PADME Experiment and the
search for X17

Andre Frankenthal
(UC Irvine)
On behalf of the PADME Collaboration
ICHEP 2026, July 30t", 2026

UCIirvine PRDME INFN

Istituto Nazionale di Fisica Nucleare



A’ production in accelerators & motivation

* Dark bremsstrahlung

“Missing momentum”
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* Resonant annihilation et




Positron Annihilation into Dark Matter Experiment

* Near Rome, Italy

* Only 20-30 people

e Originally designed for
A’ searches

Fixed-target experiment

4. ~500MeV positrons

& ° A’ massrange: 2-22 MeV
§ © ~ 25k POT / bunch

* Bunchlength ~ 200 ns

Py
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PADME data-taking campaigns
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The ATOMKI anomalies
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.044003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://arxiv.org/abs/2209.10795

Looking for an explanation

Three main possibilities:

* Systematic effects
* Nuclear physics is hard!
* New 17 MeV “protophobic” boson?

Fengetal, PRL 117 (2016) 078103

Quanta Magazine

EXPECTED 8Be TRANSITION

Fast-moving Particle paths are
8Be photon close together .-
Electron ST L -
Positron TTTTmees REEU
HYPOTHETICAL
Electron
8Be

Slow-moving
X boson
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\ Particle paths
| are ata

/ wide angle
_ /

Positron
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https://www.quantamagazine.org/new-boson-claim-faces-scrutiny-20160607/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803

PADME search for X17 in Run ||

* Tuning the beam energy, can produce X17 R;sonant:pzrg;umc\»,n: +
particle on resonance o+ beam 0

* Resonant enhancement of production cross
section leads to a very strong signal e~ A'[X17 -

C target, 100um, tot. PoT 2-10"
SEy/Ep=0.25%MeV, 16 runs with 1.25-10'° poT
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Detector setup for Run |l

Detector setup for X17 search: Charged particle detectors in vacuum

= Polycrystalline diamond target Vacuum tank,
= Main ECAL with 616 BGO crystals and central hole 10° - 10" mbar

= Lead glass calorimeter behind ECAL hole (“beam
catcher”)

= Timepix silicon detector as beam spot monitor
* Hodoscope upstream of ECAL (not used) a

Lead glass

B ——

efe” »ete” E Timepix

Diamond
| ' | target
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Signhal and background models

Background-only:
N, (s) = Npot(s) x [B(s)]
Signal + background:

N,(s) = Npor(s) x| + S(s; My, gye) |

N, (s): Number of two-EM-cluster events in the ECAL
NpoT(s): Number of positrons on target
. Expected background yield per POT
S(s; My, g,.): Expected signal yield per POT for given mass and coupling

: Signal acceptance and selection efficiency
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Control of uncertainties is key

Key to limit uncertainties, esp. uncorrelated (which vary by period)
Careful treatment of errors and uncertainty estimates

Rewrite search observable:
N,(s) = Npor(s)| + S5(s; My, g) ]
= N, (s) S(s; My, g)
NPOTES) =t

Y

gr(s)
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Errors and uncertainties

Careful study of error budget needed
Uncorrelated errors

C target, 100um, tot. PoT 2-10"
5000 SEW/Ep=0.25%MeV, 16 runs with 1.25-10' poT

Uncorrelated (period-by-period variations) 4750
and correlated errors (overall scale) 2 4500
=» More “dangerous” g 4420
. . . . . . o 4000
=» Overall imprecision in exclusion estimate 3 3750
< 3500

. . . =2
Following, summary of uncertainties on: 3250
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gr(s) =|1+
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Uncorrelated uncertainties on gp(s)

PN
. N, / S(s; M
Uncorrelated uncertainty on gp(s) = : gr(s))= [1+ il 9) ]
Nport B \ B(s)
<
'031'6" | | T T T
=140 "9, N, PADME -
$ 1-2; *B  *Npor _f
> -
5 1.0 . . " i .
o A R N N F I LI Less than 1%!
0.8 ] B
06:_ A 4, 4 AA“*““‘AA“‘A‘A:A“ Gaa Al AAA‘: _:
: L I o:ooonuuu-uo ee ..: .’:.:l..o:. :
0-4__ ”" xxxxxx”xxx"%”‘a ’itxg :,‘ % x % E ]
0.2F =
- | | | | l | 1

162 164 166 168 17.0 172 17.4
(s [MeV]

7/30/26 PADME and X17 | A. Frankenthal | UCI 12



Expected sensitivity

PADME Collaboration, JHEP 11 (2025) 007

Evaluate 90% CL upper limit assuming no signal
For given My, upper limit on g, defined as CLg = ps/(1 — pg)
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https://arxiv.org/abs/2503.05650

Box opening!

Mild excess observed beyond 2o local coverage... (=2

2.50 local) o 1.0%% —
R PADME -

For My = 16.90(2) MeV and g,, = 5.6 X 107%, global 0'82 ]
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- S

Assuming 3o interval for observation with My = 0'4:_ Eiﬁliﬁi only |
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Box opening |l
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PADME Run IV

PADME Run IV has already collected data!

= New Micromegas chambers = e*e ™ vs. y background
separation and new signatures possible

= More beam operation stability measurements to reduce
systematic uncertainties

= More data taking! (to reduce statistical uncertainties)
Goal: completely cover open vector X17 parameter space
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summary

PADME is a fixed-target experiment with a positron beam striking a thin target
Original design to search for dark photons in 2-22 MeV range

Adapted for targeted search for X17 in Run |l

First results indicate mild excess around 16.9 MeV with global p-value
equivalent to ~1.80 (or 2.00 depending on assumptions)

Run IV includes new sub-detector to tag y vs. e™ /e~ and larger statistical
power, hoping to close vector X17 parameter space

Stay tuned!



Backup
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Unexplored X17 parameter space

* Parameter space still available to explain the anomalies via new X17 particle

* Latest limits by NA64 Collaboration (2020 & 2021) and MEG-II (2024) do not
completely rule out X17 hypothesis

1072
' Saici Projected limits at 90% C.L. le—5
1.75 —— Ry limit < 1.8e-06 | 1-2
= Rig1 limit < 1.2e-05
1.50 @® ATOMKI (stat. + syst.) | 1.0
1.25
1073 0.8
w ©1.00 =
& ‘ 0.6
0.75
0.4
0.50 !
‘ ] I 0.2
107 .40 . PHYS.REV. D
Be ATOMKI obs 108, 015009 (2023)

16.5 16.6 167 16.8 16.9 17.0 171
mx17 [MeV/c?]

NA64 Collaboration, PRD 101 (2020) 071101 my., GeV

ATOMKI| 8Be measurement: 16.7 +/- 0.5 MeV  Best-fit: 16.85 +/- 0.04 MeV

NA64 Collaboration, PRD 104 (2021) 111102
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803

Original PADME motivation: dark photons

* Dark matter could belong to a complex dark sector
* Simple extension of Standard Model (SM) is the dark photon (4°):

= Gauge boson of a new symmetry, U(1) o,
= Only dark sector particles charged under it +§mA’A AL
= Mass allowed via symmetry breaking: —
= “Bridge” to the dark sector via special kinetic mixing: —— —EFL/WBW
" Generates effective EM-A’ coupling:

—|—€6A/'MJMEM I+

Holdom, PLB 166 (1986) 196

Y A’
€
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https://www.sciencedirect.com/science/article/pii/0370269386913778
https://www.sciencedirect.com/science/article/pii/0370269386913778
https://www.sciencedirect.com/science/article/pii/0370269386913778
https://www.sciencedirect.com/science/article/pii/0370269386913778

Missing-mass technique in fixed-target expts.

et > A
e” < 14 (active)

Main detector
Beam = ________ (calorimeter)
Pe+ Beam monitor M |[SSSSSSSl_
——— . 2 .
A Search for bump in my, ;.-
Pe- —— MMiss? for different M,
C | A mass= 22 MeV
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400_— B 4'mass= 6 MeV
: - | B A mass= 4 MeV
Distance s M Amas-ziey
m2.c = (P.+ + Do — Dy )2 :
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Original PADME design

X
\ov

Miiss = Do+ + Do — Dy )?



https://www.hindawi.com/journals/ahep/2014/959802/
https://www.hindawi.com/journals/ahep/2014/959802/
https://www.hindawi.com/journals/ahep/2014/959802/
https://www.hindawi.com/journals/ahep/2014/959802/

First result: o(ee = yy) @ +/s = 21 MeV

o(ete” > yy(y)) = 1.977 + 0.018 (stat) + 0. 045 (syst) + 0.110 (n. collisions) mb
glete” - yy(y)) = 1.9478 + 0.0005 (stat) + 0.0020 (syst) mb (QED@NLO)

. . o= b o Babevesa 10 -

Good agreement with prediction - —+— Colgale and Gilbert (1953 -
g B + : ;{ﬁgexiﬂ. (1986'2)( -

First measurement at low ? I E
energies since the 1960s O :
One of the most precise too e ' L=
= £ N T — LONLO 3

© 0815 o E

107 1 10
E, [GeV]
QED@NLO: Balossiniet al, PLB 663 (2008) 209 (Babayaga) Beam energy PADME Collaboration, PRD 107 (2023) 12008
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https://arxiv.org/abs/0801.3360
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012008

Nature of an X17 particle

* Model-building effort to make it work with

current constraints

* Data so far seems compatible with (axial-)vector

nature of X17, with mass = 16.8 GeV

TABLE III. Nuclear excited states N,, their spin-parity JE*, and the possibilities for X (scalar, pseudoscalar,
vector, axial vector) allowed by angular momentum and parity conservation, along with the operators that mediate
the decay and references to the equation numbers where these operators are defined. The operator subscripts label

0)

the operator’s dimension and the partial wave of the decay, and the superscript labels the X spin. For example, (’)g p 1S

a dimension-four operator that mediates a P-wave decay to a spin-0 X boson.

my=—mpy [MGV]

Denton, Gerhlein, PRD 108 (2023) 015009

[\ N [\
o N} RN

p—
o0

16

100

— He (meas.) — my=16 MeV

Be (meas.) — my=17 MeV"
— C (meas.) — my=18MeV

120 140 160 180

N, Jb Scalar X Pseudoscalar X Vector X Axial Vector X
min
%C(17.23) I O 27) 0% (29), O (34) 0% (37)
He(21.01) 0~ 0 (39) o' 40)
“He(20.21) 0" o (39) Olp (40)
= Feng, Tait, Verhaaren, PRD 102 (2020) 036016
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mailto:https://arxiv.org/pdf/2304.09877.pdf

Beam energy scan around resonance

* Strategy: scan beam energy in 260-300

MeV range with steps of 0.7 MeV
- About 101° POT per point in the scan
* 47 points near X17, 5 below, 1 above

C target 100 um
Ee=2-107"

—_— 2:10"paT ., E=1.4 MeV, 13 runs
—— 4.10"poT . SE=0.7 MeV, 13 runs

104

Vect.
N fia

103_

Background, 1.3y N5

102

Darme etal, PRD 106 (2022) 115036

165 16.8 17.0 17.2 175
My [MeV]

NPoT Collected
o o

.IIIII|III|III|III|III|III|III|III|III%

et SRSl 4010 pQT

400
Baam Enengy (Ma')

POT vs. /s
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036

Electron motion in atoms

* Neglecting atomic electron motioninete™

annihilation not great at low energies T — e
:KLOE, 2015 : PADME sensitivity |
. . . B ! ! 90%C.L., 6 = 0.5% |
* Reliable production rate estimates must account N 6101 |]
for this moton | compton Profle
= E.g., Compton profile including electron velocity effects
LU L L L U L L L RO L N Y L O L L B B b>0 10—ﬂl- 3
=) 2y = lngeV Diamond ] B
@R gv = 10 1 i
@E | 95 =05% eRH??t rest NAG, 2019 1
g 1 ——— Compton Profile il
= 1F . ORSAY, KEK 1
8 | : Y, KEK
A / \ 5 I 1
% ' S T 17 18 19 20
o ...-lk#humxw---. mx[MGV]
365 27_0 | 275 280 285 290 295 300
Ep [MeV] Arias-Aragon et al., PRL 132 (2024) 261801
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https://arxiv.org/abs/2403.15387
https://arxiv.org/abs/2403.15387
https://arxiv.org/abs/2403.15387

PADME calorimeters

Frankenthal et al, NIM A 919 (2019) 89

Albicocco et al, JINST 15 (2020) T10003

Electromagnetic calorimeter

616 scintillating BGO crystals from old L3 expt. at LEP
3 m downstream of target

Single-crystal dimensions: 2.1 x 2.1 x 23 cm?3

BGO scintillation time: ~ 300 ns

Central square hole (5x5 SC) to evade Bremsstrahlung
Angular reach: 20—65 mrad

Energy resolution: ~ 2%/Sqrt[E]

Small-angle calorimeter

25 Cherenkov PbF, crystals

Immediately downstream of ECAL
Single-crystal dimensions: 3.0 x 3.0 x 14 cm?3
PbF, dead time: ~ 3 ns

Fits behind the ECAL central square hole
Angular reach <20 mrad

Energy resolution: ~ 6%/Sqrt[E]
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https://www.sciencedirect.com/science/article/pii/S0168900218318321
https://iopscience.iop.org/article/10.1088/1748-0221/15/10/T10003

PADME vetoes

Plastic scintillator to detect charged particles striking inside of magnet wall
Plastic scintillating bars produced by UNIPLAST

1 meter in length along magnet (96 + 96 bars)

Bar dimensions: 1 x 1 x 18 cm?3

WLS fibers (BCF-92) with optical epoxy and Hamamatsu PMTs

Time resolution <1 ns
Noise below 1%

Fully assembled inside
the vacuum chamber
(beam view)

Prototype in test beam

CAD model
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PADME thin active target

Active diamond target to measure beam spot and bunch multiplicity
Choice of material given by interplay between annihilation cross
section (o< Z) and Bremsstrahlung emission (x Z?)

Thin depth (100 um) to reduce pile-up events

Polycrystalline diamond (2 x 2 cm?) with 100 pm thickness

19 + 19 graphite strips 1.9 cm long 0.85 mm wide along X and Y
Spatial resolution measured to be about 0.06 mm

o -0
-
-

> -
-
-
-0

o -

Active target + frontend

Assembled for vacuum test
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A’ production and decay in accelerators

e
wA’ ~ \/2meEbeam /

Only possible with positron beam!

Production: Decays: I+
: ' X
e “A’-sstrahlung” € i A’ WNW“<
| -
e?a’ - ! =, x
O X myr .
m2, A beam i « 2m, < my < 2mpy = SM particles only
|
| ’
- i * 2mpy < my =P Invisible decays allowed PAPME >
i ASSOC|ated e+ : main target
production ]
o X €?a? e E Ma| Heavy DM y>GeV light mediator Ma|  Light DM y and light mediator
|
|
myr < \/2meEbeam | 2m,
|
|
* Resonant et !
annihilation A i
o x€ela L ome
I
|
|
!

l. Oceano
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POT

POT

PADME data taking and beam background
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T30 50 60 70

t [day]

counts/4MeV

2500L. PADME Preliminary N
Q Secondary, Runl .

nPOT=9.0x 10" - I Background index:

P M ———— _ p:" R::“ ~0.36 MeV/e*
" ~0.03 MeV/e*
1500}
] I. Oceano
1000 25000 kPOT/bunch 25000 kPOT /bunch
545 MeV beam energy | | 490 MeV beam energy
500 250 ns bunch length || 250 ns bunch length
of - f o, E. 28000 kPOT/bunch
2000 4000 6000 8000 10000 12000 14000 430 MeV beam energy

EECAL [MeV] 280 ns bunch length
Beam background in Run | caused significant more energy
deposition in ECAL than predicted

Culprit was radiation of secondary beam positrons on the
Beryllium window separating accelerator vacuum from
experimental vacuum

Developed comprehensive MC simulation to study and
mitigate this background in Runs Il and Il

PADME Collaboration, JHEP 09 (2022) 233
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https://link.springer.com/article/10.1007/JHEP09%282022%29233

Main physics backgrounds

Signal: one photon in ECAL +  Bremsstrahlung:
PVeto og(etN - et*Ny) = 4000 mb
Target

One photon in ECAL +
M One positron in veto
— — ey | - »

e

Sum of energies = beam energy

e 2y-annihilation:

o(ete” > yy) =1.55mb et %
Two photons in ECAL

Correlated energy and angle

10 [V, no cuts

v

Events/s MeV?
3,

3

e 3y-annihilation:
g(ete”™ - yyy) = 0.08 mb

. et 14
Two photons in ECAL + >
one photon in SAC

No kinematic constraints

10

A 4

400 a00 600

M?mies [MEVE]

* o at 550 MeV beam energy
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PADME search for X17 in Run 3

Main backgrounds:

X17 Background components

[ ] TChannel process
[ SChannel process
____| GG process

0 0.05 0.1 0.15 0.2 0.25
Positron Energy

ee — ee Resonant production:
(Bhabha t-channel): Epeam = 282 MeV
kinematically et

S ressed
upp A /X17

ee — ee
(Bhabha s-channel):
signal-like

New tagger detector to

ee — yy: Need distinguish e/y ECAL clusters

particle ID to suppress

~__

7/30/26 PADME and X17 | A. Frankenthal | UCI 33



Original expected PADME X17 limits

* PADME can fully probe available parameter space in

the vector X17 scenario NY5St
9ve \2[(1MeV
SRy e ~1.8x107 x ( ~)
* Significant sensitivity also to the pseudoscalar case 2x10 o5
Darme et al, PRD 106 (2022) 115036
Pseudoscalar Vector
103 :
\ l KLOE, 2015
. : KLOE, 2015 g .
g B ¢ Viable space
o 2 7 —
— L S (2-6x107%)
% ey ‘ ~J
g ,:% 1074
e z
s ORSAY E - ORSAY, KEK
1 0_2 Lepton ::Ot{pﬁngs onl | | 1 0_5
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My [MeV] Mx [MeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.115036

Box opening Il

Compare expected UL with B-only and S+B hypotheses
(My = 16.9 MeV, g,, =5 % 107%):

1 x10~°

g - T T T T T T T T E

2 09 = KLOE, 2015 -

0.8 :_ M, = 16.9 MeV E

: mcu.uua:,s%.s“r -

0.7 - =

: Dcuﬂc Cutlﬂ :

0.6 —

= 90% CL UL: B-only -

0.5 S EEFENER e CLs Median I

- [ JcLss2s =

i E_ [ eLs 1o E

0.3 o Bkgstatonly |

Q.2 f_ —— Observed limit é

0.1 f— PADME Prleliminary | | NA64lv, 2019 —f
16 16.5 17 17.5 18 18.5

M, (MeV)
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Possible observables in X17 search

N(ete  oryy)/ Npor: > This analysis
High statistical significance
No hodoscope-related systematics

+ 5 :
N(e"e™)/ N(yy): Possible in Run IV
Lower statistical significance (yy cross section)

Independent from N,

N(ete )/ Npor:
Probe vector nature of X17
Potential systematic errors from hodoscope stability

N(y¥y)/ Npor :

Probe pseudoscalar nature of X17
Potential systematic errors from hodoscope stability
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