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• Standard Model is complete: 2012 LHC -  Нiggs boson Standard Model is complete: 2012 LHC -  Нiggs boson 
• Unknowns:

– Matter-antimatter asymmetry

– Dark matter

– Dark Energy

• The Standard Model is a low energy approximation of a more 
fundamental theory. 

But which theory?
• Despite the highest energy reach LHC did not provide any 

convincing evidence for new degrees of freedom … yet?yet?

                              Where to look? How to proceed?

Motivation: New PhysicsMotivation: New Physics

 Most of those discrepancies originate from AstrophysicsAstrophysics and/or CosmologyCosmology!
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Astrophysics ...Astrophysics ...

• Positron excess: PAMELA, FERMI, AMS02
• Now also new results from AMS on the antiproton  

PRL 110, 141102 (2013)

... and astronomy... and astronomy

Observation of 3.5keV line?
arXiv:1402.2301
arXiv:1402.4119

Possible interpretation: arXiv:1404.2220

arXiv:1504.04276

PRL117,091103 (2016)
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Direct search experimentDirect search experiment

• DAMA/LIBRA results unexplained: 9.2 s 

• Possible indication by others: CoGeNT

• Is it possible to build a consistent picture?

• If the explanation is Dark Matter, it could be 
relative light: ~10 GeV

• Interaction with the nuclei through a 
mediator. Mass in the MeV range is OK

arXiv:1401.3295v1

EPJC 73(2013)2648radiopure NaI (Tl)



Anomalies in nuclear transitionsAnomalies in nuclear transitions

• Anomalous angular and invariant mass distributions in the IPC process

• Several indications in the last few decades

• New experiment at ATOMKI

• E-DE plastic scintillator detector, in the plane transversal to the beam

• The anomaly observed at ~17 MeV – cannot be interpreted within nuclear 
physics so far...

PRL 116, 042501 (2016)

arXiv:1504.01527
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• The effective interaction that can be studied is

– q
f
  0 for some flavours

• Such textbook scenario could address the (gm-2) discrepancy, 
abundance of antimatter in cosmic rays, signals for DM scattering
– General U'(1) and kinetic mixing with B (A', Z')

• Universal coupling proportional to the q
em

• Just single additional parameter – e
– Leptophilic/leptophobic dark photon

• Other messenger types possible (neutrino, higgs, ALP)

• Rich dark sector?

New gauge bosonsNew gauge bosons

L ~ g'q' Ψ (γ
μ
 + a'

a
 γ

μ
 γ5)Ψ A' μ,  usually a'

a
 = 0 

A'
e

e

Lmix=−ϵ
2

Fμν
QED Fdark

μ ν

Visible
sector

Dark
sector

mediator

A'
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Dark photon phenomenologyDark photon phenomenology

Dark matter annihilation
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• Production mechanisms

– Meson decays 

– Bremsstrahlung

– Annihilation

• Decays
– To SM model particles if nothing in the DS lighter than A'

– A' → ggg, if M(A') < 2m
e
 , small width, A' quasi stable

– To DS particles with Br(A' → cc) = 1, 



g-2g-2

• About 3 s discrepancy between theory 
and experiment (3.6 s, if taking into 
account only  е+е-  hadrons) 
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Dark photonDark photon

Dark photon decay width into e+e- used for validation of the calculations

Simple effective model implemented in CalcHEP, used for further studies

L ~ e e Ψ γ
μ
Ψ A' μ

CalcHEP @ non-typical (low) energy
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Missing mass techniqueMissing mass technique

• Positron beam on a thin target

• Positron momentum is determined by the accelerator characteristics  

• Missing mass resolution: annihilation point, Eg, jg

M
miss

2 = (p
pos

 + p
elec

 - pg)
2

Beam axis
е+

g

Non interacted beam

Study only the recoil photonStudy only the recoil photon

Cross section enhancement with the 
approach of the production threshold

• Clear 2 body correlation

• Background minimization

– Best possible resolution on energy/angle 
measurement

– Dominant process in e+/e- interactions 
with matter is bremsstrahlung

– Photons vetoing

– Minimize the interaction remnants + vetoing

For √s >> M
A
 

s(е+е-→gA') = 2*e2*s(е+е-→ gg) 



BackgroundsBackgrounds

• Bremsstrahlung in the field of the target nuclei

– Photons mostly @ low energy, 
background dominates the high 
missing masses

– An additional lower energy positron that 
could be detected due to stronger deflection

• 2 photon annihilation

– Peaks at M
miss

 = 0

– Quasi symmetric in gamma angles for Eg > 50 MeV

• 3 photon annihilation

– Symmetry is lost – decrease in the 
vetoing capabilities

– Does not peak

• Radiative bhabha scattering

– Topology close to bremsstrahlung

e+

e+

e+ beam

e+ beam
g

g

g

e+

e+ beam g
g

g
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Measurement strategyMeasurement strategy

e+e-→ gg(g) e+N→e+Ng 

Pile up

Background
process

Cross section
e+@550 MeV beam 

Comment

e+e- → gg 1.55 mb

e+ + N  e→ + N g 4000 mb Eg > 1MeV, C

e+e- →ggg 0.16 mb CalcHEP,
Eg > 1MeV

e+e-  e→ +e-g 180 mb CalcHEP,
Eg > 1MeV

• O(104 – 105) foreseen background events for a given A' mass
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PADME experimentPADME experiment

PPositron AAnnihilation into DDark MMatter EExperiment 
Adv. HEP 2014 (2014) 959802 

• Small scale fixed target experiment

• M. Raggi, V. Kozhuharov and P. 
Valente:

– e+ @ Frascati Beam test facility 

– Solid state target 

– Charged particles detectors

– Calorimeter
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BTF @ LNFBTF @ LNF

• Small beam energy spread

• Available immediately

• Possibility to make modifications 
to optimize the conditions

BTF hall

Parameter
Parasitic mode Dedicated mode

With target Without target With target Without target

Particle species e+ or e-

Selectable by user 

e+ or e- 
Depending on 
DAFNE mode

e+ or e-

Selectable by user

Energy (MeV) 25–500 510 25–700 (e-/e+)
250–730 (e-)
250–530 (e+)

Energy spread 1% at 500 MeV 0.5% 0.5%

Rep. rate (Hz) Variable between 10 and 49
Depending on DAFNE mode

1–49
Selectable by user 

Pulse duration (ns) 10 1.5–40
Selectable by user

Intensity 
(particles/bunch)

1–105

Depending on the 
energy

107–1.5 1010
1–105

Depending on the 
energy

103–3 1010

Max. average flux 3.125 1010 particles/s

Spot size (mm) 0.5–25 (y) × 0.6–55 (x)

Divergence (mrad) 1–1.5

BTF target

RMSx = 0.9 mm

RMSy = 0.9 mm



BTF @ LNFBTF @ LNF

• PADME requirement: > 1013 positrons 
on target

• Repetition rate: 49 Hz

– 5000 e+, 40 ns bunch length

• Positron production:

– Positron converter

– BTF target

• Bunch length limited by the RF 
compression at SLED

– A longer pulse allows increasing 
the number of positrons/pulse

– RF power flat over 4.5 ms at KLY

• Optimization ongoing

– Expected to run at 160 ns in 2018

The linac achieved 250 ns bunch length

250 ns
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BTF infrastructure upgradeBTF infrastructure upgrade
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Diamond targetDiamond target

Polycrystalline diamonds 
● 100 mm thickness:
● 16 × 1 mm2 strip and X-Y readout in a single 

detector
● Samples with graphitized and metalized strips 

available
● PADME prototype 20 × 20 mm2 produced and 

tested 2015

Motorized support structure 
ready: vacuum tests ongoing

● Test beam results (~5000 e):
- good efficiency
- resolution on the position of 

the beam center < 0.2 mm
● FE electronics defined
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Charged particle vetoesCharged particle vetoes
• Plastic scintillator detector Tracker prototype for test with MAPMT

@ BTF

SiPM based readout

• 10 × 10 × 184 mm3 scintillator bars

– Available already

• Mechanics design completed

• SiPM electronics prototype available

– To be tested in April

• Efficiency > 99%, s(t) < O(1 ns)



MagnetMagnet

1 m long
Gap: 11 - 20cm
95 kW @ 675A

● MBP-S series, on loan from CERN
Many thanks to TE-MSC-MNC

● Poles: 100 cm length, 52 cm width
● Variable gap 11 to 20 cm, further extended to 23 cm
● Detailed field mapping: good B field quality
● Fringe field not negligible, even outside the coils, relevant 

for the precise beam steering onto the active target
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Calorimeter designCalorimeter design

3 m

• BGO crystals available from L3 experiment (agreement with L3, C.C.Ting, INFN) 

• Cylindrical shape: radius 280 mm, depth of 230 mm

– Inner hole 100 mm side 

– 616 crystals 21 × 21 × 230 mm3

– Angular resolution  ~ O(1 mrad)

– Angular acceptance (20 – 83) mrad

• HZC XP1911 PMT, 19 mm diameter

• Readout: waveform digitizers @ 1-5 GS/s
2323Venelin Kozhuharov, La Thuile 201711.03.2017



Calorimeter designCalorimeter design

Prelim
inary

s (E)

E
= 2.1%

E
Å1.1%

arXiv:1611.05649

http://arxiv.org/abs/arXiv:1611.05649


Small angle photon vetoSmall angle photon veto

SF57 lead glass

R9880U-110

• Veto the high energy photons emitted at small angles with respect to the non 
deflected positron beam

– High occupancy → excellent time resolution & short pulses

– Cerenkov light detector

• Initial tests: lead glass from OPAL calorimeter

– 20 x 20 x 200 mm3 bar coupled to R9880U-110 PMT

–  RO: CAEN V1742 @ 5 GS/s, 700 ps signal width

– LY: ~0.15 p.e. per MeV 
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Design progressDesign progress
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Sensitivity estimationSensitivity estimation

• Accessible regions:

– E=550MeV:   M
A'
 < 23.7 MeV 

• Improvements possible

– Increase beam energy

– Extend the bunch length

• Kept as simple as possible

• Attempt for a common selection of 
visible/invisible scenarios

• Single cluster in the Calo

• 30 mrad < θcl < 65 mrad

• Cluster energy: 
ECL

min
(M

A;
) in 50 – 150 MeV

ECL
max

(M
A'
) in 120 – 350 MeV 

• ± 1σ cut on the missing mass

• Veto on positrons in ± 2 ns time window

• Using N
signal

 = s(N
background

) to derive 
limits

SelectionSelection
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Searches in annihilation statusSearches in annihilation status

PADME MMAPS VEPP3

Place LNF Cornell Novosibirsk

Beam energy 550 MeV Up to 5.3 (6.0) GeV 500 MeV

M
A'

 limit 23 MeV 74 MeV 22 MeV

Target thickness 2x1022 e-/cm2 O(2x1023) e-/cm2 5x1015 e-/cm2

Beam intensity 8 x 10-11 mA 2.3 x 10-6 mA 30 mA

e+e- → gg
rate [s-1]

15 2.2 x 106 1.5 x 106

e2 limit (plateau) 10-6 (10-7 SES) 10-6 – 10-7 10-7

Time scale 2017 - 2018 ? 2020 (ByPass)

Status Approved Funds identification Approved
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PADME physics casePADME physics case
Dark Photon arXiv:1608.08632v1

ALPs and g-2 arXiv 1607.01022v2

Fifth force arXiv:1608.03591v1

Invisible final state A’→cc
ALPs final state a→gg  Final state X→ee

PADME is one of the experiments able to provide valuable input

Optimization of the sensitivity of the experiment for non A’ searches.
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ConclusionsConclusions

• A portal for a complete physics program devoted to the dark photon 
searches is open – visible, invisible, thin target, thick target, dump, 
electron or positron

• Interesting parameter space could be covered, using 103 – 105 e+/bunch.

• PADME was APPROVED by INFN CSN1 in 2015 and fully financed 
under the What Next INFN program

• Test beam, technology fixes and construction ongoing

Data taking – starting in spring next yearData taking – starting in spring next year

10.09.2013: The idea @ PhiPsi 201310.09.2013: The idea @ PhiPsi 2013

25.02.2014: The name PADME25.02.2014: The name PADME
Proposal publishedProposal published

PADME approvedPADME approved
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TEST TEST TESTTEST TEST TEST
Data takingData taking

ConstructionConstruction
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