ m1+ B2

T 8 T 8
10-2 L1<p7 7) Beo+ 10-2 Ll(p,’y) Beo+
3 —
L —== oy (M1)
1079 — oY)
9 —m 0y(B2)

00 02 04 06 08 10 12 14
E [MeV]

~o0: decay to ground state (0*)

~1: decay to first excited (2*)

[Data: Zahnow et al
Z.Phys.A 351 229-236 (1995)]
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Differential Cross Sections

"Li(p, ~)*Bea+
E, = 954 keV F}, = 1021.5 keV E, = 1082 keV
104 - +
N » Preliminary data from IJCLab
NCSMC components (Orsay! FR)

R = B d
2 e P > d—g ~ ¥ i ag Pr(cosf)
£ 4 S » Interference between initial
S = ByEj + ByE}
SR, e s pr channels

1Preliminary

0 160 0 160 0 160
0 [deg] 0 [deg] 0 [deg]
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Differential Cross Sections

"Li(p,7)*Beg+

E, = 954 keV E, = 1021.5 keV E, = 1082 keV

NCSMC components

" —= B
"
—~ -== |M?
b= 2
€ - B
-== E\M{} + M E}
e == BiEj o+ ByBf
o === M E; + E;M{

.
T T
0 100 0 100

0 [deg] 0 [deg]

v

v

v

v

Preliminary data from IJCLab

(Orsay, FR)

dd—g ~ ¥ i ag Pr(cosf)
Interference between initial

channels

Data could be contaminated by

protons with energy lost in

target
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Electron-Positron Pair Production

202 wpp. S
an
dQ+dQ_ f Y2m)s o 2,

n=1

(a) (4)
P F

v

Oee ~ Euju

» v, are kinematic factors

» R, are products of operator matrix elements
» R, ~|C|” : Coulomb
» Ry ~|T|" : Transverse
» others mix e.g. C*T + T*C

y is the “pair asymmetry”:

/;D+= (E+7ﬁ+)

v

E.-FE_
E,+FE_

’y:
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Results

» Measurement against
the electron-positron
separation angle ©

Relative Counts / (10 degrees)

(6) [mb/sr’]

d'o
0 A0

"Li(p, e*e™)*Be; Eyin = 0.9 MeV

9 5 P 9
‘y‘ < 0.5 [yl < Ymax
. N X
" Y ATOMKI NCSMC
N W, —0o— 2016 do e dr
0] —o— 2019 | 4 === dofT0 —- dof
(Matched at 65°)
1072
NCSMC (cont.)
Aol - dofiTe)
10714 -
1072 :
107104
107124
10714
10716 4
10715 4

0 20 40 60 80 100 120 140 160 180 0 20 40 60

100 120 140

80
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160

180
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Results

» Measurement against
the electron-positron
separation angle ©

» v, and Q are
functions of cos ©
> Rn ~
YK agg)PK (cos %)

Relative Counts / (10 degrees)

"Li(p, e*e™)*Be; Eyin = 0.9 MeV
ly] <0.5

[y < Ymax

1072

— o Ay

N ATOMKI W NCSMC
Y —o— 2016 do e ar
N - 20wt - dofi® == dof?

(Matched at 65°)

10714

\ N b

40 60 80 100 120 160 180 0 20 40

© [degrees|

60 100 120 140 160

80
© [degrees]

180
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Results "Li(p, e"e™)*Be; Eiin = 0.9 MeV
§ ly| <0.5 i, [y] < Ymax
» Measurement against Y oo | N R
the electron-positron SR RNY [Mat;-e;o;st (—35;} - a0 == o

separation angle ©
» v, and Q are

Relative Counts / (10 degrees)

functions of cos© 0
> Rn ~ o 1'\"5(5&(““”
YK ag)PK(cos ) CRERR RN - ) -
k Ao (+)
» El1and M1 are
dominant
> Inclusion of e
interference between <
W g £
initial channels e

improves agreement
with data

10719
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More Results

"Li(p,ete”)*Be

1074 Matched at 112.5° 108 .
1073
7 10
<
o0 5
107
o< ;
0 10% 4 F10% =
i S -6
a
f=
3
8 ATOMKI: 107
—— 963keV B 1100 keV
1014 — 70keV A 800 kev Lot 10-¢]
—— 65 keV ¥ 650 keV
—— 385 keV € 450 keV
. . . . . . 1070
40 60 80 100 120 140 160 0.0

© (degrees)
» Updated ATOMKI data (2022) arXiv:2205.07744
» Data in-between resonances seems to be contaminated by M1 from first resonance
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o [b]

Li(p, X)®Be

» A vector X17 is the best candidate

1072 for anomalies off-resonance
L Ml [arXiv:2205.07744]
10741 — Z”LED
----- op Pseudo-scalar (07)
-r= oy Vector (17)
10-6 1 — o4 Axial-vector (1%)
$  Data: 7y
-8
10 p YF
10—10 4
10—12 K ' ; ' ; . i
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E [I\/IeV] [using ex estimates from oy X

Backens, PRL 128 091802 (2022)]
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Summary and Outlook

» The NCSMC successfully describes the spectrum of Be, radiative capture and
electron-positron production

» The X17 remains unconfirmed

» apparent contamination of data between resonances due to proton energy loss

in the thick target

» independent experimental tests are in analysis phase (e.g. the NewJEDI collaboration)
» To do:

» ATOMKI experiments in other systems: *H(p,e*e”)*He, "'B(p,e*e”)'*C

> investigate v angular distributions at more energies

» pair production for capture to the 2*

» Investigation and adjustment of higher-lying resonances necessary for scattering and
charge exchange reactions
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The X17 Anomaly in p+ 'Li — "Be + e*e e o 04005 (2020)

j'Lil[p\;{lsBe
» The angle © between the electron and E,=1100 keV
positron was measured 107 IPCC:
» Anomaly in pair distribution observed at & . (jnternal Pair Greation
. = ngular Correlation)
the energy of the second 1* resonance S
[
» Bump could be explained by 17 MeV £
bosons decaying to e*e” 2
o
Can ab initio nuclear physics help interpret =
the anomaly? >
0+
1 1

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



Constraints on mx [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:

O = 2sin_l(@)
Ex

Contours of my (MeV)

22 \
» Anomaly in pair distribution observed at He.ds \2‘
. 2

the energy of the second 1* resonance
» Observed in-between resonances in
“He (*H(p, e*e™)*He)
» Both experiments consistent with 17
MeV bosons decaying to e*e”

19

8

160 180
6g'e- (deg)
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Pair Production: Bound vs Continuum

(o

i

» Rate:

A0~ 3 3 (M3 Pdpd®p.
M; M;

S4S—

a A
e o

w;A—a) o

» Cross section:

1
do ~ —

> 2 > M. d’p-

UMPMT Mf S4+S—
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Pair Production: Bound vs Continuum

vy

P;

» Transition Matrix Elements:

62

My~ (G ) e bl

» 2 terms: longitudinal and transverse

A
o o

w(TA'“) e

» Transition Matrix Elements:

S+S 62 S+ S
Mz (&) e Tl

Vi

» 6terms
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Leptons:

G~ (P)yuv™ (Pr)
S luly ~ PopyPoy + Poy Peyy = 0 (Pio P +m?2)

S+8-

Nuclear Currents: J, = (p,J)

{(fllolli) ~ > Cy
J>0
(fllex- Ty ~ SATM + TF
J>1
(fléo-T i) = (fIT- i)~ > Ly Eu1 = F(& +19)
/20 éo=2
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Multipole Operators:

Conrla) = [ d*rMyas(a,7)p(r)

Lol = [ dor (%MJM(q,m) 3)
T = [ @ (S itmitan)- 76
T = [ Eripana.7) - T @)

Approximations:

M (q,7) = 35(qr)Y i (7)
Myra(q,7) = js(qr)Yoom(7)

Ci~q"Ej=q¢’e<r’Y;>

TM ~ gMy = quy < gsS + gL >

29 /23



dr' | |2
dcos© cip

+ar Y |7

by
~ac Y 1Ci(f,1)?
J>0

+ar Yy, > |T7 (£

J2lo=E.M

-

In=€x-J, ac =01, ar =14

Cross section:

do

dcos® " Z {111|p|2+

+va [p (T + J "+ h.c]
U3 [p (J+ - TJ- 4 h.c.]

[

+ s [T-

4|J+|2 |J|]
TS+ T T

5

+v6 [T+ T - T-J] }
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Comparing to the ATOMKI Experiment

Ao B d°c
dE,dQ,dQ-  2dyd cos Od¢.dd,dg,

40 Jr DD
= Y NRN
GrP o o 2"

Q=(w,q)=(Es+ E_,ps+7-)

yo BB Y=
w 3/ ¢

P+ P- = p+p-cos©O \%»qg’
fr=1 i

,¢£2
b d=P i
N E:_‘—_'_
-»+ 0.. P+ —D
N N
. . O
Ty
p=4
ngq
N — PP
Y= Torxdl
T=7x2Z
A,
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» Kinematic prefactors:

v

v

v

v

v

R, =Yg (IE’;)PK(COS 6,),

K
4
1 %(EJrE + Py p_—m)
2 \}Ecx E-BE_-%c,
3 \}icy (E+ -E_ - ﬂc
4 E+E +m 2 _ (P Q)(P
5 % (ci —c )
6 —CyCy

a{ ~ (juj

j = 4" =1 channels are dominant.

Rz =0at6,=90° (only K =1).

Rsisonly K =2.

Ry and Ry haveK:O,MgndKzz.

vk (04 =90°, ¢ = 90°)

0

— (B - E--%c)

1]

2
y

Ol\')lb—l

" K (p =)

k=1
k=(2,3)
k=4
k=(5,6)

y-capture: ax ~ (j15' - 1|K0)
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Input States from NCSM

Wowo = L erBe ) + 5 [ dru ()AL Lie )+ 3 [ dr () A Be )

e 1124 zz[He+p+n 101 1 106758
9.522 9;70//./ . li%%_ .,gwg%%%%%n Be +n -
“He + d 8122 ;1'2;_"\9_(,?;'}" 18277 87
» 3 NCSM calculations: "Li, "Be and ®Be B s 1 LR P g4 Litd
‘Li+n 6604, .37 _ S s
3= 1- 7 5~ 57 T7: 7 - T3 56058
4 {i 15 55 5 v 5 } Li and Be states .‘4.652 %%-,__,___7_ .57 4 C‘Li-ﬁ—p
in cluster basis j
o . . 12467 1
» 15 positive and 15 negative parity states He+t | } | 15866
.8 . . 10.47761 0.4291 r ;'Hc+ He
in °Be composite state basis - ——— =S
AL E 0] o E L:%
TLi 7Be

TUNL Nuclear Data Evaluation Project
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Input States from NCSM

v®)

» 3 NCSM calculations: "Li, "Be and ®Be
» {37,17, 17,37, 27} "Li and "Be states
in cluster basis

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

YNcsme = ZC)\|8B6 A) + Zfdr'yl,(r)A ‘L1+p,

18.8997
Be+n 1

-0.0918

L

Zfdr'yﬂ(r)zzl“‘?Be+n,,u)
I

17.2551

Zsa 0

‘He+*He

8Be

" TLitp

TUNL Nuclear Data Evaluation Project
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Interaction: Chiral NN N3LO + 3N(Inl)

» Good description of excitation energies in light nuclei
» Hamiltonian determined in A = 2, 3, 4 systems
» Nucleon-nucleon scattering, deuteron, *H, “He

X

E [MeV]

13
12

=
=

= e e -

o TTe— m-:'“:v_
o A S
B Li — i
L — 12

— e T 3/2
B B U ./ R
| — 52
- NCSM .
- NN+3N(Inl) .
F e e 2

7hQ 4hQ 6hQ BhQ 10hQ Expt

X

E_[MeV]

= R R e e e =]

PHYSICAL REVIEW C 101, 014318 (2020)

Novel chiral Hamiltonian and observables in light and medium-mass nuclei

V. Soma,

P. Navritil 2, F. Raimondi,** C. Barbieri o, ! and T. Duguet'

NN N3LO (Entem-Machleidt 2003)
3N N?LO w local/non-local regulator

]

oC

Be

NCSM
NN+3N(Inl)

I

Il

e 070

'S

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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