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Discovery of X17 anomaly

[11A.J. Krasznahorkay et al. Phys. Rev. Lett. 116, 042501
[2] A.J. Krasznahorkay et al. arXiv:1910.10459

Atom kl eXperi ment (H u ngary) [3] A.J. Krasznahorkay et al. arXiv:2209.10795
[4] J. Gulys et al. arXiv:1504.00489

Observed process: p+A— N*— N +ete .

Nuclear transition g 100
g 90 _ *H(pe*e) He
80 E- E,= 900 keV

L i

- Tty

Apparatus [4]:

2 L
10 [ -
0- 1 1 1 | 1 +

4 15 16 17 18 19
Invariant mass (MeV/cz)

Covo b o by w o by wy
10 11 12 13 1

Different nuclei tested °Be [1], ‘He [2], "*C [3] — resonant peak at 17 MeV

Decay: X —ete”
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Atomki signal observables

[1] Denton, Gehrlein, Phys. Rev. D 108 (2023)
[2] Zhang, Miller, Phys. Lett. B 773 (2017) 159-165

Mass [1] mx = (16.85 £ 0.04) MeV

['(®Be(18.15) — ®Be + X)
['(®Be(18.15) — ®Be + v)

Beryllium (Rpg) BR(X = ete™)=(6+1) x 1075,

['(*He(20.21) — “He + X)

BR(X — ete™) = 0.20 +0.03 ST =0%1".2%, ...
T(THe(20.21) = THe 1 ete) DX > e7e)

Helium (RHe)
I'(*He(21.01) — “He + X)
I'(“He(20.21) — 4He + ete™)

BR(X —ete”)=087+0.14 §7=07,1*2",...

r(*2C(17.23) —» 2C + X)

Carbon (R¢) I'(12C(17.23) — 12C +~)

BR(X = ete™) =3.6(3) x 107°

Physics Beyond Standard Model is required [2]
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Philosophy

[1] Feng et al, Phys. Rev. Lett. 117 (2016)
[2] Feng et al, Phys. Rev. Lett. D 95 (2017)
. . [3] Alves, Phys. Rev. D 103 (2021)
If X17 is a new particle [4] Wong, arXiv:2201.09764
[5] Barducci, Toni, JHEP 02 (2023) 154
[6] Mommers, Vanderhaeghen, Phys. Lett. B 858 (2024)

What is its nature? > UV Models [1 - 4]

Why haven’t we seen
it before?

> Phenomenology [5, 6]
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Methodology

1) Choose X17 spin and parity.

2) Verify symmetries and conservations.
3) Write down most general Lagrangian.
4) ldentify relevant couplings

5) Calculate Atomki observables.

6) ldentify other relevant bounds.

7) Produce exclusion plots.
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Spin 0

[1] Barducci, Toni, JHEP 02 (2023) 154

Spin 0 excluded by angular momentum conservation [1]

Process X boson spin parity

N* -+ N ST=1- S™=1t S§"=0- S"=07
®Be(18.15) — ®Be 1 0, 2 1 | 4—
8Be(17.64) — ®Be 1 0, 2 1 | €—
‘He(21.01) — *He / 1 0 /
‘He(20.21) — *He 1 / / 0
120(17.23) — 12C 0, 2 1 / €— 1

Angular momentum of X in every nuclear transition, in different spin parity models.
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p [1] Barducci, Toni, JHEP 02 (2023) 154
[2] Mommers, Vanderhaeghen, Phys. Lett. B 858 (2024)

Sﬂzl— Sﬂ'=1+

0.015} .~ T ' ‘ A /7
[ S7T=1 §=0.549 B '2C, scenario ]%
: ‘jC,scenarfoZ/
I 0.004 ;—B(,;,scenano3 |
0.010  He
B SINDRUM-1
| | KTeV
0.005/ 0.002
Q& 0.000 T2 0.000}
L0 T
~0.005 '
L -0.002
-0.010 I
-0.004
_0.015 L 4 1 L L L L ! L L . 1 1 L L L L 1 o L L L ! L . 1 L l“ n 1 L 1 1 1 L 1 L 1 1 1 1 i 1
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 -0.004 -0.002 0.000 0.002 0.004
Cp, C, nucleon couplings [1] g;‘, g,‘f nucleon couplings [2]

At least 20 tension
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Spin 2: amplitudes
[1] Panico, Vecchi, Wulzer, JHEP 06 (2016) 184
Contact off shell terms complicate Lagrangian

Following [1], most general real production amplitudes

+Dy (p' +p)
)

+Ds (' +p), (v +p)yi75}U(p, o) [ (p—p)]*
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Spin 2: free parameters

Spin 2 theories are EFTs

heavy mediator

BSM

Cj;~Cp~O(Mgg,) and Dj~D;~O(Mg2,) -

At dimension 5, couplings are C,, C,, C, for2%, e C,, C,, C, for 2~.
No neutrino couplings.

Conservatively, A, = 4rmy =~ 200 MeV
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Spin 2: Atomki signal observables

Final results

2

km?2 | [4 213 | - .
Rge =% ?“[(—al + BE)M1Y_, (Cp — Cp) + 1M 1]_ (Cp + Cn)] Rge =1Z71r\’m2 C, (®Be||5P)||®Be(18.15)) + C;, (*Be||5™)||®Be(18.15))
1 _
—5 (5C, —4C) (®Bel|5)||®Be(18.15)) (1 L2w z ) : BR(X — e+8e ) ,
. BR(X — e*e) 3m3 ) T'(®Be(18.15) — 8Be + v)
—e'e 2 5
+2(4C, — 5C,,) (*Be||6™||*Be(18.15)) , RN _k G, — ) Iiol?
2 '(®Be(18.15) — 5Be + 7) © =32mamiw? ( ) |7cl
2
_mi 5 kmy 2 K - 80m2 o Ty (k\° /= =~ \2
e n - —2— e B X s — N + i ~ 2 + -
Rbe ="3 175 (Cp+ Cy) (3 - THe| BR(X —eTe™) Rie o ol (w) (Cp+cn) el BR(X — ete”)
m%\f m%( 2 2 + -
Rc =1ora ks [1+6rg] (Cp—Cp)*BR(X »ete),

§* =27 ST =127

THe ‘ fHe ‘ rc ’ FC

Estimated parameters that were absent in literature

~46 | ~T7 | ~55 | ~1
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Spin 2: other bounds

. 4 + b [1] SINDRUM Collab., Phys. Lett. B 175 (1986) 101
SINDRUM Experiment [1, 2]: #7 — e" 1, (X — eTe™) [2] Hostert, Pospelov, Phys. Rev. D 108 (2023)

BR(zT = e™1,X) X BRX = ete™) < 6.0 x 1071V

X

Ve Ve

Charged pion bremsstrahlung X17 production diagrams.

mi2 (90 (n3(Cp — Cn)? + n3(Cp + Cp)?) + 3C2 4 10Cen3(Cyp + C))

BR(r" = etr.X) = - ; ST =2%
28 33 5r2mZm% (m2 —m2)
m2 (54775(0 —Co)? + 562)
BR(rt = eTv.X) = d : S*t=12"

8 92 k22,0204 (2 _ . 2)2
2°3 57rm#mX(m,r m“)
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[GeV ]

+ e—)
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Spin 2: exclusion plots
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Exclusion plots. Legend: Atomki observables compatible at 16 (Green), 20 (Yellow), 36 (Orange).
SINDRUM exclusion region: grey region to the left, outside of ellipse on the right (continuous line for C, = 0,
Dashed lines for C, = = 107").

Spin 2 is excluded
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MEG-II null result

[1] MEG-II Collab., arXiv:2411.07994

MEG-II Experiment, PSI (Svizzera) [1]
X17 with Beryllium

Null result for Be — 1.50 exclusion

Projected limits at 90% C.L.

le—6 le-5
1.75 —— Ry limit < 1.8e-06 | 12
—— Rig1 limit < 1.2e-05
1.50 @ ATOMKI (stat. + syst.)
1.25
21.00
o
0.75
0.50
0.25
16.5 16.6 16.7 16.8 16.9 17.0 17.1

mx17 [MeV/c?]

On the Atomki nuclear anomaly after the MEG-II result Cortona, 22 maggio 2025 Stefano Scacco

19/27




How to treat an inconclusive result?

Atomki signal is almost compatible with MEG-II

Either combine them... ... or exclude Beryllium
Rpe [1079] l
Atomki 6+1[1, 2] 0" becomes possible
MEG-II | < 5.3 at 90% CL [38] l
Combined 5.5=+1.0

Phenomenological analysis

Both scenarios explored
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0" exclusion plot

Directly at renormalizable level £d<4 = zpﬁpX + znnnX + zceeX

int
ze=10"" Z =10
0010+ 1 0010}
0.005" 1 0005/
i N
V V
+N +N
T T
> >
& ool & oo0f
X X
3 sx107t 3 sx107t
+ +
= =
1x10°4F 1 1x10-4}
-5 1 L 1 1 1 -5 1 1 L 1 L
5x107"5 510 20.005 0.000 0.005 0010 5x107"5 010 20,005 0000 0005 0010
(Zp — ) X VBR(X » e €?) (zp — 2n) X VBR(X > e*e7)

Exclusion plots. Legend: Atomki observables compatible at 16 (Green), 20 (Yellow), 36 (Orange).
SINDRUM exclusion region in grey.

It works...
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PADME’s (unexpected) result

[1] PADME Collab., JHEP 08 (2024) 121
Positron beam against diamond target apparatus [1]:

gr(s) — ——r—— 1 x
Bhabha scattering SM 1.04 | =
I I\ 1.03— : H E
VS 1,02 AN .
o P : Ll i .
1.01— [ ] } =
< E L4 =
t channel schannel 15 T + + =
0.99 - | + c
098~

BSM 16.4 166 16.8 17 172 174
. , s'2 (MeV)

Region masked by automatic procedure

PADME announced a local 2.50 excess at 17 MeV at LDMA (April 2025)

Courtesy of Mauro Raggi
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Conclusion

“X17 is dead! Long live X17!”
(Claudio Toni)

Excesses compatible X17 are observed left and right

BUT

No phenomenological model works so far
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Procedural diagram of a theoretical physicist

New anomaly announced

How was the food at the conference?
v v
Good Bad
\ 4 \ 4
New Physics Underestimated systematics
l Is the community interested? l l Am | still interested? l
Yes No Yes No

l b :

- Turns out to be New Physics
| have no time to Let’s build a l

work on this model!

Someone else
wins the Nobel
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Thanks for your attention
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Backup slides
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The independent X17 confirmation

JINR Experiment [1] (Russia)
Observed process: p+N —=yy+...

~ Cherenkov —__ o
_— y-spectrometers 5 )

~4
2672 | S2
;!

WAL U

L
55cm E Internal
target

Internal beam
of the Nuclotron

On the Atomki nuclear anomaly after the MEG-I| result

Nyy / 1 MeV/c?

Nyy - Background

[1] Abraamyan et al, Phys. Part. Nucl. 55(4):868-873

Decay: X = vy

v's from | & Il Groups outside the trigger (Thr.=0)

300 : s ; ;
d(3 GeV/nucleon) + Cu -> 2y + X
Ny = 2
Ey > 40 MeV
200 E,, > 250 MeV
Ey1/Ey2<04
oy >7°
100
0 T T T T
80 X17 E38 Norm.: 22-32 MeV/c?
60 - Gauss Fit:
x,=16.39 + 0.32
40 c=1.64+0.26
201 |‘“ %’/ ndf =0.70
TSR P
01 il e "‘nilli” T Ty e ——— |
201 |
-40- ‘ ||
-60+ |

0 20 40 60 80 100
Myy (MeV/c?)
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Landau-Yang theorem

k1
P Theorem:
— > “A massive odd spin boson cannot decay into two
photons.”
ko

It excludes spin 1

Spin 2?
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Feynman rules spin 2

_Ze
% [vu Sup + Yo Opp)

On the Atomki nuclear anomaly after the MEG-II result

+ .
/\_< Yo (k) — k) + v (k; — k;)] k; outward fermion momentum

From covariant derivative

51/0 kl " k2 14 51/p kl o k2 w + kl k2 (6;w 51//) + 61/0 5up)

[ 5,u,pk2ak2u 6l,wk1uk1p_6uaklpklp 5upk2ak2p]

\A< p,ypg(kla k2) - 6pcr (kl o k2 v + kl Rz k2 u) 6up kl,a k2,u - 5,ua kl,u k2,p
- o ].—Ié (kl kz) — — .
UV po Y ) ) ) )

</‘r"r|l—l

& gauge parameter
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Spin 2 decays

X = ete”
3/2
1 m3 4m? 8 m?
v — I'X—oete )= |1-—=¢| |14 -—¢
H (X = ever) A§1607r[ m§{] +3777,‘2,(,]
X—=vyy
0
pv —_— I(X- )—lmgc
7= A2 80
(o2
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Atomki signal calculation (1)

Nuclear interaction from

1nt - fd37' H V(f)X#V(_)

Interaction picture

5= (N, X|H | N*) = (N| [d3F [ef()]* Huh 7)e T | N*)

. e e re e 2 2 o
%ﬂy expanded in non-relativistic limit, in powers of (py)~/my ~ 0.06

7 T 2p367‘ Tsps + 5F,Fspipi] s

A A
o - 1 . 1 _— .
g ’ﬁT ’F) - ZC Ff‘sps] +V x (Z chaséﬁf"s) ) E(7) :g z_: s [ps(SF,F + 5i‘Fsps] Os ,
uv __ s=1 s=1
"= P W L 18
WZJ T-") Z pj&r +ps(57"‘7"' p] +p75FF ps + (S'r 7 Pspg] P(’r—") =§ ;msCs&'sJF;s s
A C 1 A
S — A i . ~
_ ; I, T % V) [Pz, + 8rripl] Wil = ;C [pi655, + 0rr.pl] 0
4 c . g A
_ ; 2, s X V) [p2877, + 0r 0] +3 ;c [p2655, + 677.7]
Tensor boson 2+ Axial tensor boson 2~
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Atomki signal calculation (2)

Given kr ~ 0.1 —— Long wavelength approximation

+ Selection rules parity and angular momentum.
* Lowest order expansion.

Transition amplitude given as

Th=(NIY_ ) O |NY)

O JM

Use Wigner-Eckart theorem

—1)Ji—M; B
(UsM310s-nladt) = T eg i 017

Use isospin conservation for Helium and Carbon

m
3 myCy N(cp+cn>1+7(cp—cn)rz
N

|

|

5 My (s -~ ~
N

Cortona, 22 maggio 2025
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SINDRUM constraint (1)

Calculation method

yPT used. At lowest order:

: 0 +
U —exp{ ‘ < Vo {” )} — L= fZ’%Tr (04v) DU + fz’%’I‘r Ut +x1U]

Spin 2 as external current Xﬁy — gLXl]ng}; e Xﬁy — QRX%/Q}L{
LypT + AE;I;T D (O ) (0Fr™) —minta
+n3(Cu + Ca) XM (8,7 ™)(Bym™)

g.f’ﬂ' v — * —
+ 77’]3 (Cy+ Cy) X+ (VudW:&ﬂT + Vuqu 8,,7T+)
9 — O X VaaWio,m~ — VW, 9,m")
+ z%ng(c Cd)XW(VudWJ&,W_ — VoaW, 0,m™)

+ 9y, VadW,i0,m™ + VEW8mt) + ...,
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SINDRUM constraint (2)

Ve Ve

mi? (10 (n3(Ca — Cu)? 4+ n2(Cy + Ca)?) + 3C% — 10C.en3(Cy + Ca))

893 52,02,04 (102 _ ,02)2
2° 3° 5w ml‘mX(m7r m”)

BR(rt — et X) = Tensor boson 27
m2 (10n3(Cy - €)% +3C2)

8 33 52m2m4 (m2 — m2)2
2° 3 57rm#mX(m7r mﬂ)

Axial tensor boson 2~

BR(r" = etv.X) =
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SINDRUM constraint (3)

From quark to nucleon coupling

Static quark model [13].
Nucleons are 3 states quark |¢1 1,92 1,93 }) . Identical quarks in J = 1.

11 2 1 1 1 11
‘_7_>:\/j ]-’]-a _7__>_\/j ]-707 _7_>
2°2 3 2° 2 3 2°2
Tensor boson 27 Axial tensor boson 2~
& ~my(C,l Non-relativistically P~ m,C.o, Non-relativistically
1 _22mC, +meCy,  12meC, +mSic, 2 1 - 1 _22m$iC, - mECy, 1m0y 4. 14
Cp—m—N<P|5|P>—§ o t3 i =3Cu+ 30 Cp—m—N<P|P|P>—§ " 3Ty 90 T g%
1 _2m$fo, +2msiey  1mfe, +2msCy 1 2 ~ 1 2 -mC, +2mfCy 1mefC, 1. 44
C’n_mN(n|5|n>—3 my +3 my _3Cu+3cd Cn—m—N(n|P|n)—§ MmN +§ my 9 u+§ d
mz” (90 (13(Cp — Cn)? + 13(Cp + Cn)?) + 3CZ + 10Cen3(Cp + Cy)) Tensor boson 27

BR(1" — etv.X) = )
28 33 5W2mﬁm§( (m2 — mz)

m2 (54775(@, —Cp)? + 5(73)

8 92 k22,0204 (2 _ . 2)2
2°3 57rm#mX(m,r m“)

Axial tensor boson 2~

BR(rt = eTv.X) =
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Lagrangian for O™

Renormalizable level

£t = 2pppX + zpnnX + ze.eeX

int

With effective photon coupling

d=>5 a X v
£int - 87f_7FuuFu

Relevant couplings z,, z,,, Z,,.
No neutrino couplings.

Decay rate

5 5\ 32
Ze mX 4me
F'=TX - ete) = 1 -
87
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Atomki signal and other constraints

Prompt decay in Atomki

Decay in apparatus (geometrically)

'>13x10"%ev — |z,| > 1.4%x 1073
Electron g — 2
BSM 22 m? mx 7
dag" " ~ e ¢ |In - — —_— |z,] <1074
4m? m?% me 12

Atomki observables
Same method as before
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Spin 0 SINDRUM bound (1)

Scalar boson included in y = 2B,(s + ip)

my, O zy 0
L _x
s+ 0 my 0 z4

Need O(p*) Lagrangian
LVFR =L1Tr -DMUTD“U] ’ + LoTr [D“UTDVU] Tr [DMUT D”U]
+LyTr [ DU DHUD,UTDU| + LyTr [ DU DAU| T Uty + XU

- 2
+LsTr | D,UTD*U(U Y + XfU)] + LeTr [UTX + XTU]

- 2 -
4L, Tr UTX—XTU] + LgTr UTXUTX+XTUXTU] T

After NLO correction to kinetic and m,

£ PT+£ |rescae D ( )(a'ulﬂ. ) m Tr Tr 2
X xPT led - 51 = ].6? [2L6(m7r) + LS(mﬂ')]
+ (1 + 61)m? 7X7r+7r_
my + Mgy
Zy T+ 24 _ 2
- 2<52U7X(8 ) (047) 09 = 4? [2L4(m7r) + LS(mﬂ')]
— (52gf7rMX(V W"'B“W +7V, dW 3'”7r+)

My + My

gf”(1+62)( dW+8,,7r + VuaW,, o,mt) + ,
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Spin 0 SINDRUM bound (2)

Same bremsstrahlung diagrams

Final result

G2 f2|Vd|2m3
INC & + .X) = F u s
(77 = e v X) 32(21)°

[(zu + 24)*Fy + ze(2u + 24) F2 + zﬁFs]

F; =0.024 Fr = —0.143 F3=0.676
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