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The discovery of the X17 anomaly

Atomki experiment (Hungary) o 100 [
E 9 [ *H(p."e)’He
Process observed: p+A— N* = N+efe™ . 80 + E,=900 keV
Nuclear transition IPC 70 [\
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FIG. 3. Invariant mass distribution derived for the 20.49 MeV
transition in * He.

Several nuclei tested: °Be [1], “‘He [2], **C [3] — peak at about 17 MeV (X17 resonance!)

Decay detected: X — ete™
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Atomki observables

Invariant mass of lepton pair [5]

o Ecm — mg = my
m, =G 1= 0" + 8 —cosu/(1 =52 112 — 44| 0=== 2Ecm

Signals [5]

I'(®Be(18.15) — 8Be + X)

B X te— — :I:]_ 1 —6.
T(*Be(18.15) = *Be + 1) Chx ~ere ) =(6£1)x10

Beryllium (Rpe)

I'(*He(20.21) — *He + X)

i BR(X — eTe™) =0.20+0.
Helium (RHe) T(*He(20.21) — *He + ete-) R(X — e"e™) =0.20 £ 0.03

T'(‘He(21.01) — *He + X))

tom) —
[(*He(20.21) — iHe + ete-) BR(X — ete™) =0.87£0.14

T(12C(17.23) - 12C + X)
Carbon (R) [(12C(17.23) = 12C +7)

BR(X —ete™) =3.6(3) x 1076

If $*

If $*
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The axial vector hypothesis (1)

Many models to explain X17 (fifth-force mediation, axion, nuclear resonance model, QCD meson, QED meson...)

However —  phenomenologically, what can X17 be?
“An updated view on the ATOMKI nuclear anomaly” (Barducci, Toni) [5]

N| ¥ | S7[ 1| T(keV) | Ty(eV) Process ‘ X boson spin parity
*Be | | 0% | 0| 557025 | N 2N ST=1" ST=1t S§T=0" S"=0*
| %Be(18.15) | 17 | 0° | 13846 | 1.940.4 $Be(18.15) — ®Be || 1 0, 2 1 | —
8 8
| ®Be(17.64) | 17 | 1* | 10.740.5 | 150+ 1.8 Be(1764)  °Be | 1 0,2 1 | d—
Wl oo save | Mo ome| 10
He(20.21) — ‘He || 1 / / 0
| “He(21.01) [0~ | 0| 08 | 0 — .
| “He(20.21) [0+ [ 0 | 050 | 0 C(17.23) —» 12C || 0,2 1 / — 1
Table 2. Relative angular momentum between the X boson and N in the various decays, based on
120 ’ ‘ 0+ ‘ 0 | Stable ‘ its possible parity-spin assignments. Note that parity conservation prohibits a pure scalar solution
’ 120(17 23) ‘ 1— ‘ 1 | 1150 ‘ A4 to the Beryllium anomaly.

Table 1. Spin-parity J™ and isospin I quantum numbers, total decay widths I' and «y-decay widths
I, = I'(N* — N«) for the nuclei used in the ATOMKI experiment: ®Be [7], *He [8, 9] and 12C
[10, 11] nuclei. Asterisks on isospin assignments indicate states with significant isospin mixing.

Spin 0 excluded by angular momentum conservation!
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The axial vector hypothesis (2)
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The “independent” confirmation

JINR experiment (Russia)
Observation of structures at ~ 17 and ~ 38 MeV/c? in the

~7v invariant mass spectra in pC, dC, and dCu collisions

Process observed: p+ N — vy +else

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

at p,,, of a few GeV/c per nucleon

Kh.U. Abraamyan!?, Ch. Austin®, M.I. Baznat*, K.K. Gudima*, M.A.

300 h ¥ i ' Kozhin!, S.G. Reznikov!, and A.S. Sorin!?®
d(3 GeV/nucleon) + Cu -> 2y + X
— N Ny = 2

o N - Backgr. Ey > 40 MeV

£ 200 E,,>250 MeV | ¢ herenkm{ —
> 1/ Ev2 < 0.4 ¢ __— y-spectrometers
()] Eyl / Ey2 ¥ /<\§Q<\r .

= oy >7° /:\( \\\\r A

3 aé;: >'

Zi: 100+ . 3

Decay detected:
v, \\ }
X N
0 T T T % ,y’y \&
801  Xx17 E38  Norm.: 22-32 MeV/c® \‘“%

T 60+ - Gauss Fit: \ y

5 =16.39 + 0.32 54 ~4

3 401 Yo T SR E ST\ 28126 | 52
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100

This negates the spin 1 hypothesis! Apparatus [0]

Stefano Scacco

On the Atomki nuclear anomaly after the MEG-II result




Landau-Yang theorem

Theorem:

“It is impossible for any massive, odd spin state to
decay into two massless bosons.”

Exclusion of spin 1 hypothesis for X17 altogether?

However ——  Atomki did search for 2 photon channels, but found nothing
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Constraining axial vector hypothesis

C. J. G. Mommers, M. Vanderhaeghen (2024), “Constraining the axial-vector X17 interpretation with 12¢C data” [7]

[T Tt Y 1 L T I/' /
B °C, scenario 1 7
12¢C, scenario 2 /
;;Cv scenario 3 /| Estimation of Carbon matrix element
c

- He 1 with particle-hole approximation.

I SINDRUM-1
KTeV

0.004

0.002 - Addition of SINDRUM constraint

Only a 20 agreement

g

0.000

-0.002

If spin 0 and spin 1 are excluded,

-0.004 -
can X17 be spin 2?

AL
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The MEG-II null result [8]

MEG-II experiment at PSI (Switzerland)
Apparatus readapted for X17 search with Beryllium [8]

Atomki hypothesis

Null result for Beryllium —» excluded at 1.56

Projected limits at 90% C.L.

le—6 le-5
., 1.75 —— Ry limit < 1.8e-06 | 12
—— Rug. limit < 1.2e-05
,‘ 1.50 @® ATOMKI (stat. + syst.) | 1.0
1.25 0.8
21.00 %
& e -~ 0.6
0.75
0.4
0.50
. . . 0.2
Fig. 1 Representation of the MEG II apparatus employed for this 0.25
work. The Cockroft-Walton proton accelerator is located at a z posi-
tion several meters away from the COBRA center.
16.5 16.6 16.7 16.8 16.9 17.0 17.1

mx17 [MeV/c?]

Fig. 9 feft=3b-uppertimito=on=RrryrRrrr-and=mxmat00Je=cdr Right: 90 % C.L. limit projections of R;7¢ (blue) and Rjg (red) within the
allowed mass range. The hatched area represents the excluded region. The red point represents the measured branching ratio at ATOMKI. The
dashed error bar represents the systematic error on the X17 mass.
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How to treat an inconclusive result?

Remark: actual X17 mass is (16.85 = 0.04) MeV [9] — Atomki signal is “almost” compatible with MEG-II result

Either combine them...

| R [107] |

Atomki | 6+1[1, 2] |
MEG-II | < 5.3 at 90% CL 3] |
Combined | 55+1.0 |

12

10~

........................................................

2
XRge
(=)

..........................................................

10 0 é All 6 é 10
Ry [1079]

Figure 1. Left panel: Value of the x? of the Atomki (black dashed line) and MEG-II (purple
dashed line) measurements and the sum of them (blue line). The red dashed lines denotes the 68%,
95%, 99% values of a x? variable with 1 degree of freedom. Right panel: Value of the total x?
around its minimal value.

... or exclude Beryllium signal

l

0™ hypothesis may work

l

Phenomenological analysis
required

Both scenarios explored in our work
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Method of analysis

1) Choose a spin parity assignment for X17.

2) Write down the most general Lagrangian/amplitudes.

3) Identify interactions and relevant couplings.

4) Compute Atomki observables as a function of those couplings.

5) Compute other relevant constraints (i.e. SINDRUM, NA48, electron g-2,
decay rates...)

6) Gather everything into exclusion plots.
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Spin 2 on shell model (1)

Complications from off shell contact terms ——# No Lagrangian approach

Following [10], from most general on shell amplitudes

A(f = FX) =ﬂ(p’,<f’){cf Vu (p Ip) + (p Ip)
n

+Cy ’Yu’Ys( ) + 0y 5(p,Ip) ]
+Ds (¢ +p), (F +p),
+Ds (' +p), (0 +p), m}u(p,a) [eb” (» — P)]"

AX = yy) = 2%'{07 [(€] - €)q1u920 — (€3 - q1)€T 020 — (€] - @2)€5,q10 + (q1 - @2)€T 465, ]
+Dy q1uqov [(€7 - €5)(q1 - q2) — (€7 - k2) (€3 - k1)]

+1~77 q1.92v grho Q1aQ2ﬂ€’{p€§g}€ff"(Q1 +q2) ,
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Spin 2 on shell model (2)

Massive spin 2 requires EFT

heavy mediator

BSM

C;~Cj~O(Mgg,) and Dj~D;~O(Mga,) -
Cy ~ O(Mggy) and Dy~ Dy ~ O (Mg

At lowest order, parameters are Cp, C,, C,for2¥, and Cp, Cn, Ce for 27.
No couplings to neutrinos.

In the most conservative way, A, = 4zmy ~ 200 MeV
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Atomki signal computation (1)

Nuclear interaction described by

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

In the 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

A
5(7_"7 =Zm3056,~;s
s=1
+ Z Z . + 208077 D% + 677, 040%]
s=1 1
- 1 A 1 A N
g PT P() = ZC + 07, Bs] +V % (ZZCsﬁs@m) ) E(M) =5 Y _ Cs [Pdi, + b7, 0) - s,
s=1 s=1
HHY = B W H o
WH(7) = Z p](;“’ +DL077 0l + P00, + O, pspg] P(m) D) stcsgsfsﬁ*s )
s=1
A C ) A
S — N ~
_ ; I, T % V) [Pz, + 8rripl] Wi () = ;C [pi655, + 0rr.pl] 0
4 c . g A
_ ; 2, s X V) [p2877, + 0r 0] +3 ;c [p2655, + 677.7]

Tensor boson 27 Axial tensor boson 2~
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Atomki signal computation (2)

Since kr ~ 0.1 —— Long wavelength approximation
.7 - — ]_ —
e R 1 — ik -7 — 5(k-f’)2+...

» Apply parity and angular momentum selection rules.
» Keep lowest order terms in both expansion.

Th=(NIY_ ) O |NY)

O JM

Transition amplitude expressed as

Simplified through Wigner-Eckart theorem

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

For Helium and Carbon, isospin conservation:

m
3 myCy N(cp+cn>1+7(cp—cn)rz
N

|

|

5 My (s -~ ~
N
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Atomki signal computation (3)

Final rate
I'(N* > NX E 'T
( ) = Z]+12w |fz
pol.
Atomki observables
km3 | [4m . 7
Rpe =18—7r ?[(_al + 51§)M11=1 (Cp - Cn) + ﬂ1M11=0 (Cp + Cn)]
2
m2 k3 | ~ " = ~(n
_%(5%_40") (®Be||6(®||®Be(18.15)) Rge :1871rv 7 C, (*Be||6®)||®Be(18.15)) + C,, (*Be||5™||*Be(18.15))
1 . BR(X —ete) 2w BR(X — efe™)
= (4C, — 5C,) (®Be||6(™||®Be(18.15 ,
g (40 = 5Cu) CBellg™B18-15)) | 7ap(18.15) = $Be 1 ) (1+ 3m ) T'(®Be(18.15) — *Be + ) ’
2 2 k‘5
mN5ka 9 k? L __MmN = 12
Rye =501 = X (Cp+ C) —(3—2@ rie| BR(X = ete), Rc = S2ra ML ot (C C) I7c|
2 4
_Mmn mx 2 PSRy +om _80m{ 0Ty (k\” x| 2\% + o
Re T 1270 kw3 [1+6rc] (Gp = Ca)"BR(X > e7eT) , Ry = a?2 o, T_ (w (Cp+Cn) |7he| BR(X — eTe™)
Tensor boson 27 Axial tensor boson 2~
THe ‘ fHe ’ rc ’ fC

Parameters not found in literature are only estimated

~A46 | ~TT | ~55 |~
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SINDRUM constraint (1)

SINDRUM experiment [11, 12]: 7+ — e, (X — eTe™)

BR(7" = e™1,X) X BRX = ete™) < 6.0 x 1071V

Calculation method (from [12])

yPT framework. At lowest order:

- 0 -
U= exp{ : < fﬂ var )} —> Lopr= ’%ﬁ [(D“U)TD,LU] + ffﬁ [UTX+ XTU]

Spin 2 interaction as external current X7 — gL)(’Ing;rL and Xp — ng‘é'/gL
LypT + AL‘;‘;%z D (O ) (0Hn™) — m2nta”
+ n3(Cy + Ca) X" (8,m ™) (8,m7)
9fx

+ =5 13(Cu + C) X (VuaW, By~ + VigW,; 0,m)

_z%nz(c — )X (VW 0,m™ — VigWy 8,m™)

+z%n2(o — Ca) XM (Vua W, 0,5~ = VigW, 0,m)
gfﬂ

Yr VaWiom + VW a,mt) + ...,
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SINDRUM constraint (2)

Ve Ve

Figure 4. Diagrams of internal bremsstrahlung of the charged decay pion.

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)

BR(rt — et X) = Axial tensor boson 2~
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SINDRUM constraint (3)

From quark couplings to nucleon couplings

Static quark model [13].
Nucleons as quark states |q1 1,42 1,93 {) . Identical quarks in J = 1 state.

11 2 1 1 1 11
‘_7_>:\/j ]-’]-a _7__>_\/j ]-707 _7_>
22 3 27 2 3 272
Tensor boson 27 Axial tensor boson 2~
& ~my(C,l Non-relativistically P~ m,C.o, Non-relativistically
1 22metC, + mefc, 12mfo, +mfc, 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 2meC, + 2mefc, 1mefC, +o2mefC, 1 2 . 1 2 —meiC, + 2mefiC; 1mefiC 1~ 4=
Cn:_ 8 =_-—t = d ——u o d :—Cu _C n=— = = C 4 d d —_u u:——u o
my (MEIM =3 my t3 my gCut gl | Co=(nlPln) =3 my N gCu T gt

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

8 93 K.2,02,4 2 _ ,2)2
2° 3° om mumx(m7r m“)

BR(rt = etr.X) = Tensor boson 27

m2 (54775(@, —Cp)? + 5(73)

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

BR(1" = etTr.X) = Axial tensor boson 2~
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Spin 2 boson exclusion plots

00015
SE =27 0.0006 - ST=2%

— 00010} —_
5 5 00004}
(] (5]
3 3

0.0005}
~ 00002}
V) v
+\3 +N
T T
> 00000 > 0.0000
[+4 [+4
M M
X oo00sl « —0.0002f
'S S
* * ~0.0004]
1(_)‘& Un‘ '
= _o.0010} =

~0.0006|
~00015 ot oo Y R : 0 -0.0004 200002 0.0000 0.0002 0.0004
(€, -C)x VBRX e ) [GeV] (C,-C)x VBR(X e e) [GeVT]

Figure 2. Left panel: Green, yellow, orange areas correspond to the lo,20,30 compatibility
regions, defined by the requirement X;z)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 1o,20,30 compatibility regions, defined by the requirement X?)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.

At least at 30 exclusion for both models!
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Lagrangian for O™

At renormalizable level

Eidn?l = 2pppX + zpnnX + zeeeX

Photon coupling is effective

d=5 __ OZ{F )z

== 22 p
int 871_.]("7/1/

Only relevant couplings are z,, 2> Ty
No neutrino couplings.

Decay rate

5 5\ 32
Ze mX 4me
F'=TX - ete) = 1 -
87

On the Atomki nuclear anomaly after the MEG-II result Stefano Scacco




Summary of this talk

*Brief history of X17
* Atomki experiment

*Preliminary phenomenology
*MEG-II result

*Spin 2 hypothesis
*Model
* Atomki signal
*SINDRUM constraint
*Results

*Spin parity 0™ hypothesis
*Model
*Constraints «—
*Results

*Future prospects for X17

On the Atomki nuclear anomaly after the MEG-II result

Stefano Scacco



Signal and constraints

Prompt decay in Atomki

Geometrical constraint for decay rate in Atomki apparatus

'>13x10"%ev — |z,| > 1.4%x 1073

g — 2 of electron [14]

5qBSM _ 22 m; [ln mx 7]

S s — =107
X

Atomki observables [5]
Same method already described

115 (k\° 9 2
Rye — 2 (;) (Zp-l-zn) |1+3THe| BR(X —>6+€_),

o
3 )2

T
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SINDRUM constraint (1)

JPT framework. Spin 0 boson included in y = 2By(s + ip)

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

Need O(p*) Lagrangian [15]
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 corrections to kinetic term 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) + ,

On the Atomki nuclear anomaly after the MEG-II result Stefano Scacco




SINDRUM constraint (2)

Same diagrams as in spin 2

Final result

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

[(zu + 20)2F1 + zo(2y + 24) Fo + zﬁFg]
F; =£0.024 F> = —0.143 F3=0.676

Derivation of z,, z,, from z,, 7, described in [3].
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0" boson exclusion plots

Ze=10"* ze=—-107
0010+ . 0010}
0.005- - 0.005-
~ ~
V V
+ +
V V
T T
X X
% 0.001+ % 0001}
X X
~ -4l —~ 4|
3 5x10 3 5x10
+ +
g &
1x1074F B 1x1074F
-5 L 1 1 1 1 -5 L L 1 1 1
5x10°"510 ~0.005 0.000 0.005 0010 5x107"5 010 20005 0.000 0.005 0010
(Zp —z) X VBR(X » e e?) (zp —zn) X VBR(X > e*e7)

Figure 3. Green, yellow, orange areas correspond to the 1o, 20,30 compatibility regions, defined
by the requirement xgroﬁled < 2.28,5.99,11.62, for a scalar boson. The gray region is excluded by
SINDRUM search fixing z, = 10~* (left panel) and z. = —10~* (right panel).

0" hypothesis works if MEG-II excludes Beryllium anomaly
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PADME’s (unexpected) result

[1] PADME Collab., JHEP 08 (2024) 121

Positron beam against diamond target apparatus [1, 2]: [2] PADME Coliab., 2505.24797
= gR(s) C g IR A I I =,
Bhabha scattering SM 1.04 =
I G 1.03 " H =
VS 1,02 AN -
o N ; UL i =
1.01— [ } =
S - L4 =
t channel schannel 15 T + + =
0.99 - | + c
098~

BSM 164 166  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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Thanks for your attention!
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Additional material
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Prompt decay in AtomKki

X17 measured mass dependent on true angular opening 6’
Angular resolution:  Afy, = 2° —» Af =0"—0 < AbBexp

Constraint on length / ———  Constraint on width I
d’ Helium experiment most constraining:

C>13x10"%eV

By comparison, mean lifetime of:
. Iy [ =92.6 keV

e« Bmeson: '=4.1 x 104 eV
« Muon: =30x10"19ev

Total decay width:
F=IX—-ete)+I'X—>yy) >13x10"% eV
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How to build a massive spin 2 model

1. Choice of notation 2. Free Lagrangian
Pauli notation Fierz - Pauli Lagrangian [7]:
- Metric: 6, = diag(1,1,1,1) 1 m2
-Imaginary time: p, = (D, ipy) L= §ap,Xl/p 0uXyp + TXXup Xup

* Hermitian gamma matrices

X
—» FORM tool for algebraic manipulations H

, symmetric, traceless field tensor.

3. Free propagator
Sum over polarisations:

5
Lo 1 1
Z v (K, A) 5pa(k> A) = B (Puppw + P;wPVp) - gPuvac = Nyvpo (k)

A=1
k,k,
where P, (k) = 0 + 5
mx
Momentum space propagator:
N, ,LWPU(p)

Dy po (p) =

P2+ m3 — ie
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How to build a spin 2 EFT

4. Interacting Lagrangian

1 oL
Ematter — KX;WT;W — Tuu — Wau¢z - 5;1,1/ L
1
Dimensional coupling Stress-energy tensor

Coupling to electrons and photons:

1 1 — 1 1
AC - X/u/ _]TF/.AOAFI/OA + A_,(/)’Yual/,‘p — A_XNVTJI/ + A_XNJVT;;V
Y € Y €

5. Cutoff energy A,
Only dimensional quantity is mass of X17 my, ———% A _=kmy with 2<k<4xn
A, ~ 100 MeV

6. Finite width I effects

N po (D)
p2 + m§( —imxI’

Dypos(p) =
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Feynman rules

_Ze
% [vu Sup + Yo Oup)

On the Atomki nuclear anomaly after the MEG-II result

+ .
/\_< Yo (k) — k) + v (k; _ k:[)] k, outward fermion momenta

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]

J‘ﬁll—l

\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 ) ) ) )

& gauge parameter
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Decay rates [8]

X > ete”
3/2
1 m3 4m? m2
v (X tom) — X e 1 2 1%
H . (X = ever) A§1607r[ m§{] T 3m
X —yy
P
v e (X o= L™
7= A2 80
(o2
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FORM tool for algebraic manipulations

For this thesis, FORM tool was used.
User’s manual can be found here. All codes can be found in this GitHub repository.

FORM employs Pauli notation

Example: e"e™ — u*u~ squared matrix element:

Vectors k1, k2, pl, p2;
Symbols s, t, u, e;

Indices mu, nu, rho, sigma;
%

id k1.k2 = s/2;
id pl.p2 = s/2;
id k1.pl = -t/2;

e
N
I

Local M2 = :
* electron line }d k2.p2 = -t/2;
e’2 * g_(1, k1, rho, k2, sigma) * }d kl.p2 = -u/2;
* photon propagator id k2.p1 = -u/2;
d_(rho,mu) * d_(sigma,nu) / s~2 * Brécket e,s;
* muon spin line Print;
e”2 *x g_(2, pl, mu, p2, nu) .end
Trace4,1; M2 =
Trace4,?2; + 87-2*%e"4 x ( 8*%t"2 + 8*xu”2 );
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https://github.com/StefanoScacco/FORM-codes/tree/master/Spin2minus
https://github.com/StefanoScacco/FORM-codes/tree/master/Spin2minus

Diagrams for X17 mediated QED processes

Tree level diagrams for the following processes:

P1

\

P1—ps3

Annihilation into

Compton scattering Two photons

Photon-photon elastic scattering
Constraining cross sections —— Constraining couplings
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Example result: Bhabha scattering

2
+ — [u2 — 8mZu + 12m§} }

+1
st

t2

[ut + (s + 4m§) (s - 4m§)]
[us + (t + 4m§) (t - 4m§)]

1
{ [ + 12 — 8m?(u +t) + 24m ] [uz + 5% — 8mZ(u+s) + 24m§}
s—mX

L@ 1 (t—u)
m48A2 s s (s — mx) +m2 T2

(s—u) t—m§(
+
t ) (t—m%)® +mI?

2
s —mx

t [(s -m%)* + mg(I‘z]

+

[u2(s —t) 4 10m2ut — 6m? (s - 2m3) (s - 6mg) — 24m2]

2
t—m%

+
[(t — mX) + m% 2

] [ 2(t — s) 4+ 10m2us — 6m?> (t—2m)(t—6mg)—24mg]}

N 1 (s —4m?2)* + 2ut? + 4m?2 (s — 4m?) [2(s — 4m?)% + ut] + 48m [(s — 4m?)? — ut)]
460872A% s (s — mg{) + mXF2

+(t—4m) + 2u?s? 4+ 4m?2 (t — 4m2) [2(t — 4m2)? + us] + 48m? [(t — 4m?)? — us)]

(t —m%)? + m3T?
} (1.4)

—2u (s —m¥%) (t —m%) [u(u +25)% — 2m? (s* + 9us + 2u?) + 8mi(2u + s)}

[(s —m2) + mg(F?] [(t - mX) + m3 ]."2]

+

—>

—>

—(py+p)? t=—=(p—p)* u=-(p,—p)* —>»

Stefano Scacco
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Resulting cross sections

Integrated cross sections vs Vs

I=2.7 x 1071° MeV, choice of couplings in thesis =6.3 x 1072 MeV, at unitarity limit

10) E
10—9 -
10—1 4
10-11 4
—_ — 1073
2 =)
© ) v
10-13 4
10—5 -
10—15 -
—— Bhabha integrated correction 10774 —— Bhabha integrated correction
—— Moller integrated correction —— Moller integrated correction
—— Compton integrated correction —— Compton integrated correction
Annihilation integrated correction Annihilation integrated correction
10° 10t 102 10° 10! 102

Vs [MeV] Vs [MeV]

Figure 27: Graph of behavior of absolute value of integrated cross sections, for all processes, from 1.2 MeV
to 100 MeV, for different values of T', as function of /s. Graphs are in log scale. On the left, 1/A. =
3.8 x 107°MeV~" and 1/A, = 2.7 x 107 MeV ™! are assumed. On the right, 1/A. = 5.2 x 1072 MeV !
and 1/A, = 4.4 x 107> MeV ! are assumed. Different choices of couplings scale cross sections differently.
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Other constraints: g — 2 of electron

o _ | ge
Gyromagnetic ratio of the electron: y = —— =
| L | 2m,
QED prediction from vertex correction: @

ge_2

g, one of the most precise measurements in physics [9]: a. = = 0.001 15965218073 (28)
Affected in our EFT at loop level [10]:
2 FAN T (1 2
A —_— Sa. = me c I
© 4812 \mx/) A \A. A,

AN

On the Atomki nuclear anomaly after the MEG-II result Stefano Scacco




Other constraints: Perturbativity

Spin 2 model must be perturbative!

~ ™~

2
AgD 1 m? Al Ag® ~ 1 m?2 AL°
¢ ¢ 1672 ) Aimf§

<3.7x107*MeV!

1

A

|f AC = ka ¢
: Ai <93x%x 10 2MeV !
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Other constraints: Unitarity

Spin 2 model must be unitaryl ——— S matrix must be unitary: 1 =SS =1 —i(TT - T)+TT
1 - Unitarity implies optical theorem. Taking a, b initial and final state:

—i [Mb —(M)* 2 |G /dﬂ M
@ 167r2\/_ ca

2 - Expanding amplitudes in partial waves: M,, = 167 Z(zJ +1) Py(2s) ai,(s)
J=0

i J J J
5 |l —all] >alail = allal, = (a'a)  ———>  Im(a})>|a/|* = Re(d})* + Im(a})?

3 - Choosing i = 0: Unitarity constraint

Re [ao(\/g)] <

N | —

4 - Applying this constraint to ete™ — e™e™ binds A}

. . . . -1
5 - Applying this constraintto yy — yy binds Ay

Put all constraints together!
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Spin 2 model exclusion plot

Constraints on 2 couplings spin 2 model, A = 4nmy = 212 MeV

1072
/
/ Best experimental result constraining
each process.
10744
Center of mass energy \/E <A,
— 10-¢
n
> ] . . [
- Valid parameter region is white
o
<
—
108
Best constraints:
1074 — rertubatity » Decay length (purple)
: :::Z:\I;yconstraint (OLYMPUS experiment - 2013)
B e R A . itari i
= il o COMAS vt a1 Unitarity constraint (gray)
—— Two-photon constraint (PVLAS - 2012)
—— g-2 constraint (Fan et al. - 2022)
—— X decay length constraint (ATOMKI - 2016 and JINR - 2023)
o assum:dva?uesforthisthesis : L4 EIeCtron g - 2 (green)
10712 - r - AN r . v.
10712 10-? 1077 10% 10-3 10! 10! 10°

1A, [MeV-1]
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