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Arguments of the talk

1) ATOMKI search and anomalies
2) X17 hypothesis and kinematics
3) X17 dynamics and spin/parity

4)Recent development from MEG-II and Padme
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1) ATOMKI search and anomalies

Claudio Toni — lawphysics webinar, 26/03/2025



Figure taken from
arxiv:1608.03591

ATOMKI search

ATOMKI proposal: looking for New Physics at the MeV scale trough nuclear transitions!
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ATOMKI search

ATOMKI proposal: looking for New Physics at the MeV scale trough nuclear transitions!
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ATOMKI search
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Beryllium anomaly (2016)

» In 2016 and 2018 the ATOMKI collaboration investigated the 18.15 MeV energy level of BerylliumS.

> They observed an anomalous peak of events in both the measurements. Phys.Rev.Lett. 116 (2016) 4, 042501
J. Phys.: Conf. Ser. 1056 012028
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Helium anomaly (2019)

» In 2019 and 2021 ATOMKI investigated the 20.21 MeV and 21.01 MeV energy levels of Helium4. Phys.Rev.C 104 (2021) 4, 044003

» They observed a new anomalous peak of events. Arxiv:1910.10459
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Carbon anomaly (2022)

Eg :052 E’ E=1s0mv B(p, e'e)'’C
» In 2022 ATOMKI investigated the 17.2 MeV energy level of Carbon12. g _ 2
» They again observed a new anomalous peak of events. & i : + .
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Can SM explain Atomki?

Many attempts in this direction but...
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Can SM explain Atomki?

Many attempts in this direction but...
Zhang and Miller, PLB 773 (2017) 159-165
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Can SM explain Atomki?

Many attempts in this direction but...
Zhang and Miller, PLB 773 (2017) 159-165
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...in conclusion, no compelling SM explanation so far.
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Arguments of the talk

2) X17 hypothesis and kinematics
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ATOMKI claim: a new particle decaying into a lepton pair 1s produced in the experiment!
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ATOMKI claim: a new particle decaying into a lepton pair 1s produced in the experiment!

8Be* @ : <> » Best fit mass values give ~17 MeV.
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Figure taken from (( N
arxiv:1608.03591

'} » The particle must be a neutral boson.

= 4 J
B ® @ | » It propagates less then 1 cm in the

i A apparatus = short-lived boson
7 Li SPECTROMETER

Be yoT S lem

Claudio Toni —-LDMA 2015, 10/04/2025



ATOMKI claim: a new particle decaying into a lepton pair 1s produced in the experiment!

8Be* @ +<> > Best fit mass values give ~17 MeV.
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X 17 kinematics

The ATOMKI anomalies show simple but well-defined features, naturally explained by the kinematics of the X17 hypothesis.
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X 17 kinematics

The ATOMKI anomalies show simple but well-defined features, naturally explained by the kinematics of the X17 hypothesis.

1) the ete— opening angles of the anomalous peaks are located around 140°, 115° and 155°—160°, respectively, for the 8Be, 4He
and 12C anomaly.
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X 17 kinematics

The ATOMKI anomalies show simple but well-defined features, naturally explained by the kinematics of the X17 hypothesis.

2) The excesses are resonant bumps located at the same e+e— invariant mass for all the 8Be and 4He transitions.
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X 17 kinematics

The ATOMKI anomalies show simple but well-defined features, naturally explained by the kinematics of the X17 hypothesis.

3) the anomalous signal in the 8Be transition have been observed only inside the kinematic region given by |y| < 0.5, where y is
the energy asymmetry.
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X 17 kinematics

The ATOMKI anomalies show simple but well-defined features, naturally explained by the kinematics of the X17 hypothesis.

1) The ete— opening angles of the anomalous peaks are located around 140°, 115° and 155°—160°, respectively, for the 8Be, 4He
and 12C anomaly.

2) The excesses are resonant bumps located at the same e+e— invariant mass for all the 8Be and 4He transitions.

3) The anomalous signal in the 8Be transition have been observed only inside the kinematic region given by |y| < 0.5, where y is
energy asymmetry.
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Arguments of the talk

3) X17 dynamics and spin/parity
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.
» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.

» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

A lot of works on the possible origin of such a boson, e.g.
» Dark U(1) gauge boson (Feng et al. arxiv:1608.03591)
» QCD axion (Daniele Alves arxiv:2009.05578)

» QED meson (Cheuk-Yin Wong arxiv:2201.09764)
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.
» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

A lot of works on the possible origin of such a boson, e.g.
» Dark U(1) gauge boson (Feng et al. arxiv:1608.03591)

» QCD axion (Daniele Alves arxiv:2009.05578)

» QED meson (Cheuk-Yin Wong arxiv:2201.09764)

However, regardless of its UV origin, what can we say on the X17 based only on the Atomki data?
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.
» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

Barducci and Toni, JHEP 02 (2023) 154

Vector X17 J®™ =1~ Scalar X17 J™ = 0% Axial-vector X17 J™ = 1% Pseudoscalar X17 J™ = 0~

Assuming definite parity for simplicity,
there are four possible scenarios.
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.
» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

Barducci and Toni, JHEP 02 (2023) 154

Vector X17 J®™ =1~ Scalar X17 J™ = 0% Axial-vector X17 J™ = 1% Pseudoscalar X17 J™ = 0~

Assuming definite parity for simplicity,
there are four possible scenarios. Relying on an EFT approach, effective
X17-nucleon coupling terms depends

on the spin-parity of the boson.

Lgr_o+ = 2pppX + zpinX

Lgr_o- = thppy’pX + ihniy°nX ,
Kn

K
[‘5”21_ — CppfyﬂpX,u + CnﬁfyunX,u + ﬁal/(ﬁoﬂuup)Xu +

dulne n) Xy .
X i, (no""n) X,

Egega = apﬁ'y“’y5pXu + an'ﬁ/y“’anﬂ ,
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.

» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

Barducci and Toni, JHEP 02 (2023) 154

Vector X17 J®™ =1~ Scalar X17 J™ = 0% Axial-vector X17 J™ = 1% Pseudoscalar X17 J™ = 0~
Assuming definite par.ity for simplicity, 3 IR X Do wpl nusiin
there are four possible scenarios. _

N*—> N =1 = = B
8Be(18.15) — ®Be 1 0,2 1 /
8Be(17.64) — ®Be 1 0, 2 1 /
1He(21.01) — ‘He / 1 0 /
‘He(20.21) — “He 1 / / 0
12C(17.23) — 12C 0, 2 1 / 1

Orbital angular momentum L of the X17
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.

» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

Barducci and Toni, JHEP 02 (2023) 154

Vector X17 J®™ =1~ Scalar X17 J™ = 0% Axial-vector X17 J™ = 1% Pseudoscalar X17 J™ = 0~
Assuming definite parolty for s1mp1101ty, 3 IR X Do wpl nusiin
there are four possible scenarios. _ _
N*—= N Sr=1" =2 5= 507
. . *Be(18.15) — ®Be 1 0, 2 1
» The scalar scenario is excluded by parity - e(‘ .‘)) 7 -
conservation in Beryllium transitions (see also Be(17.64) — "Be L b, 2 !
Feng at al. arxiv:2006.01151). 1He(21.01) — *He / 1 0 /
1He(20.21) — “He 1 / / 0
12C(17.23) — 12C 0, 2 1 / 1

Orbital angular momentum L of the X17
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X17 dynamics

» The X17 hypothesis is kinematically consistent for all the anomalies.
» The question then becomes: is the X17 hypothesis dynamically consistent for all the anomalies?
» If so, which is the most promising spin-parity assignment?

Barducci and Toni, JHEP 02 (2023) 154

Vector X17 J®™ =1~ Scalar X17 J™ = 0% Axial-vector X17 J™ = 1% Pseudoscalar X17 J™ = 0~
Assuming definite parolty for s1mp1101ty, T T % Bonon sl it
there are four possible scenarios. _ _
N*—= N Sr=1" =2 5= 507
. . *Be(18.15) — ®Be 1 (12 1
» The scalar scenario is excluded by parity - (‘ .‘)) 7 _
conservation in Beryllium transitions (see also Be(17.64) — "Be L 0, 2 1
Feng at al. arxiv:2006.01151). 1He(21.01) — *He / 1 0 /
o , 1He(20.21) — “He 1 / / 0
» The pseudoscalar scenario is excluded by parity ‘ = = A
conservation in Carbon transition. 12C(17.23) — 12C 0, 2 1 @ 1

Orbital angular momentum L of the X17
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X17 dynamics

Vector X17 J® =1~ Axial-vector X17 J™ =17

» Up to a nuclear matrix element
we must take from the literature,

I'(®Be(18.15) — 8Be + X) b 6 we are able to calculate the
BR(X —»eTe )= (6+1) x107°. _
I'(®Be(18.15) — ®Be + 7) theoretical rates

Beryllium (Rge)

I'(‘He(20.21) — “He + X) » By matching the data to our

: BR(X — ete™) =0.20 £ 0.03 T =0%1°2% .
Helium (Rye) I'(4He(20.21) — 4He + ete™) (X —eTe) ItS 07,1727 ... pI’CdlCthIl, one extracts the
nucleon couplings to X17
I'(*He(21.01) — *He + X) 4oy P
T(1He(20.21) - HHe + ete) BR(X —eTe”) =0.87+0.14 fS*=0",17,27,...
» We assume for simplicity none
or suppressed coupling to
(12C(17.23) — 12C + X) L » neutrinos such that
Carbon (Re)  T(2G(17.28) 204 7) or ¢ ¢ ) =300 BR(X = ¢te) = 1
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Vector X17

Barducci and Toni, JHEP 02 (2023) 154
Hostert and Pospelov . arxiv:2306.15077

» The anomaly is in tension with a
comblned explqnatlon of the apd Vector ecQY = 2.1 x 10~4
Helium anomalies and the NA48 constraint. 1.00 7
——— SINDRUM 7% (QY > 0) v 4
n’-phobia = p*-phobia ; ,
To avoid NA48/2, prohibit n® decay to Xy 0.50 1 : -
7 <i{ " --<£1, 7 0251 | v :
= NA48/2" |
- X 7 on 0.00 - i F 39\ ‘
/.Ml"/]..‘ ' / " § 2 : 7 (]
QuQy— QdQq =0 Qg 20y ProtoPhobic coupling W , : :
C —0.25 - . , <
«
» Additionally, Hostert and Pospelov calculated —0.50 1 &+
the constraints to a spin-1 X17 coming from — ' Y >
the SINDRUM search of 1* — e*v,X. | | y % -
’ ; n-
—1.00 ) T T ) T T T T T
: : ~1.00 —=0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
> Putting all together, the vector case is almost P ’ QY /10-2 > :
ect n -

excluded.
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Axial-vector X17: two years ago

Barducci and Toni, JHEP 02 (2023) 154 Hostert and Pospelov , arxiv:2306.15077

» An axial-vector X17 is dynamically consistent for Axial-Vector _eQ = 1.5 x 10~

1.00

Helium and Beryllium. = ‘ g
» An order of magnitude estimate of the Carbon 0.50 - _ "
anomaly seems to indicate that axial-vector solution is —-—
possible. o
>~ 0.001
5
© _0.25 1
» After our work, Hostert and Pospelov calculated the :
constraints to a spin-1 X17 coming from the —0.50 17 o
SINDRUM search of 7% — e*v,X. _0.75 1857
: : : _1o0 </ 2 AR S
» We claimed that the axial solution was the most ~1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
promising spin-parity assignment for the X17! eskip /1073
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Axial-vector X17: now

Mommers and Vanderhaeghen. arxiv:2406.08143

— lCs(:enzmol
Particle-hole shell model approximation for Carbon . - S;m‘;ﬁ
. N SBC 7

excited state: —y
88 SINDRUM-1
0.002
2C(17.23)) = [251/21p3)y; LM1M7 )
I R IMr 112 _ .
= [€25,,€1 P3/2] | C(g:s. )> <5 0000
12 12 1 —0:004
r[?C(17.23) - 2C(gs.) + X17] = 1 62 DR |
(22) 7/ L R
2e2E3 5 -0.004 -0.002 0.000 0.002 0 004
r[2c(17.23) > 2Cgs) + 7| = —(Qp — On)’ |R(122s g5

(23) The shell model estimate indicates
tension in the axial-vector scenario!
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A brief recap

» All the possible scenarios of parity-conserving X17 states with spin < 1 have been investigated.

%o

%

Scalar X17 J™ = 0™ : It cannot mediate the Beryllium transition

Pseudoscalar X17 J™ = 07: It cannot mediate the Carbon transition

Vector X17 J™ = 17 : Tension among data and SINDRUM and NA48 constraints
Axial-vector X17 J™ = 17 : Tension among Carbon data and SINDRUM constraint

%o

%

%o

%

./
0‘0
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A brief recap

» All the possible scenarios of parity-conserving X17 states with spin < 1 have been investigated.

53

%

Scalar X17 J™ = 0% : It cannot mediate the Beryllium transition

Pseudoscalar X17 J™ = 07: It cannot mediate the Carbon transition

Vector X17 J™ = 17 : Tension among data and SINDRUM and NA48 constraint
Axial-vector X17 J™ = 17 : Tension among Carbon data and SINDRUM constraint

53

%

53

%

7
0.0

Possible new lines of research:

» Scenarios with parity violating states — parity violation constraints

» Inclusion of the contribution from direct proton capture (see again Viviani et al., arxiv:2408.16744 and Gysbers et al.
arxiv:2308.13751) — need of ab-initio calculation for all the transitions
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Arguments of the talk

4)Recent development from MEG-II and Padme
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X17 at MEG-II (2024)

» In order to confirm the Atomki anomaly,
MEG-II re-measured the Beryllium
transitions at the PSI

» They took data during 2023 with energy
beam at 1080 keV.
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X17 at MEG-II (2024)

Projected limits at 90% C.L.

le—6 le-5
. ey 1
» In order to confirm the Atomki anomaly, 1.75 R17.6 I!m!t < 1.8e-06
MEG-II re-measured the Beryllium Rz limit < 1.2€-05
transitions at the PSI 1.50 ® ATOMKI (stat. + syst.)
. . 125
» They took data during 2023 with energy
beam at 1080 keV. 21.00
3
» Their results show no significant signal. 0.75
» They conclude that their measurement 0.50
agrees with Atomki result with a p-value [ 55
of 6% (1.50) 0.25 R
16.5 16.6 16.7 16.8 16.9 17.0 17.1

mx17 [MeV/c?]
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Combining Atomki and MEG-II

» Despite the null result from MEG-II, no
final exclusion is established as there 1s

still agreement at 20 Atomki 6+1[1, 2]
» We combined the two measurement by a

simple chi squared analysis for a mass

Rp. [1079]

MEG-II | < 5.3 at 90% CL [38]

value of 16.85 MeV Combined 5.0+ 1.0
Barducci et al., arxiv:2501.05507
12 ]
10+ ]
- 30
R= 15 Y A
8 .
2 [
o RS L
~ 6 .
I ,
SN J SO SRS, WSS AR——
~
2L ]
N AN U S
% 10
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X 17 at Padme

» PADME experiment allows for a
strong test of the new particle
hypothesis.

» A positron beam dump
experiment like Padme can
resonantly produce the X17.

Arxiv:1802.04756
Nardi, Carvajal,
Groshal, Meloni, Raggi
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X 17 at Padme

» PADME experiment allows for a
strong test of the new particle
hypothesis.

10-3 ]

KLOE, 2015

Prospects from 2022!

: : |
» A positron beam dump .
experiment like Padme can ‘ |
resonantly produce the X17. ' Lt

LIX-3WaYd

» PADME is expected to close the

. 2104
spin-1 parameter space! 50

PRD 106 (2022) 11, 115036

Bl g 141
L. Darmé, M. Mancini, ' _ = S ORSAY, KEK
(ad

M. Raggi and E. Nardi : : —_
10- 5 | Lepton couplings only
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M [MeV]
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X 17 at Padme

A’
» PADME experiment allows for a
strong test of the new particle gk
hypothesis. &
° 1x10
» A positron beam dump 09— B a
experiment like Padme can osE-
resonantly produce the X17. =
0.7 i B Actual prospects!
» PADME is expected to test a large 0.6 '~ [90% CLUL:
portion the spin-1 parameter space 05 o /]/ |— CLs Median
but not closing it! b S ———-"/; |[CLs =20
= " |[]CLs =10
03 T - RL median
R Bkg stat only
Bertelli et al., arxiv:2503.05650 o1 L e
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The End

THANK YOU
FOR THE

@ENTION!







SINDRUM

BR(z* = "1, X) X BR(X = ete™) < 6.0 x 10710
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Spin-1 X17 coupling to electron/positrons

‘CXee — Xy@e (C\c}fy'u + 05175) "/)e NA64

» Here the main bounds for a spin-1
boson with mass 17 MeV coupled
to the electron field are
recollected.

» Recalling that the lifetime is less
than 1 cm leads to a lower bound
on the X17 couplings to electrons:

5a2M(Cs) at 10

ITan™"(CS/CS)|
& |3

® |3

Mgller scattering

V(€2 +(C9)2 23 %107

11111

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
e\2 e\2
\/(CA) +(CV)
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Vector-tensor and axial-tensor X17

0.0015

Barducci et al.. arxiv:2501.05507 oy ol | | _—
— 0.0010 -
» The axial-tensor scenario could 3 3
accommodate all the anomalies — oooos| R
at most at 20 but it is B K
completely excluded by the ST X ome
SINDRUM bound = o
X —00005} x
: b 5
» The vector-tensor scenario < e e
~ -0.0010} =t
could accommodate all the ool
anomalies within 1o but 1t 1s ooois | ‘ | | | . - |
. . o 104 0.001 0.010 0.100 1 10 —-0.0004 -0.0002 0.0000 0.0002 0.0004
hlghly dlsfavoured by the (€, - Co) % JVBRX>e'e) [GeV] (C,-C)x VBR(X »e*e) [GeV!]

SINDRUM bound

Figure 2. Left panel: Green, yellow, orange areas correspond to the lo,20,30 compatibility
regions, defined by the requirement Xlz)roﬁled < 2.28,5.99,11.62, for an axial tensor boson. The gray
region is excluded by SINDRUM search. Right panel: Green, yellow, orange areas correspond to
the 10,20, 30 compatibility regions, defined by the requirement Xf)roﬁled < 2.28,5.99,11.62, for a
tensor boson. The regions outside the solid, dashed and dot-dashed gray lines are excluded by the
SINDUM search at 90% CL respectively for C, =0, C. = —0.001 GeV~! and C, = 0.001 GeV 1.
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Spin-2 scenarios

are out too!




SINDRUM

BR(z* = "1, X) X BR(X = ete™) < 6.0 x 10710
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JINR experiment

JINR experiment (Russia)

Observation of structures at ~ 17 and ~ 38 MeV/c? in the

Process observed: p + N = vy + else v invariant mass spectra in pC, dC, and dCu collisions
) at p,,, of a few GeV/c per nucleon

Kh.U. Abraamyan!?*, Ch. Austin®, M.I. Baznat?, K.K. Gudima*, M.A.
300 v's from | & Il Groups outside the trigger (Thr.=0) Kozhinl, S.G. Reznikovl, and A.S. Sorinl*"’
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= o >7° T Py t X WX
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~ X N " ) < ) ~~.;\' \_ z , 9
= 100+ L T T <1/./ \ A&
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| i X — vy % 3
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= 60 - - Gauss Fit: \ . ; '
S x =16.39 + 0.32 U\ Aoolazof T
o 401 nOHEEse S\ 2812612 ] S2
5 c=1.64+0. ] A y, &
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