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Motivation: renewed interest on IPC.
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Beam: protons in the 0.5 -1.2 MeV range

Targets: LiF,, LiO,.

The reaction: "Li(p,e*e’)®Be allows to selectively populate the 17.64 MeV and 18.15

MeV resonances.

The considered transitions are M1 type. Isospin is assigned in analogy to isobaric
nuclei -> two iso-scalar and two iso-vector transitions.
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Motivation: curiosity for the “X17” case.

week ending

PHYSICAL REVIEW LETTERS 29 JANUARY 2016

PRL 116, 042501 (2016)

Observation of Anomalous Internal Pair Creation in *Be: A Possible Indication of a Light,
Neutral Boson

Al Kraszmih()rl\'uy,k M. Csatlos, L. Csige, Z. Gdcsi, J. Gulyds, M. Hunyadi, I Kuti, B. M. Nyakd, L. Stuhl, J. Timar,

The deviation between the experimental and theoretical

10° F angular correlations is significant and can be described by
800 assuming the creation and subsequent decay of a J'=1*
e = z Z 700 } boson with m,c?=16.70+0.35(stat)+0.5(syst) MeV/c?. The
H i3 S E 600 - Jr > branching ratio of the e*e” decay of such a boson to the y-
é I:'= % ;c E : Jf § decay of the 18.15 MeV level of 8Be was found to be
E | f o g JFJF = 5.8x10°¢ for the best fit.
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FIG. 4. Experimental angular ¢ ¢~ pair correlations measured
in the 'Li(p,eTe™) reaction at E, =1.10 MeV  with
—0.5 <y <05 (closed circles) and |y| > 0.5 (open circles).
The results of simulations of boson decay pairs added to those
of IPC pairs are shown for different boson masses as described in
the text.
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Literature on IPC anomaly.

F.W. N. de Boer et al, Phys Lett B 388, 235 (1996)

F.W. N. de Boer et al, J. Phys G: Nucl Part Phys 23, L85 (1997)
F.W. N. de Boer et al, J Phys G: Nucl Part Phys 27, L29 (2001)
And several others.

Results of two dedicated experiments are reported yielding further indications for an anomaly at 9 MeV/c2

in the angular correlation of IPC. The first experiment (8Be) shows a deviation from IPC at large correlation
angles presumably due to the same anomaly in the transition to the first excited state. The second experiment (12C) shows
a relatively large anomaly at 9 MeV/c2, albeit with limited statistics. Both results are compatible with an X-boson scenario where
the boson—nucleon coupling strength is proportional to the isoscalar strength in the M1 transition. Exploiting isospin structure

as a guideline, further high statistics experiments are needed to establish the nature of the anomaly.

Table 1. Experimental results relevant for the search of anomalous eTe™ production in nuclear
transitions with respect to IPC, in the invariant mass range from 35 to 15 MeV/c?. Listed are
the nucleus, the quantum numbers, the energy (£) and character (E1, M1) of the transition, the
derived boson emission branching ratio (By) with respect to y emission, the boson decay width
(Ty), the isospin dependent effective coupling strength (ay), relative to & = 1.7 x 107 (the
axion—nucleon coupling strength). the invarant mass my and the literature references. Values
for By and 'y have been derived at 95% CL.

Table 1. Experimental results for anomalous e*e ™ -emission interpreted in the light of a short-lived
9 MeV/c? X-boson insix M1 transitions and an MO transition. Listed are the nucleus, the energy and
the width of the resonance Eg and I'g, the (iso)spin-parity quantum numbers, the transition energy
£, , the X-branching ratio By with respect (o y-emission, the X-decay width I'x, the coupling
strength ey relative to @ = 1.7 x 107° (the axion—nucleon coupling strength), the invariant mass
my. and the references. Values for Bx and m x have been derived at 95% CL.

Az m T E By I'y oy - mx Reference Eg I'r Ey Iy (/5 my
MeV meV L7 %107  MeV/e? A7 (MeV) (eV) I.T (MeV) By (meV) 1.7 x 107% (MeV/e?) Rels
Ne 171 12;‘ Ei <13x107 <3 <18 (20] 2¢ 1271 18.1 *.0 1271  (7+£3)x 1074 024+£011 1847  9.0+1.0 Present
: L .
26 - 1 172F1 €23x10° < <03 0 1271 (1.6 +£0.7) x 10 0564025 38417 92+1.0 [5-7]
> 1 123El 1511 436 .1 1511 <4.6x 1073 <I1.8 <0.9 — [5-7]
P10 127ML (L6£07)x 1077 055+024 3817 9210 [6] fBe 17.64 107 x 107 1*,1 1764  (1.1£03)x 107" 1.9+04 1.5£04 91  [2-4]
175 ol 17411\12111 j 33 x igj j :j j 83 {gl - 14.64  (854+£26)x107° 07402 15404 941 [2-4]
- . % Jo X h = = V. . &2 3 A —4 . -
SBe 1T 1,0 176MI (114434 %10° 19404 15404 041 [ 18.15 138> 107 17,0 1815 <4110 sz <57 - Present
14.6 M1 1515  (58+22)x10* 22408 10.5+45 9.5+ 1.2 Present
‘He 0~ 0  210ete 74 + 30 32+12 842 [15. 5] YHe 210 850 x 10° 07,0 MO 0~ — 0*. c*e™ 74 £ 30 32412 8+2 [5-7]




Is alpha-clustering hiding behind the scene?
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An experimental challenge!

o

Emission of e*e pairs coupled to the Nuclear Field.
It must be disentangled from pair production due to high energy gamma rays.

* Possible only for AE>1.022 MeV

* Competes with gamma emission (typical
cross section ratio is 10-3)

* Allowed for monopole transitions

* Allows to directly probe transition properties

\ 4

Theory is well established since Rose’s work:

« M.E. Rose, Phys Rev 76, 678 (1949);

 E.K. Warburton, Phys Rev 133, 6B (1964)

» P. Schliiter et al, Phys Rep 75, 327 (1981)

» P. Schliiter et al, At Data and Nucl Data Tab 24, 509 (1979)

It is possible to compute:
Pair Conversion Coefficients (PCC)
Electron-positron angular correlations

Detecting “high energy” e*e” pairs (sharing 10- '

20 MeV of kinetic energy) emitted in an
environment dominated by gamma-rays poses

an experimental challenge.



https://doi.org/10.1103/PhysRev.76.678
https://doi.org/10.1103/PhysRev.133.B1368
https://www.sciencedirect.com/science/article/abs/pii/0370157381901666?via%3Dihub
https://doi.org/10.1016/0092-640X(79)90008-1

Setup: state of the art.

Figure 1. Comparison between the old and new setups. The pre-
vious setup (a) used 5 telescopes, each with a MWPC to gather
the position of the particles and a thin scintillator in front of the
main one to differentiate electrons and positrons from gammas.
The new setup (b) consisted of 6 telescopes. and the MWPCs was
replaced by DSSDs, which can be used for the particle identifi-

v
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cation, removing the need for the thin scintillators.
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Figure 2. Energy sum spectrum (a) and angular correlation (b)
of the e*e pairs from the 17.6 MeV transition. Full blue curve
shows the simulated results, and red points with error bars shows
the experimental results
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[A. ). Krasznahorkay et al, arXiv:1504.01527]

[D. S. Firak et al, EPJ Web of Conferences 232, 04005 (2020)]
[J. Gulyas et al, Nucl Instr and Meth in Phys Res A 808, 21 (2016)]

Can we provide independent data?




We do have a useful facility

INFN Istituto Nazionale di Fisica Nucleare

Laboratori Nazionali di Legnaro




The AN2000 facility at LNL

AN2000 by High Voltage Engineering AN2000
Operational since 1971. — —

IBIL%IC r>
Micro-PIXE

PIXE/H N

lons: 1 @H+, 3-4He+.
Maximum Terminal Voltage: 2.5 MV, single stage (belt).
Beam current: up to 1 pA.

RES, ERD
NRA, IBIL
Channeling
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[https://www.Inl.infn.it/index.php/en/home-3/9-uncategorised/235-featuresbeams]



Design of a new IPC setup: can we improve sensitivity?

e Positrons are not discriminated from electrons. -> Future coupling to magnetic field.
* Target composition and stability are critical.
* Solid angle coverage is limited to theta=90°.

* Can we improve energy resolution?

e Angular resolution is limited by straggling:

Spessore [mm]|

Energie [MeV]|

_ . 10 15 20
---H "=

0.7 8 5.5% 357

1 gm El' SI:I 4: 5:}

1.5 11 8%  5.5°

[R. Bolzonella, Preparazione di un esperimento per la misura di coppie
e+e- nel decadimento del 8Be*, Universita di Padova (2019)]
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A new setup: simulations

Electrons in EJ200

2 N
2 § e
Q E
ok
1:_5
'H
20 -100
x [mm]
(a)
Positrons in EJ200
S S 101;—
1u3;—
il
10;—
1 1_
20 100 -80 BB —40  —=o O =0 Ao &0 &0 100
®[mmy] y[mem]
(c) (d)

Figure 3.1: Absorption position of electrons (a, b) and positrons (c, d), with a logarithmic scale on
the counts, at different emission energies: 10 MeV (blue), 15 MeV (red), 20 MeV (brown).
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A new setup: proposal

* Improve angular resolution by reducing material budget.
* Improve angular coverage and measure out-of-plane correlation-
* Improve confidence on target composition.

e Allow future coupling with a magnetic field. e TEPEL Mt
dente di fissaggio della PCB superiore

* Focus on Be and, possibly, 2C cases. Ra——
PCE superiora

COrnice superiore

corpo prillcipale_‘/—r—.

grano Maxl12
perno di centraggio della PCE im\b
inferi

bloceo rivelatore

Courtesy of A. Gambalonga - LNL
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Desi £th tup: back g ) [R. Bolzonella, An experimental setup for detection of e+e pairs in
€sign o € NEW Setup: backgrouna suppression the decay of 8Be, Universita di Padova (2021)]

e Dominant background source: y-rays emission from the populated resonances
® Request to select an event:

O coincidence in the 3 layers

o most of the AE is concentrated in a single bar or in the closest one

O energy cuts in the AE-E spectrum

o y detection efficiency in a single clover: e=6-10*

O Detecting pairs: 2
&P N€,+8_ El
R = N— = 5 6 ) R~ 70
VY €y
AE-E correlation
3 °F
£ E g % |Integral 569
R —5000 &
= ; 14;
Gi_ .Z’- 12—
= . —4000 3 C
S BN ° 1o —
A= ' 3000 o
3 o m
u 2000 E
"~ 47
2L
1 1000 C F
OT“““““ PR I S N AR A . . .
| Tl | ‘ 5 g ™ Depositad snergy [Mev] One possible configuration
0 1 2 3 4 5 6 7 Energy spectrum for one block gated on triple coincidence

(108 sim events)



Design of the new setup: detection efficiency and energy resolution

® Three tests: e and e- emitted

o orthogonally at the center of the frontal face of a
telescope

o orthogonally at the center of the frontal face of a
clover

O isotropically in the solid angle covering a clover
® Results

o Deposited energy: sum of the energies deposited in
each layer of a clover

Counts per 0.005 MeV

Counts per 0.005 MeV

electron

8 9
Deposited energy [MeV]

positron

8 9 10
Deposited energy [MeV]
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Design of the new setup: detection efficiency and energy resolution

Three tests: e* and e- emitted

o orthogonally at the center of the frontal face of a
telescope

o orthogonally at the center of the frontal face of a
clover

O isotropically in the solid angle covering a clover

Results

o Deposited energy: sum of the energies deposited in
each layer of a clover

O Maeasured energy: convolution of the deposited

energy with a poissonian distribution depending on
the light yield (30 ph/MeV, 60 ph/MeV, 100 ph/MeV)

Lounts per u.us mev
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Design of the new setup: detection efficiency and energy resolution

® Three tests: e and e- emitted

o orthogonally at the center of the frontal face of a
telescope

o orthogonally at the center of the frontal face of a
clover

O isotropically in the solid angle covering a clover

® Results

o Deposited energy: sum of the energies deposited in
each layer of a clover

O Maeasured energy: convolution of the deposited
energy with a poissonian distribution depending on
the light yield (30 ph/MeV, 60 ph/MeV, 100 ph/MeV)

o Efficiency distribution: peak integral within 3o

Efficiency (%]

Efficiency (%]
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Design of the new setup: detection efficiency and energy resolution

® Three tests: e and e- emitted

o orthogonally at the center of the frontal face of a
telescope

o orthogonally at the center of the frontal face of a
clover

O isotropically in the solid angle covering a clover

® Results

o Deposited energy: sum of the energies deposited in
each layer of a clover

o Maeasured energy: convolution of the deposited
energy with a poissonian distribution depending on
the light yield (30 ph/MeV, 60 ph/MeV, 100 ph/MeV)

o Efficiency distribution: peak integral within 3o

O Resolution distribution

Resolution (dE/E) [%]

Resolution (dE/E) [%]

electron

iy
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!
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L1
16 18

Emission energy [MeV]
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iy
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!
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L
16 18
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Design of the new setup: detection efficiency and energy resolution

® Three tests: e and e- emitted

o orthogonally at the center of the frontal face of a
telescope

o orthogonally at the center of the frontal face of a
clover

O isotropically in the solid angle covering a clover

® Results

o Deposited energy: sum of the energies deposited in
each layer of a clover

O Maeasured energy: convolution of the deposited
energy with a poissonian distribution depending on
the light yield (30 ph/MeV, 60 ph/MeV, 100 ph/MeV)

o Efficiency distribution: peak integral within 3o

O Resolution distribution

o Distribution of the difference between the measured

and the emission energy

electron

(E_measured - E_emission)/E_emission [%]

Emission energy [MeV]

positron

-

>+

(E_measured - E_emission)/E_emission [%]

® 0+

-

Emission energy [MeV]



Pair detection efficiency: two angular configurations

A — Angles: 0° - 60° - 120° - 180° - 270° (Atomki configuration)

gk Integral  1.183
S L
2 01
s L
0.08;
0.06;
0.04;
B —
002
%7 L | | —— ‘ J—— | L1 | ‘ J—— | I —— ‘ I —
0 120 140 160 180
6 [deg]
B — Angles: 0° - 45° - 105° - 155° - 245°
< 012
% 3 | Integral 1.182
2 ol
o.os} ) ‘ | m+
0.0/ J
0.04—
0.02 r
0T eo s 0 10 0 160180

0 [deg]

Efficiency (%)
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Good compatibility in shape with

respect to the Atomki configuration.

[J. Gulyas et al, NIM A 808, 21 (2016)]

Estimated Pairs detection
efficiency
=1.18%

gpairs



The new setup: prototypes




Calorimeter characterization: light yield estimate using Compton scattering

EJ200 organic calorimeter

Setup:
o)
o)
o)

0]

L.O. EJ200

Source: %°Co
EJ200 detector read with SiPM FBK
Ancillary detector: Nal(Tl) read with PMT
Three light readout modes:

= 1SiPM (6x6 mm) -> 36 mm?

= 2 SiPMs (6x6 mm) -> 72 mm?

= 1SiPM (10x10) -> 100 mm?

16000 e —-
14000 ~—
L 1200
12000 —
- 1000
10000 —
8000 | —
6000 —
4000 —
2000 |[—
0 E L I L. ;? i ot s |=|; :"T :i?‘:’ |:-: -I:-_;\--’-\-\’-I d"- |<: | >|"T‘ \_: -f: |_ -|A,|-- L '\»-- 0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

L.O. Nal

el Nal(Tl) ancillary detector

calorimeter read
Source: °Co  with 6mm x

6mm FBK SiPM

Ancillary:
Nal(TI)

22



Calorimeter characterization: light yield estimate using Compton scattering

® Slice of the spectrum at fixed energy in the ancillary detector

Number of Entries

® Energy in the organic scintillator fixed for energy conservation

® Projecting the slice in the organic scintillator energy measured,

pseudo-photopeaks are produced

5000 6000 7000 8000
EJ200 energy [ADC channels]

® Repeating the analysis for several energies, a linear trend in

the plot of 1/R? against the energy is expected ’:‘. 120? .
® Bestcase: (100mm?2) L, = 237 + 5 photons/MeV 5 3
SIPM Surface | Light Yield ph/MeV 20;
36 mmz 35.5 i 0.7 D;_{llﬂ ‘4{|]Cll = 5{|]0 I6(|]0 I ‘ﬂl,lCll = ‘Sélﬂl —
72 mm? 120 + 3 o

100 mm? 237 +5



Invariant mass resolution estimate

e Invariant mass depends on: Invariant mass resolution

O e and e’ energy

Ty [deg]

O correlation angle 0.9

® The associated error depends on:
0.8

O e energy (the e* one is fixed by the energy conservation)

0.7
O energy resolution (depending on the light yield)
o correlation angle °°

O angular resolution 05

III|IIII‘II\I|\II\ll\lllllllll

e Resolution computed as function of: E;, Ly, 6, o, Ly [phofosr?s/MeV]

e Electron energy and correlation angle integrated out
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Tracking layer’s characterization

Experimental setup

@ 12000_ — 45

g - —140

e Bars read with an array of 10 SiPMs S 10000/ — A
] -
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L 25
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Setting up the experiment

AN2000:

* Proton energy 200 — 2000 keV
* Beam currentup to 1 uA

* One dedicated beamline

23-02; 18515
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Outlook

Protophobic vector boson: I'(*He(20.21) — “He X) = (0.3 — 3.6) x 107" eV (126)
ATOMKI Experiment [26, 27): I'(*He(20.21) — “He X) = (2.8 —5.2) x 10° eV. (127)

The reported To anomalies reported in ®Be and * He nuclear decays are both kinematically
and dynamically consistent with the production of a 17 MeV protophobic gauge boson.

What is the path forward? Clearly, now is the time for other collaborations to perform
the same nuclear measurements to check the ATOMKI results. But in this work, we also
propose simple modilications ol the ATOMRI setup that could provide incisive tests o
the new particle interpretation. The comparison between theory and experiment will be
sharpened considerably by including the E1 background in the experimental analysis and
running on the *He(20.21) 0" resonance. In addition, scanning through the *He(20.21)
0% resonance can provide important information to disentangle vector and axial vector X
bosons and quantify the properties of particles with mixed couplings. Last, we find that
the protophobic vector boson could also be observable in the decays of the '2C(17.23) 1~
excited state, and we have provided precise predictions for this rate.

[J. L. Feng et al, Phys. Rev. D 102 (2020) 036016]
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Outlook

TABLE I.  Production and decay kinematic parameters. Beams of protons with kinetic energy FEy.,, collide with
nuclei A at rest to form excited nuclei N, which then decay to the ground state nucleus Ny through N, — NyX. We
fixmy = 17 MeV, and for each of the relevant processes, we give the values of Ebeam, my, my_, vy (the N, velocity

in the lab frame), vy (the X velocity in the N, rest frame), and 9“““_ (the minimum e™* ¢~ opening angle). 4He(20 49)

indicates the resonance energy probed in Ref. [3:

3], which sits between the “He(21.01) and “He(20.21) states.

p+A-— N, Eream [MeV] my [MeV] my_ [MeV] vy, /¢ vy/c 91}1}‘;_
p+Li— Be(18.15) 1.03 6533.83 7473.01 0.0059 0.350 139°
p+Li — SBe(17.64) 0.45 6533.83 7472.50 0.0039 0.267 149°
‘ p+ 1B - 12C(17.23) 1.40 10252.54 11192.09 0.0046 0.163 161°
p+°H— “He(21.01) 1.59 2808.92 3748.39 0.0146 0.587 108°
p+°H— “He(20.49) 0.90 2808.92 3747.87 0.0110 0.557 112°
p+°H— “He(20.21) 0.52 2808.92 3747.59 0.0084 0.540 115°

[J. L. Feng et al, Phys. Rev. D 102 (2020) 036016]
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Outlook: inverse kinematics and tracking. Nuclear decay tagging.

gas volume

electric
field

incoming
beam
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Outlook: inverse kinematics and tracking. Nuclear decay tagging.
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Outlook, beyond X17: SPES 1+, renewed interest on IPC.

TARGET BEAMENERGY BEAMINTENSITY VIEW MODE Jdﬂﬂiﬂ-'.-...

Sodium 18Na  19Na  20Na 2INa 2
Neon 16Ne  17Ne  18Ne  19Ne
Fluorine 14F 15F 16F 17F 18F

Oxygen 120 130 140 150
Nitrogen Loy L

Carbon i

12B 13B 14B 15B 1
3A4e+]] p/s EEETEE T

Boron B | N B

N e

e

10Be 11Be 12Be 13Be 14Be 1
2100 pis [RETSIS

Beryllium %

Lithium

Helium
Hydrogen

Neutron I

I

[https://web.infn.it/spes/]
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Collaboration

INFN

The experimental work is funded by INFN-CSN3 through the NUCLEX collaboration.

Other groups with complementary expertise are involved:
-INFN and University of Padova

-INFN Genova

-INFN LNF

-INFN Roma 1

-INFN Roma 3

-INFN Catania
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