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The X17 boson “anomaly”

The ATOMKI experiments

@ [Krasznahorkay et al., PRL 116, 042501 (2016)]: “Observation of Anomalous Internal Pair
Creation in 8Be: A Possible Indication of a Light, Neutral Boson”

@ [Krasznahorkay et al., arxiv:1910.10459 (23 October 2019)]: “New evidence
supporting the existence of the hypothetic X17 particle”

@ [Krasznahorkay et al., PRC 104, 044003 (2021)]: “A new anomaly observed in “He
supports the existence of the hypothetical X17 particle”

Reaction my Amy (stat) Amy (syst) T Evidence
[MeV] [MeV] [MeV] [sec]
"Li(p, e e~ )Be 16.70 0.35 0.50 10— > 50
SH(p, e e~ )*He (2019) | 16.84 0.16 0.20 >7.20
SH(p, e e~ )*He (2021) | 16.94 0.12 0.21 > 8.90
Measurements of the e* e~ angular Previous “anomalies” found in IPC
correlation in the internal pair @ [de Boer et al.,, Phy. Lett. B388, 235 (1996); J.
conversion (IPC) nuclear transition Phys. G 27 L29 (2001)]: IKF Frankfurt: 9 MeV
Boson?
@ [Vitéz et al., Acta Physica Polonica B 39, 483
(2008)]

@ [de Boer & Fields, Int. J. mod. Phys. E 20, 1787
(2011)]

image from [Feng et al., 2016]
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The 8Be experiment

[Krasznahorkay et al., PRL 116, 042501 (2016)] J
182 It Angular distribution of the e~ e™ pair
E,103 Me/”'6 |~ i
p+Li ? g
20 >
7 0.0 o
*Be ) R
@ [Tanedo, Process: “Li + p — (®Be)*
www.particlebites.com/?p=3970 @ Radiative capture: (8Be)* — 8Be +

(Aug. 25, 2016)] “The Delirium over
Beryllium” for a nice introduction to the
experiment and the possible

@ IPC (standard):
(®Be)* — 8Be +v* — 8Be + ete™

explanations @ [IPC (exotic):
* 8 =
@ [Zhang & Miller, 2017] “Can nuclear (®Be)* — ®Be+ X — ®Be + e'e
physics explain the anomaly observed @ Background: real -y converting to et e~
in the internal pair production in the from interaction with the apparatus =
Beryllium-8 nucleus?” external pair conversion (EPC)

M. Viviani (INFN-Pisa) The X17 puzzle December 3, 2021 5/47



The “He experiment (2019)

@ [Krasznahorkay et al., arxiv:1910.10459v1], [Firak et al., EPJ Web Conf. 232, 04005

(2020)]
@ [Frankenthal, https://www.particlebites.com/?p=6696 (Jan. 4, 2020)] “The
Delirium over Helium” for an update of the precedent particlebites.com report

@ cerncourier.com/a/rekindled-atomki-anomaly-merits—closer-scrutiny/

@ Reaction 3H(p, e~ e*)*He, proton beam of 0.90 MeV

Angular distribution of the e~ e™ pair
(IPC+EPC)

3H(p,e*e) He

PCC (relative)

i e 0
0.0 0 40 50 60 70 80 90 100 110 120 130
. © (degree)

‘He
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The *He experiment (2021)

@ [Krasznahorkay et al., PRC 104, 044003 (2021)]
@ Reaction 3H(p, e~ e*)*He, now 3 energies of the proton beam: 0.51, 0.61, and 0.90 MeV J

Measured angular distribution of the e~ e™
pairs

Counts/(5 degrees)

s

x100

Dt ctecticstos]
5060 70 80 90 100 110 120 130
© (degrees)

*H(pe'e)*He

E,=510key
A+
T+
++

E =610 keV

GEANT analysis: Subtraction of the
background of pairs created EPC processes
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Counts/(5 degrees)

Counts/(5 degrees)
4

-

l?‘_- 510 keV
T e
o

Pl

S B9 o0 b 20 130

E,= 610 keV'

Lih, T

5070;‘09010011»120130

s/

One photon
exchange only
(MV et al, 2021)
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These announcements triggered new expt. activities

Courtesy by C. Gustavino (INFN-Rome)

LHCb Charm meson decay  D*(2007)°—DA’ A’ —e'e®
Mu3e Muon decay channel i —e*v, 7; (A" —ee?) -

VEPP-3 ee’ —A'y
KLOE-2 ee’ —y(X — ee’)

MESA e-beam on gaseous target, to produce A’

Darklight e-scattering of H gas target, to produce A’

HPS e-beamon Wtostudy A’ — e'e* and A’ —pp*

EECMERS (RS e TS S Direct search experiments involving people of
NAG4 eZ-yeZ+X17 INFN

NSL Be (A’ —e-et)

P e (N —eer) @ LNL: “Li(p, e e~ )®Be NUCLEX

ekl ol @ PSI:"Li(p, et e~ )®Be MEGII

Montréal  %Be (A —e-e+) ) ?

NSCL e (N —eer) @ n_ToF at CERN: 3He(n, et e~ )*He

IUAP CTU  %Be and “He (A" —e-e+)

@ in investigation: 2H(n, e*e~)%H and
2H(p, et e~ )3He

n_TOF “He and ®Be (A’ —e-e+) (proton and neutron beams)
MEG2 *Be

NUCLEX Be
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X17 kinematics (1)

Process: n+ 3He — *He + Xj7 followed by X;7 — e~ + et

/" lepton plane

@ ¢ = electron energy
@ ¢ = positron energy

In the Lab.

%] Tn+mp+ Mz =Ex+ My+ Ty €

@ disregarding Ty: ¥=0 e 4’ :
Ex = /M2 + q2 = T — By + By ~ 20 o emin
MeV

@ Ex =20 MeV: Bx ~ 0.53 LB

@ tight relation between y and Oee " &

6,,=180° B e‘?’
. — 6/ y=max
y= €+ €
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X17 kinematics (2)

Process: n+ 3He — *He + Xj7 followed by X;7 — e~ + et
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J Also sensitive to the X17 mass My )
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and theoretical speculations. ..

@ [Kozaczuk, Morrissey, & Stroberg, 2016] “Light axial vector bosons, nuclear transitions,
and the 8Be anomaly”
@ [Delle Rose, Khalil, & Moretti, 2019] “New Physics Suggested by Atomki Anomaly”

@ [Feng, Tait, & Verhaaren, 2020] “Dynamical Evidence For a Fifth Force Explanation of the
ATOMKI Nuclear Anomalies”

@ [Fayet, 2020] “The U boson, interpolating between a generalized dark photon or dark Z, an
axial boson and an axionlike particle”

@ [Alves, 2020] “Signals of the QCD axion with mass of 17 MeV/c?: Nuclear transitions and
light meson decays”

@ “Shedding light on X17”, workshop held at Centro Fermi, Rome, Sep 6-8, 2021

Most of the speculations based on “resonance saturation”
Assumed mechanism p + 3H — (*He)* — “He + X,
followed by the decay X — ete~

211 501 MeV

ST

Hro 20mev Motivation of this work:

2 0 084 MeV

el ] @ solve accurately the A = 4 nuclear dynamics
1 @ include the contribution of all relevant waves
@ treat the X17 interaction within the xPT framework

P S—C— 00
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X17 interaction with electrons

O =1,7% 94,919,
@ ¢ =electric charge (e > 0)
@ X(x) X17 field

X17 decay

Q@ X—seef,vy,...

L = ecee(x)le(x)X(x) + esyu(x)Fu(x)X(x) + - - -

@ Decay channel in e~ e' dominant [Feng 10°3
et al., 2016—2020]

@ Iy~ 526aMx
@ The X17 must decay in the apparatus
— |ee| > 1075

-4
@ Beam dump experiments: 10

© SLACE141 |gg| > 2104
[Alexander et al., 2017]

@ NA64 |ce| > 6.8 10~* [Banerjee
et al., 2020] 10°°

@ Direct search in e~ e™ experiments:
KLOE2 |ee| < 21073 [Feng et al.;
2016]
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Proposed models

“Protophobic” vector boson
[Feng et al., 2016—2020]
Fifth force

Quantum numbers J™ =1~

NA48 limit for 70 — vX
[Batley et al., 2015]
A way out: the particle X
does not couple with protons
|26 +e4] <8104

P
oo - P

P
4

Relation with ae = (g — 2)e/2

@ New estimate of «
[Morel et al., 2020]

@ 63, = (4.8+3.0) x
10~ 13(+1.60)

@ Contribution of a vector
boson X17: da. > 0

@ Consistent with the Be

“Piophobic” axion [Alves,
2020]

Quantum number J™ = 0~

QCD axion with mass ~ 17
MeV excluded generally
[Alves & Weiner, 2017]
A way out: no mixing with 7°
L =0z X(x)70(x),
|6a—r| < 104

Light axial vector [Kozaczuk,
Morrissey, & Stroberg, 2016]

Quantum number J™ = 1+

In this case the NA48 limit
does not apply

Relation with ae = (g — 2)

@ Contribution of an axial
boson X17: dae < 0

@ It would make the
problem worse!

@ New LQCD calculation
— da, =~ 0 [Borsanyi
et al., 2021]

4

anomaly!
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Outline

9 Theoretical study of A = 4 reactions
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Theoretical study of A = 4 reactions

Numerical techniques for A = 4 for scattering

@ Faddeev-Yakubovsky methods [Lazauskas & Carbonell, 2004], [Deltuva & Fonseca, 2007]

@ Expansion on a basis: NCSM [Quaglioni, Navratil & Roth, 2010], Gaussians [Aoyama et
al., 2011], R-matrix [Descouvemont & Baye], HH [Kievsky, Marcucci, MV, et al., 2008], . . .

Modern nuclear interactions

@ Based on xEFT & x—perturbation theory [Weinberg, 1966], [Callan et al., 1969], [Gasser &
Leutwyler, 1984]

@ Expansion parameter Q/A,, Q ~ my, Ay ~ 1 GeV [Weinberg,1990-1992], [Ordofez, Ray,
& Van Kolck, 1996], [Epelbaum, Hammer, & Meissner, 2009] for a review
@ NN interaction:
@ Lowest order (LO) (Q/Ay)°: one-pion-exchange potential + contact interactions
@ next-to-leading (NLO): 1 loop+dimensional regularization, etc
@ The various contributions can be visualized through TOPT diagrams
@ Cutoff A = 400 — 600 MeV for the non-perturbative regularization: the results should
not depend on it
Example: N3LO500 — interaction at N3LO with A = 500 MeV
Still under progress (Efimov & universality, counting rule, . ..)

©

©

\
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Modern nuclear interactions (continued)

@ 3N interaction: developed at N4LO, but for the moment practical calculations are possible
only at N2LO

@ contact terms at N4LO [Girlanda, Kievsky, Marcucci, MV]

expansion

Various methods exist for estimating the “theoretical uncertainties” due to the truncation of the
[Epelbaum, Kreb, & Meissner, 2014], Bayesian method [Melendez et al., 2019] J
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Interactions

NN interaction

@ Jlich (up to N4LO) [Epelbaum,
Krebs, & Meissner, 2014], [ Reinert,
See, for example [Epelbaum, 2010], [Machleidt J Krebs, & Epelbaum, 2017]

& Entem, 2011] @ Idaho (up to N4LO) [Entem,
Machleidt, & Nosyk, 2017]
2N Force 3N Force 4N Force

- @ N3LO + A dof's (Norfolk Vla,. . .)
@ne  XH [Piarull et al., 2018]

] LEC’s fitted to the NN database or 7N
‘ database. Cutoff A = 450 — 600 MeV

NLO X {
P

NNLO L H l ‘ ‘H 3N interaction
/A |

A X @ N2LO [Epelbaum et al, 2002] two
I LECS ¢p and cg: fitted to reproduce
ol I e g B(®H) and some other observable
[ ft @ 3N force at N3LO & N4LO [Krebs et
..{ + H%. H + ) s al., 2012-2013]
} + ) + MY H A @ +A dof’s [Baroni et al., 2018], [Krebs
’ el - et al., 2018]

@ +13 new LEC’s at N4LO [Girlanda et
al., 2019-.. ]

|\

NLO
(Q/A,)®

v
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Benchmark test of 4N scattering calculations

N3LO500 potential — 3He(n, n)®He elastic scattering

3He(ﬂ.n)zﬂe elastic scattering at E =1 MeV 3He(n,n)zHe elastic scattering at E =2 MeV 3He(n,n)3He elastic scattering at E =3.5 MeV

el s e L B B

1%7F @ Jawaoss] Ao
0.6

B I e B B L R B B B B

o Seagrave (1960)
— AGS
— FY
— HH

400

do/dQ [mbisr]
40/dQ [mbis]
dodQ [mbis]

L
30060 90 120 150 180
6 ldeg]

Ll [ R 202 Ll ) S Y] R A R |
3060 90 120 150 180°0 30 60 90 120 150 180 30 60 90 120 150 180 30 60 90 120 150 180 0 30 60 90 120 150 180" 0
6 [deg] 6 [deg] 8 deg] 0 (deg] 6 (deg]

AGS= Deltuva & Fonseca — FY= Lazauskas & Carbonell — HH= present work
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Calculation of transition amplitudes

We need 1) initial/final wave functions 2) transition operators (currents & charges) J

Y Initial/final wave functions

W,: “He bound state wave function J™ = 0+

W, 3: scattering wave function — decomposed in
components of definite LSJ

1 1 iLyx (o Lo
Vig= > (7m3§m1|SSZ)(LMSSZ|JJZ)47rILYLM(p)e’ Lylss
LMSS;JJ,

p relative momentum
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EM charge & currents transition operators

[Park et al, 1993], [Kolling et al, 2009], [Pastore et al, 2009]
Including the A d.o.f. [Schiavilla et al., 2018]

A= Diagrams in standard xEFT
B= Diagrams with the inclusion of the A d.o.f. up to N2LO

o { | A
A
wot || ke 4l LM
wot| e 4l

IS H > PN
N4LO Y I - 5o
&) = i o v i
J » > S
- & N i s

K ¢
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Reduced matrix elements (RMEs)

expansion of e9'F + Wigner-Eckart theorem

Multipole expansion of the transition operators (- emission)
simplified by the fact that “He is a J™ = 0t state J

(Walpt (Wi~ S, u>o0

(Waleg @ISy~ (BES 4 ami) U >

Selection rules

Parity of W, = +, parity of W{%% = (—)t

state | 25FTL,  charge multipoles  current multipoles
['5a 130 CgOO _

0~ 3P0 — —

1+ 331,3D1, — MLST

1- 1,:[‘73"317 C1LS1 E1131

o>F D,.3D,. cre? ELS2

2~ 3P273F27 — Mz_sz
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3H(p, v)*He and 3He(n, v)*He EM captures

@ BBN, production of He

@ Dominated by the E; transition
1= — 0t

@ No sensivity to interactions/MEC

@ Real «’s conversion in e~ et
from interaction with the
apparatus

@ — external pair convertion
(EPC)

M. Viviani (INFN-Pisa)

80 ——T——

70 —

3 4
H(p,y) He 3 4
(P.y) 1 5L ‘He(my) He L|
L ® Hahn etal. (1995) 4 L //,
A Perry & Bame (1955) E/’
m  Canon et al. (2002) 7 60— E /’ B
[ |— N3LO500/N2LO500 /1 r 7 b
50 NVIa/3NIa 50 / m
f
| | | |
0.5 1 1.5 2
En [MeV]
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e The 3H(p, et e~ )*He and 3He(n, e* e~ )*He processes
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The 3H(p, e* e~ )*He and 3He(n, e" e~ )*He processes
“Standard” EM process

“He

t
dba o? kk' (p— q)? " °"p 3
—_— = ——§(Eo—e—e/—7> H
dedkde’ dk’ 8n3 Q4 2M,

XZVI q;"-’) ve et

Eo=Ep+Byi—B3~20MeV,q=k+k',w=c+¢, @ =w?—g? >0 “time-like”
cosfee =k - k', i=L T, TT, TT LT, LT’

Q4
VL= ?(66/ +hkok —md)  Rgw)= > (Valo(q) (Wi m) 2 ~ D |ChS P2

my,mg LSJ

After integrating the & over ¢’ and numerically over € (o, = €/(k’ — pcos @’ + k cos Oee)/K’)

dtc  o? pema [ kK
~— = —— de ViR
dkdk’ — 8m® /m [Q4v1 +pr /My Z o
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RME’s: g dependence

A 5
147 i
Ci¥ ~ (W > —;U) e l|wis)

=

<

Behaviour at g — 0

g = |k + k’| — 0: lepton pair emitted
back-to-back

@ = w? ~ EE finite
vL:%(ee’—i-k-k’—mg)—H/qz

A carefull calculation of the RMEs is
needed: RMEs~ g", n > 0

z:/A=1 W =2

e =1 +iq~rj+%(iq~rj)2+~~-
J™ = 0 first contributing order g°
J™ = 1~ first contribution order g
J™ = 27 first contribution order g°

0.03

=
3
S

‘CJLSll )

=
S

lMZuzlxz

M e ™

>
-
o
re
e
b
3
L
E
[
e
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3H(p, e* e~ )*He cross section in the

one-photon-exchange approximation

Calculation using

N3LO500/N2LO500 + xEFT current by 10— : .
[Pastore et al., 2009]

NVla/3Na* + xEFT current by [Schiavilla et al., w0?

2018]

N3LOS00/N2LO500 (0° only) |
-~ N3LOS00/N2LO500 (1" only) |
— N3LOS500/N2LO500 (fully 3
= NVIa/3NIa (full)

Multipole angular distribution as reported in
[Tanedo,
www.particlebites.com/?p=3970]

d'0/dQdQ’ [pb/sr’]

Electric & magnetic

transitions (¢-wave) 10 | I | | | §
o0 30 60 90 120 150 180
6, [deg]

dN/de

Due to the simple g dependence of the RME’s,
no possible to explain any large angle “bump” J

Smooth,
f monotonically decreasing
0 20 40 60 80 100 120 140 160 180

Opening Angle 6 [deg]

M. Viviani (INFN-Pisa) The X17 puzzle December 3, 2021 26/47



Outline

e Incorporating the X17
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Incorporating the X17

les ...
ekl EFT approach
@ E ~ 1 TeV BSM mechanism (axion, . o .
SSM. .. ) @ Start with a generic interaction

Lagrangian with electrons, u and d

@ E ~ 1 GeV:interaction with SM quarks
articles T
P . . . g Generate the interaction at hadronic
@ E ~ 100 MeV: interaction with hadrons level using xEFT
(N, T, ...)

© Accurately compute the matrix elements

@ E ~ 1 MeV:nuclear physics of the generated operators

experiments

@ Propagator of a massive particle
1/Dx =1/(Q? — M%), where

Q® = (k + Kk')? @ ¢ = electron energy
@ My — My — ,'%X ) Conditi?n (1222— M2 = 0 verified for
c=apli=1,

@ Ty from the process X — ete~
@ [xy= z—:gaMX ~1eV
@ Dy =Q° — Mg +iMxTx, asTx < My

@ Forer €j, 02 — M)z( = Oé,'(E—ej)
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X17-induced cross section

P [Rx(é) ] 2 Axx(e) € [Rx(€) Dy + c.c.] + <5 Rxx(e)
——F =0 €)+e +c.c.|+¢€ =0 €)+
deakdio ~ CEMETEe | 7h, AT MG |Dx[2
2 S S 1 1
P ; Ry 1 T
E [ oo = — — ——— (e —¢€j) .
Z o' b 7 |Dx |2 logj| TxMyx ( 7
i) s : e U‘v‘:,c\fl i !
d*o /Emax |: T > T }
— — oem(e) + 2ceSS( Rx(e) ) — + 5 Rxx(e) ————
dkak o, em(e) Z e ( x ( :)) o] %0 xx )IaiIMxrx

No sensitivity to e and the interference term!!!
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Fit of the 2019 data

@ In the perpendicular plane, the X17 signal appears for fee > 110°

@ only a counting rate is fournished — no information on the flux/target/efficiencies

@ Procedure:
@ rescale the ATOMKI rate by a factor so to reproduce the cross section for fge < 110°
@ For these angles the cross section is EM only - no unknown parameter
@ Fix My, ey, £4 to reproduce the “bump”

Bl 001 =

« Atomki data (2019) rescaled © Atomki data (2019) rescaled
— EMonly — EMonly

Problem!

M. Viviani (INFN-Pisa)

a'0/dQdQ’ [pblsr’]

Here there is also the problem of the EPC pairs!

0 30

60

Il Il L
90 120 150 180
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Energy dependence RME’s

S=scalar, P=pseudoscalar, V=vector, A=axial X17
A RME’s

Levels of “He
ST

T
15 )"
10 610Mev
uE e o “r
1620 Mev
21501 Mev “r
. q
2.0 200mev
. 0 084Mey
e e
- "0 050Mev r
2 o "
021
s b
He
Mo ] «  SVRME

T T T
.
A . !
orf « -
Ea e 08— q
a P
Z ;
= 06 -
z LA
Zosl j
020 4
2 3 2 i+ e S-S i I
E,, [MeV] 1 0
em E, MeV)
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Fit of the 2021 data

@ 2021 data: the background has been
somehow subtracted

@ but the procedure it is still difficult to be

g

applied § =
@ Furthermore: finite angular/energy H :
resolution of the target, geometry of the g y

detector, efficiencies, etc.

g 100
&5
§ 50
!
For the moment

@ let us study he dependence of the cross 7 1o
section on é ::
@ beam energy E 2

5]

e

@ the et e~ emission angles

@ see if it is possible to extract information
on the hypothetical X17

M. Viviani (INFN-Pisa) The X17 puzzle
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Comparison with the 2019 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV

Hip.ee)'He *H(pee)'He *He(n,e ¢')'He *He(ne'e)'He *He(ne'e)'He *He(ne'e)'He
ES040MEY B =090 MeV E,=0.17 MeV E,=0.35 MeV E,=0.70 MeV E,=20 MeV
107 grrr T L e = v 3w
- F S E E NE
n S0k E E3 E 3
5———— "t 1z E £ E El
Z [ 1 ] ]
L ] 2k + < ]
6l0Me-S  E 3 3 3
caone  10° B - H‘M‘}‘lg“
s01Me;  F 3
ERCN 3
'g E 3
=T ] g S L ] ]
= K 3 E E = 3
L . 3 E £ E E E
222 20 200Me7s  F E 3 E E E
& [ 1 |0'§:1HHHH\1/1§ E IEHHHHI\}]}E}
20 0,0 0.84Me s E 5 t 3 3
5| -
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Comparison with the 2019 ATOMKI data

25

Energy [MeV]
© 2
N 8

e

pair emission in the perpendicular plane — peak fitted at 0.90 MeV

6.10 Me\

6.20 Me\
5.01 MeV

2,0 2.01 Me\

0,0 0.84 Me\

0,0 0.50 Me'

(INFN-Pisa)

‘oldkdk’ [ub/s’] d’o/dkdk’ [pbse’] d'ordkdk” [bisr']

&

d*ofdkdk’ [ub/sr’]

e S . . y . .
H(p.ee) ' He Hep.ee")'He *He(ne'e) ' He *He(nee) ' He He(n,e'e")'He *He(ne'e)' He
E,20.40 MeV E,=0.90 MeV E,=0.17 MeV E,=0.35 MeV E,=0.70 MeV =20 MeV

2
10° grr T T T T T T T T T T T T T TE T T T T T

=

lo‘é ‘é
m"i:::::::::{,:i R
I(); ‘;
10‘% ;
10":w1w1w1w1w/1\‘: it
10° E

T

HHH—HHHi—HHH

T T T T
0 30 60 90120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150180
6, [deg] 6, [deg] 6,, ldeg] 6,. ldeg] 6, ldeg) 6, ldeg)

10°

The X17 puzzle ecember 3, 2021

33/47



Comparison with the 2019 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV
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Comparison with the 2019 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV
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Comparison with the 2019 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV
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Comparison with the 2019 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV
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Comparison with the 2021 ATOMKI data

pair emission in the perpendicular plane — peak fitted at 0.90 MeV
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Out of the perpendicular plane study

y
Study of the cross section for leptons emitted
i in a “tilted” plane
,,e;mn ﬁz 0k = angle of the perpendicular to the lepton
laboratory plane plane
S Ep = 0.90 MeV

tilted plane results - P case tilted plane results V case

« Atomki data (2019) rescaled « Atomki data (2019) rescaled
E — 8=0deg E — 8=0deg
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£ [ 6,240 deg H [ 6,240 deg
= 8,260 deg = 8,260 deg
g g
2 o001l + — 8,80 deg g o0l + — 8,80 deg
g E ++ g E +t
3 E 5 E
R r R r
0.0001 |- E 0,0001 E
| I | | h| | I | | h|
0 30 60 90 120 150 180 0 30 60 90 120 150 180
0 [deg] 0 [deg]

M. Viviani (INFN-Pisa) The X17 puzzle December 3, 2021 35/47



Extracted coupling constants

EOZ# 62:¥ [2€u+6d:0:\»350+az:0]
N3LO500/N2LO500 NVla/3Nla
Case €0 €z €0 €z
S 0.86 x 10° 0 0.75 x 10° 0
P 0 5.06 x 10° 0 4.82 x 100
P 2.55 x 10! 0 2.72 x 10! 0
% 2.56 x 103 -3¢ 2.66 x 103 -3¢
A 2.58 x 10—3 0 2.89 x 10—3 0

First rough estimates — very uncertain due to the aforementioned difficulties

Axial case

@ |eyqg| ~107*
[Kozaczuk, Morrissey,
& Stroberg, 2016]

@ too small!

Pseudoscalar case

@ |ey,q] ~ 1 Alves, 2020],
Delle Rose et al., 2019]

@ too small!

Vector case

@ |y 4| ~ 10738 Feng et
al., 2016-2020]

@ Consistent!
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Outline

e A new experimental search of X17
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“He experiment at CERN

SHe(n, et e~ )*He using the neutron beam of the n_ToF experiment

@ neutron energy tagged by means of the
time-of-flight

Tracker solution
road 1: Cherenkov

@ background:
@ 3He(n, n)°He
@ SHe(n, p)®H: the most dangerous
problem O(n,p) = OIPC
@ 3He(n,y)*He followed by EPC

@ Energy of the leptons is of several MeV:
B8~ 1

@ Energy of the protons ~ a few MeV:
B <1

@ Tracker + calorimeter

I
E=AT=———a

tracker (RICH/MPGD)

vy
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Geant studies for the n_ToF experim

Courtesy of A. Mazzone (CNR, Bari)

3He(n, e~ et)*He at CERN (n_ToF)
Lol approved - technical design in progress
47 detector/reconstruction of the tracks/particle identification
[C. Gustavino et al., 2021]
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e Conclusions
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Conclusions and perspectives

Analysis of the “He ATOMKI “anomaly”

@ Accurate description of the nuclear dynamics using state-of-the-art techniques

@ Test using Fo4(q) and p + 3H, n + 3He EM captures data: OK!

@ Contribution of the 1~ wave very significant at all energies

@ Inclusion of the possible emission of an X17, vs. the energy beam and the emission angles)

@ Collaboration with the ATOMKI group
@ we sent them generated X17 events for different mass and couplings
@ GEANT analysis of their experiment currently in progress

@ Collaboration with the n_ToF group

@ analysis of the 3He(n, e~ e*)*He process
@ technical design in progress
@ GEANT analysis currently in progress
@ Study of possible “standard” explanation
@ Two-photon exchange contribution [Aleksejevs et al., 2021] for 8Be
@ Repeat this study for “He using our wave functions

@ |If the anomaly is confirmed, full xEFT treatment of the X17-nucleon interaction
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Collaborators

n_ToF Working group

< G. Gervino (UNITO)

. <+ P.Mastinu (INFN LNL)
Theoretical group % C.Gustavino (INFN ROMA)
<+ A. Mengoni (ENEA)
@ A. Kievsky, & L.E. Marcucci - INFN-Pisa % C. Massimi (UNIBOLOGNA) n_TOF
& Uanl ':' N. Colonna (INFN BARI)

¢ S. Fiore (ENEA ROMA)
** A.Mazzone (CNR BARI)

@ L. Girlanda UniSalento & INFN-Lecce % M.C. Petrone (IFIN-HH BUCHAREST)
@ E. Filandri UniTN, ;

* L. E. Marcucci (UNIPISA)
@ R. Schiavilla Jefferson Lab., USA)

M. Viviani (INFN PISA) i

A. Kievsky (INFN PISA) eoretical group
* L. Girlanda (UNISALENTO)

#* E. Cisbani (ISS) }

% F.Renga (INFN ROMA) Detector R&D

Working group (in evolutiop)
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Thank you for your attention!
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BACKUP SLIDES
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8Be experiment at PSI

Courtesy by A. Papa (INFN-Pisa)
MEGIl CW accelerator and Fifth force target

@ Proton beam used to test the apparatus (built to study x — e process)

@ The X-boson data taking period is scheduled for the beginning of next year (2022)
@ A first test — very successful test — of gamma conversion has been done few days with the
magnetic field off

@ Several intermediate tests in 2021 are also scheduled during the maintenance main
accelerator shut-down periods
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p + 3He elastic scattering

NN potentials up to N4LO [Entem,

Ord v W,
Machleidt, & Nosyk, 2017] L B
Theoretical error estimated using the NLO —

N2LO N2LO
me.thOd proposed by [Epelbaum, Kreb, & N3LO  N2LO* (N3LO ¢; from table IX of EMN17)
Meissner, 2014]

N4LO  N2LO** (N4LO g from table IX of EMN17)
_ o 2% . x , = .
AX; = max[QIX; = Xi—l, T1Xi1 = Xi—al, - ] cp, cg fitted to B(3H) and tritium GTME by [Marcucci

A OON = O

with Q = my /A
/ etal., 2018]
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p + 3He elastic scattering

NN potentials up to N4LO [Entem,
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p + 3He elastic scattering
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p + 3He elastic scattering
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p + 3He elastic scattering

NN potentials up to N4LO [Entem,
Machleidt, & Nosyk, 2017] o] =

Order VAN Wan
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¢p, ck fitted to B(®H) and tritium GTME by [Marcucci

Theoretical error estimated using the
method proposed by [Epelbaum, Kreb, &
Meissner, 2014]
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The 4He transition form factor

Su(@.) = S (@0 Po(w ~ Ent o) Faa(a) = [ dSia(a,) J
n
{ ) @ Sensitive to the excitation of the 1st excited 0™
5 < state of “He
/e ® Sum(q.w) ~ |Col?

Calculations performed with N3LO500/N2LO500 interaction
Integrated up to E = 0.87 MeV

n

25 T r
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. i " 22 2.0 2011
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The 4He transition form factor

Su(@.) = S (@0 Po(w ~ Ent o) Faa(a) = [ dSia(a,) J
n
{ ) @ Sensitive to the excitation of the 1st excited 0™
5 < state of “He
/e ® Sum(q.w) ~ |Col?

Calculations performed with N3LO500/N2LO500 interaction
Integrated up to E = 0.87 MeV
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