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• Dark matter could belong to a complex dark sector
• Simple extension of the standard model (SM) is the dark photon (𝑨′):

§ 𝐴’ is the gauge boson of a new symmetry, 𝑈 1 !, similar to photon in SM
§ Only dark matter (not SM) is charged under this gauge symmetry
§ A “bridge” to the dark sector is permitted via special 𝛾-𝐴′ mixing:
§ This additional term in the Lagrangian creates an 𝐸𝑀-𝐴’ coupling:
§ Finally, mass is allowed via symmetry breaking:
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A complex dark sector and the dark photon
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Holstom, PLB 166 (1986) 196

https://www.sciencedirect.com/science/article/pii/0370269386913778


• Several existing searches for dark photons 
and other bosons

• Sensitive parameter space from a few MeV 
to dozens of GeV on 𝑚!"

• Many dark photon production modes 
probed, + visible & invisible decays

• Lots of interest in the community
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Searches for dark photons

Graham, Hearty, Williams, Annu. Rev. Nucl. 71 (2021) 37

CMS-PAS-EXO-21-005

mailto:https://www.annualreviews.org/doi/10.1146/annurev-nucl-110320-051823
mailto:https://cds.cern.ch/record/2851121?ln=en
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𝐴′ production and decay in accelerators
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• “A’-sstrahlung”

• Associated 
production

• Resonant 
annihilation

Only possible with positron beam!
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𝐴′ production and decay in accelerators
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𝝈 ∝
𝝐𝟐𝜶𝟑

𝒎𝑨#
𝟐

𝝈 ∝ 𝝐𝟐𝜶

𝑚'! < 𝐸()*+

𝑚'! < 2𝑚)𝐸()*+	
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• 2𝑚) < 𝑚'! < 2𝑚,-  è SM particles only

• 2𝑚,- < 𝑚'!è Invisible decays allowed

I. Oceano

PADME’s 
main target

Decays:Production:
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Beam monitor
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Missing-mass technique in fixed-target expts.
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Positron Annihilation into Dark Matter Experiment

• Near Rome, Italy
• ~30-people 

collaboration

• ~ 500 MeV positrons
• A’ mass range: 2—20 MeV
• ~ 25k POT / bunch
• Bunch length ~ 200 ns

Fixed-target experiment
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PADME detectors
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Raggi & Kozhuharov, Adv. HEP 014 (2014) 959802 

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

Small-angle calorimeterElectromagnetic 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 cm3

• BGO scintillation time: ~ 300 ns
• Central square hole (5x5 SC) to evade Bremsstrahlung
• Angular reach: 20–65 mrad 
• Energy resolution: ~ 2%/Sqrt[E]

• 25 Cherenkov PbF2 crystals
• Immediately downstream of ECAL
• Single-crystal dimensions: 3.0 x 3.0 x 14 cm3

• PbF2 dead time: ~ 3 ns
• Fits behind the ECAL central square hole
• Angular reach < 20 mrad
• Energy resolution: ~ 6%/Sqrt[E]

Frankenthal et al, NIM A 919 (2019) 89

Albicocco et al, JINST 15 (2020) T10003

https://www.sciencedirect.com/science/article/pii/S0168900218318321
https://iopscience.iop.org/article/10.1088/1748-0221/15/10/T10003
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Raggi & Kozhuharov, Adv. HEP 014 (2014) 959802 

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


• 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 cm3

• WLS fibers (BCF-92) with optical epoxy and Hamamatsu PMTs
• Time resolution < 1 ns
• Noise below 1%
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PADME vetoes

CAD model Prototype in test beam

Fully assembled inside 
the vacuum chamber 

(beam view)

EVetoPVeto
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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 (∝ 𝑍) and Bremsstrahlung emission (∝ 𝑍1)
• Thin depth (100 µm) to reduce pile-up events
• Polycrystalline diamond (2 x 2 cm2) with 100 µm 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

Active target + frontend

Assembled for vacuum test
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Main physics backgrounds
• Signal: one photon in ECAL
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SAC𝛾𝑒! 𝑒!
• Bremsstrahlung:

𝜎(𝑒!𝑁 → 𝑒!𝑁𝛾) = 4000 mb
One photon in ECAL +
One positron in veto
Sum of energies = beam energy

Veto inefficiency
Calorimeter 
inefficiency

• 2𝛾-annihilation:
𝜎(𝑒!𝑒" → 𝛾𝛾) = 1.55 mb
Two photons in ECAL
Correlated energy and angle

• 3𝛾-annihilation:
𝜎(𝑒!𝑒" → 𝛾𝛾𝛾) = 0.08 mb
Two photons in ECAL + 
one photon in SAC
No kinematic constraints

* 𝝈 at 550 MeV beam energy
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PADME data taking and beam background

Run II, 430 MeV
Primary positrons

Run I, 545 MeV
Primary & secondary 
positrons
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PADME data taking and beam background

Run II, 430 MeV
Primary positrons

Run I, 545 MeV
Primary & secondary 
positrons

PADME Collaboration, JHEP 09 (2022) 233

I. Oceano

• Beam background in Run I 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 II and III

https://link.springer.com/article/10.1007/JHEP09%282022%29233
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New 𝑒!𝑒" → 𝛾𝛾 cross-section measurement
Signature:

Magnet
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A
L
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New 𝑒!𝑒" → 𝛾𝛾 cross-section measurement
Signature:

𝑅.

Magnet

E
C
A
L

SAC𝛾𝑒!
𝟐𝜸-selection:

• Δ𝑡 < 10 ns between photons
• 𝐸. > 90 MeV for both photons 
• 115.9 < 	𝑅.$ < 285 mm
• Δ𝐸 𝜃 < 100 MeV for both

Correlation 𝑓 𝑅. 𝜃.  derived w/ MC
è define 𝜟𝑬 = 𝑬𝜸 − 𝒇 𝜽𝜸 ∼ 0 MeV
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New 𝑒!𝑒" → 𝛾𝛾 cross-section measurement
Signature:

𝑅.

Magnet

E
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L

SAC𝛾𝑒!
𝟐𝜸-selection:

• Δ𝑡 < 10 ns between photons
• 𝐸. > 90 MeV for both photons 
• 115.9 < 	𝑅.$ < 285 mm
• Δ𝐸 𝜃 < 100 MeV for both

Signal extraction:
• Use the kinematic observable 
Δ𝜙 = 𝜙5 − 𝜙1 + 𝜋 to fit 
signal and background

• Extract signal yield (3×106) 
and derive cross-section

Correlation 𝑓 𝑅. 𝜃.  derived w/ MC
è define 𝜟𝑬 = 𝑬𝜸 − 𝒇 𝜽𝜸 ∼ 0 MeV

Smooth (small) bkg in 𝛥𝜙 
between photons
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Precise 𝜎(𝑒𝑒 → 𝛾𝛾) at low 𝑠 = 21 MeV

𝝈 𝒆!𝒆" → 𝜸𝜸 𝜸 = 𝟏. 𝟗𝟕𝟕 ± 𝟎. 𝟎𝟏𝟖 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟒𝟓 𝐬𝐲𝐬𝐭 ± 𝟎. 𝟏𝟏𝟎 𝐧. 𝐜𝐨𝐥𝐥𝐢𝐬𝐢𝐨𝐧𝐬 	𝐦𝐛	

𝜎(𝑒!𝑒" → 𝛾𝛾(𝛾)) = 1.9478 ± 0.0005 (stat) 	± 	0.0020	(syst)	mb	 (QED@NLO)

Beam energy
QED@NLO: Balossini et al, PLB 663 (2008) 209 (Babayaga) PADME Collaboration, PRD 107 (2023) 12008

• Good agreement with prediction

• First measurement at low 
energies since the 1960s

• One of the most precise too

https://arxiv.org/abs/0801.3360
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012008
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X17 search and resonant production

Quanta Magazine 

Krasznahorkay et al, PRC 104 (2021) 44003 Krasznahorkay et al, PRL 116 (2016) 042501

Feng et al, PRL 117 (2016) 078103

• Recent results indicate anomalous excesses in 4He and 8Be atomic measurements of internal pair creation
• A possible explanation is the existence of a new proto-phobic boson with 16.7 MeV mass (X17)
• Viable parameter space remains, which PADME has the capability to investigate with reasonable statistics

https://www.quantamagazine.org/new-boson-claim-faces-scrutiny-20160607/
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.117.071803


• Sizable parameter space still available to explain the anomalies, especially 
for a pseudoscalar X17
• Latest limits placed by the NA64 Collaboration (2020 & 2021)
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Unexplored X17 parameter space

VectorPseudoscalar

NA64 Collaboration, PRD 101 (2020) 071101NA64 Collaboration, PRD 104 (2021) 111102

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803


• A lot of model-building effort to make it work with 
current constraints (including from neutrino 
interactions) à
• But data so far at least seems compatible with a 

(axial) vector nature of X17 with mass ≈ 16.85 GeV
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Nature of a X17 particle

Feng, Tait, Verhaaren, PRD 102 (2020) 036016

Denton, Gerhlein, arXiv (2023) 2304.09877

mailto:https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.036016
mailto:https://arxiv.org/pdf/2304.09877.pdf
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PADME search for X17 in Run 3

𝑒!

𝑒"
𝐴#/𝑋17

Resonant production: 
𝑬𝐛𝐞𝐚𝐦 = 𝟐𝟖𝟐	MeV

• Tuning the beam energy, can produce X17 
particle on resonance
• Resonant enhancement of production cross 

section leads to a very strong signal
• But to see X17 → 𝑒!𝑒" decays, vetoes are 

not sufficient (no vertex information)
• Strategy:

§ Turn off magnet to let e+ and e- through to the 
ECAL

§ Lower beam intensity by 10x
§ Add new detector to distinguish e+/e- from 𝛾 

showers
§ Scan beam energy around X17 mass to seek rate 

enhancement

Bhabha scattering

Cartoon view of the strategy
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PADME search for X17 in Run 3

𝑒!

𝑒"
𝐴#/𝑋17

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

𝒆𝒆 → 𝜸𝜸: Need 
particle ID to suppress

𝒆𝒆 → 𝒆𝒆
(Bhabha t-channel): 
kinematically 
suppressed

Main backgrounds:

Resonant production: 
𝑬𝐛𝐞𝐚𝐦 = 𝟐𝟖𝟐	MeV

New tagger detector to 
distinguish 𝒆/𝜸 ECAL clusters
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New ETagger for X17 search

• ETagger with similar plastic scintillator 
used in vetoes

• Vertical segmentation and covering 
fiducial region of the ECAL

• Enable discrimination between e-/e+ 

initiated showers and 𝛾-initiated showers

Preliminary data

Partial installation in 
front of ECAL

Setup
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Beam energy scan around resonance

POT vs. 𝒔

POT vs. beam energy

105; POT

17 MeV

105; POT

• Strategy: scan beam energy in 260–300 
MeV range with steps of 0.7 MeV
• About 10#$ POT per point in the scan
• 47 points near X17, 5 below, 1 above

Darme et al, PRD 106 (2022) 115036

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


• N(2-cluster events) / NPOT :
§ Probe existence of X17
§ High statistical significance
§ No ETagger-related systematics

• N(e+e- events) / N(𝜸𝜸 events) :
§ Probe existence of X17
§ Lower statistical significance (𝛾𝛾 cross section)
§ Independent from NPOT

• N(e+e- events) / NPOT :
§ Probe vector nature of X17
§ Potential systematic errors due to ETagger stability

• N(𝜸𝜸 events) / NPOT :
§ Probe pseudoscalar nature of X17
§ Potential systematic errors due to ETagger stability
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Possible observables in X17 search

Preliminary yields in “over-resonance” region

Stability ~ 0.8% over 
the five runs
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Expected PADME X17 limits

Viable space 
(2–6×10"<)

Darme et al, PRD 106 (2022) 115036

Pseudoscalar Vector

𝑵𝑿𝟏𝟕
𝑽𝒆𝒄𝒕 ≃ 𝟏. 𝟖×𝟏𝟎𝟕×

𝒈𝒗𝒆
𝟐×𝟏𝟎)𝟒

𝟐 𝟏𝑴𝒆𝑽
𝝈𝑬

• PADME can fully probe available parameter space in 
the vector X17 scenario
• Significant sensitivity also to the pseudoscalar case

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


• PADME is a fixed-target experiment using a beam of positrons striking a 
thin target
• Original purpose is to search for dark photons in 1-20 MeV range
• But also featuring sensitivity to X17 particle
• First two data-taking runs enabled the calibration and commissioning of 

the experiment, as well as a precise measurement of 𝜎(𝑒!𝑒" → 𝛾𝛾) at 
𝑠 = 21 MeV è first improvement in several decades
§ Dark photon analysis on this dataset currently underway
§ Other models (e.g., ALPs, scalar Higgs) also under consideration

• Modified setup to search for X17
• Analysis of Run III data to search for X17 underway

§ Hope to have a complete study by year’s end
• Investigating additional final states that can be probed with PADME (e.g., 

visible and long-lived decays of dark sector particles)
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Conclusions and next steps


