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The Dark M
atter problem
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Evidences: 
• spiral galaxies 
• Cosm

ic M
icrow

ave Background 
• gravitational lensing 
• galaxy clusters 
• Big Bang Nucleosynthesis 
• large scale structures

Properties: 
•  stable (half life ∼ universe age) 
• cold (non relativistic) 
• gravitational force 
• non baryonic

O
pen questions: 

• DM
 nature 

• interaction(s) w
/ SM

 
• A w

hole new
 dark sector? 

• dark sector forces?
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Possible solution to the DM
 elusiveness: 

DM
 does not interact directly w

/ SM
, but only by 

m
eans of “portals”.

The 
sim

plest 
m

odel 
adds 

a 
U

(1) 
gauge 

sym
m

etry and its boson: 
the Dark Photon A’

• SM
 particles are neutral 

under this sym
m

etry 
• new

 field couples to the 
SM

 w
/ effective charge εq

Exclusion plot assum
ing  as A’ 

m
odel the one presented above

Dark Sector

A’ Portals (A’)

Depending on the m
odel, the A’ 

could (partially) explain the (g-2)μ  
discrepancy and the 8Be anom

aly 
(see backup)
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Excluded 
as 

only 
solution of the (g-2)μ  
problem



If DM
 particles w

/ m
DM  ≤ m

A’ /2 exist: 
•  A’→

DM
 (invisible) w

/ (likely) BR ≃ 1 
• SM

 decays suppressed by a factor ε
2 

A’ lifetim
e proportional to: 

1/(α
D m

A’ )

If DM
 particles w

/ m
DM  ≤ m

A’ /2 do not exist: 
• A’→

SM
 (visible) decays 

• up to 2m
μ , BR(e

+e
-) = 1 (if m

A’  > 2m
e ) 

A’ lifetim
e proportional to: 

1/(αε
2m

A’ )

Dark photon production and decays

4

Brem
sstrahlung

e
+/-

N

e
+/-

A’

γ

Annihilation
e

+ e
-

γ A’

M
esons dec. (after production) γ A’

π
0,η,…

Visible decays
Invisible decays

In e
+/e

- collisions Dark Photon can be produced in 3 m
ain w

ays:

α
D : A’ coupling constant to the Dark Sector
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•m
inim

al m
odel dependent assum

ptions: A’ couples to leptons 
•can set lim

its on coupling of any new
 light particle that can be 

produced in e
+e

- annihilation: Dark Photon, Axion Like Particles, Dark Higgs

The PADM
E approach
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A’ search in e
+e

- annihilations looking for m
issing m

ass 
(invisible decay) in a kinem

atically constrained condition

e
+

(beam
)

e
- 

(target)
γ

A’
(m

issing energy)

EC
AL

• know
n beam

 energy and position 
• m

easured photon energy and position
m

2M
iss  = (P

beam
 + P

e  - P
γ ) 2
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The detector

6

sm
all angle calorim

eter 
• 25 3×3×14 cm

3 
PbF

2  
• 0-20 m

rad ang. cov. 
• fast: 3 ns Cher. light 
signals

(high energy) e
+/e

- veto 
• plastic scintillator bars

e
+ beam

 
• 550 M

eV 
• 5000 e

+ per bunch 
• 40 ns bunch, 
every 20 m

s

electrom
agnetic calorim

eter 
• 616 2.1×2.1×23 cm

3 BG
O

 
• cylindrical shape w

/ central hole 
• 20-95 m

rad ang. cov. 
• (1-2)%

/√E 
• slow

: 300 ns dec. tim
e for scint. light

M
BP-S dipole (upper part not show

n) 
• 0.5 T 
• 1 m

 lenght. × 23 cm
 gap

active target 
• diam

ond (low
 z) 

• 100 μm
 thickness 

• info on beam
 tim

e, 
spot size, e

+ num
ber
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ECAL overview
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2° best choice, 

for free from L3

Required characteristics: 
• σ

E  ≃ (1-2)%
/√E(G

eV) 
• good light yield 
• containm

ent 
• cluster  tim

e resolution < 1 ns 
•  angular resolution ≲ 2 m

rad 
• angular coverage: [20,93] m

rad 
• angular acceptance: [26,83] m

rad 
• central hole for brem

s. to SAC (faster)

616 BG
O

 2.1×2.1×23 cm
3 

@
 3m

 from
 the target 

best choice, but 

very expensive
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Crystal procurem
ent

8

L3 half-endcaps w
here crystals are…

…
taken
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Crystal optical properties

9

After crystals selection the follow
ing steps are executed: 

• Photosensor rem
oval (m

echanically after 48h in acetone) 

• Paint rem
oval (w

ith w
ater) 

• Transm
ittance m

easurem
ent 

• Annealing 
•T

am
b  →

 200 °C in 3 h 
•200 °C for 6 h 
•200 °C →

 T
am

b  “natural” 

• Transm
ittance m

easurem
ent

Everything is perform
ed at CERN at LAB27
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Transm
ittance before annealing

10
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Transm
ittance after annealing
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Crystals cut and polished at SILO
 (Italy)

12

M
echanical tolerances (m

ore stringent lim
its are set for the square shape)

Planarity
Parallelism
Perpendicularity

W
e perform

ed a quality check at LNF on som
e crystals, to verify that 

dim
ensions are w

ithin specification, w
/ positive results

They produced identical parallelepipeds starting from
 different truncated pyram

id 
shapes (L3 endcaps geom

etry w
as pointing)
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100nf
100nf

rg316

10kΩ
1/4W
or

SM
D	1206

R18

rg316

HV

signal

1

HZC XP1911

13

Slightly m
odified divider circuit

Type B: higher 
linearity

W
e m

odified the m
echanical design
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PM
Ts test

14

32 PM
Ts at a tim

e w
ere tested w

ith a LED m
atrix (one per tube): 

pulsing the LEDs w
e see if the PM

T w
orks and its response to the light. 

If results are good, tubes are sent to SILO
 for gluing.

LED driver board

M
echanics top view

M
echanics for PM

Ts test

LED m
atrix
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G
lobal PM

T results

15
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G
luing and painting at SILO

16

•Paint: EJ-510 
•3 layers of w

hite paint (≈100μm
)
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•
G

lue: EJ-500

BG
O

/PM
T centering

BG
O

 holder
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Scintillating Units (SU)
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M
axim

um
 footprint after painting

Currently w
e have 580 2.1×2.1×23cm

3 painted and glued units at LNF
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DAFNE Racks

4134R

60

66
0

10

65.8

tgttb01

PADM
E

The LNF Beam
 Test Facility (BTF)

18

PADM
E experim

ental hall be is the Beam
 Test Facility of the Laboratori Nazionali di 

Frascati (∼Rom
e, IT), the sam

e place w
here the test beam

s have been perform
ed.

Dedicated m
ode

W
/ target

W
/o target

Particle species
e

+/e
- 

selectable by user

Energy [M
eV]

25-700 (e
+) 

25-700 (e
-)

250-730 (e
+) 

250-530 (e
-)

Energy spread
1%

Rep. rate [Hz]
1-49 

selectable by user

Pulse duration [ns]
1.5-40 

selectable by user

Intensity 
[particles/bunch]

1-10
5 

depending on 
energy

10
3-3·10

10

M
ax average flux

3.125·10
10 particles/s

Spot size [m
m

]
0.5-25 (y) × 0.6-55 (x)

Divergence [m
rad]

1-1.5

Experim
ental hall: 

•< 5.5 m
 in length 

•< 3 m
 in w

idth
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Calorim
eter prototype perform

ance @
 BTF

19

Energy resolution is w
ithin the 

expectation, w
ith reference to 

the L3 experience

Charge spectrumEnergy resolution

Linearity residuals

Linearity is w
ithin 2%

 up to 1G
eV 

(gain 5×10
5)

NIM
 A, 862 (2017) 31
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250 M
eV e

-
250 M

eV e
- 

450 M
eV e

-

250 M
eV e

- 
450 M

eV e
-
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22Na setup

20

22Na source

5×5 BG
O

 m
atrix

LYSO
+SiPM

, trigger

•A 3×3×20 m
m

3 LYSO
 crystal read by a SiPM

 is used as trigger 
•

22Na source faced to each crystal, to exploit its γ back-to-back em
ission: one 

in the trigger, one in the SU 
•10 HV tested on PM

Ts: from
 1100V to 1550V in steps of 50V
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Reconstructed spectra w
/ 22Na source

21
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HV ∈ [1100,1550] V depending on ch.

Charge ∈ [0,75] pC (depending on ch.)

Fitting function: Q = const (HV)slope

fit parameters
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Relative difference of the 511 keV peak charge as a function of the HV 

HV ∈ [1200,1400] V

Relative difference ∈ [-25,25]% For each SU of a group of 25 w
e perform

ed 2 tim
es the sam

e HV scan
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Average rel. differences histogram

Entries 
 25

M
ean  

 0.02768
R

M
S   

 0.05993

R
elative difference
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−
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0
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Average rel. differences histogram
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M
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 0.02768
R

M
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Average rel. differences histogram

Charge relative differences distribution
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•Larger relative variations are due to sm
all absolute values 

•M
easurem

ents have been done in different conditions (daylight, black cover 
positioning,…

) that m
ay have produced system

atic variations

Distribution 
of 

the 
averages (red lines) 
of the previous slide
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Calorim
eter m

echanical design
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SAC

ECAL (BG
O

 + filler)

ECAL support

Front/rear panels 
(light tightness)

PM
T enclosure

Support table

22Na m
ovem

ent 
(calibration & transparency)

Inner support

Support structure
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ECAL assem
bly procedure
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Procedure: 
•first crystal bottom

 left 
•com

plete first layer 
•block layer w

ith locking screw
s 

•equalize for different SU heights 
•go to next layer

for each layer

Ready for the assem
bly!

front view

/28



Conclusions

28

•Dark Photon is predicted by m
any physics m

odels, that could explain different 
experim

ental results: Dark M
atter, (g-2)μ , 8Be anom

aly 

•PADM
E is an experim

ent hosted at the Laboratori Nazionali di Frascati searching 
for invisible Dark Photon decays  

•The electrom
agnetic calorim

eter is one of the m
ost im

portant com
ponents of the 

detector and is currently under construction 

• Calorim
eter readout: 616 HZC XP1911 (PM

Ts) w
/ ≃5%

 gain uniform
ity at nom

inal 
HV 

•Scintillating units 
•very low

 threshold (≲ 0.5 M
eV) 

•good reproducibility w
/ variations < 3%

 

•ECAL prototype 
•energy resolution is com

patible w
ith the L3 results: 2%

/√E(G
eV) 

•good charge reconstruction linearity w
/ variations < 2%

 up to 1 G
eV
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eter - G
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M
iniBooNE

@
Ferm

iLAB
M
M
APS

@
CESR

PHENIX
@

RHIC
BaBar@

PEP-II
APEX,

HPS,
DarkLight,

BDX
@

JLAB

A1
@

M
AM

I
W
ASA

@
CO

SY
HADES

@
G
SI

M
agix

@
M
ESA

KLO
E2

@
DA

Φ
NE

PADM
E
@

BTF

ATLAS,
CM

S,
ALICE

@
LHC

NA64,
SHIP,NA48/2,
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@

SPS
M
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@
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KEKB
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Publishing
Approved
Proposal

Dark Photon searches
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BG
O

 em
ission spectrum

31
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Visible search status

32

L
sh

L
d
e
c

target

sh
ield

detector

L
to
t

E
0

e
−

γ
′

E
γ
′

e
−

e
+

Techniques: 
• beam

 dum
p (brem

sstrahlung) 
• A’ decay products detection after high z 
target (A’ production) + shield (SM

 absorption) 

• fixed target (brem
sstrahlung, 

annihilation) 
• bum

p hunt in invariant m
ass 

spectrum
, displaced vertices 

• m
eson decay 

• only if A’ couples w
/ quarks 

• old experim
ents reanalysis

(g-2)μ  excluded in the sim
plest 

m
odel, but still a lot of interest. 

In particular the 8Be anom
aly.
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Techniques: 
• DM

 scattering (brem
sstrahlung) 

• detect the produced DM
 by scattering 

• needed 4 param
eters (ε,m

A’ ,m
DM ,α

D )

 (G
eV)  

A
'

m
3−

10
2−

10
1−

10
1

10

     ε

4−
10

3−
10

2−
10

e
(g-2)

N
A64

νν
π

→
K

σ
 5
±µ

(g-2)
favored

B
AB

AR
2017

Not directly 
comparable

Invisible search status

33

....

• m
issing energy/m

om
entum

 search 
(brem

sstrahlung)  
• not kinem

atically constrained process 
• observed energy/m

om
entum

 sm
aller than 

expected 

• m
issing m

ass search (annihilation) 
• kinem

atically constrained process 
• no assum

ption on A’ decay chain
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Beam
 Test Facility parasitic and dedicated m

odes

34
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Parasitic m
ode 

(DAΦ
NE w

orking)
Dedicated m

ode

W
/ target

W
/o target

W
/ target

W
/o target

Particle species
e

+/e
- 

selectable by user
e

+/e
- 

depending on 
DAΦ

NE m
ode

e
+/e

- 
selectable by user

Energy [M
eV]

25-500
510

25-700 (e
+) 

25-700 (e
-)

250-730 (e
+) 

250-530 (e
-)

Energy spread
1%

 @
 500 M

eV
1%

1%

Rep. rate [Hz]
10-49 

depending on DAΦ
NE m

ode
1-49 

selectable by user

Pulse duration [ns]
10

1.5-40 
selectable by user

Intensity 
[particles/bunch]

1-10
5 

depending on 
energy

10
7-1.5·10

10
1-10

5 
depending on 

energy
10

3-3·10
10

M
ax average flux

3.125·10
10 particles/s

Spot size [m
m

]
0.5-25 (y) × 0.6-55 (x)

Divergence [m
rad]

1-1.5



Detector top view
 (w

/ signal)
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A’

γ
e

+

3 m
/18

e
-

Signal: 
• single γ in the calorim

eter 
• nothing in the other detector com

ponents
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Backgrounds
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γ

Largest backgrounds: 
• e

+ e
- →

 γ γ (γ) 
•  e

+ N →
 e

+ N γ 
• pile-up

γγ"

e
+#

γ +"1"e
+"

e
+"

Annihilation (+ISR): e
+ e

- →
 γ γ (γ)

Brem
sstrahlung: e

+ N →
 e

+ N γ

 (M
eV)

2m
iss

M
-300

-200
-100

0
100

200
300

400
500

600

2Events/5 MeV

1 10 2
10

3
10

4
10

 no cuts
2m

iss
M

 cuts
2m

iss
M

 no cuts
2m

iss
M

 cuts
2m

iss
M

Backgrounds geom
etry

Pile-up

e
+ e

- →
 γ γ (γ)

e
+ N →

 e
+ N γ

Cuts: 
• 1 cluster in ECAL fiducial volum

e 
• no hits in vetoes 
•  no γ in the SAC w

/ E
γ  > 50 M

eV 
• 20-150 M

eV < E
γ  < 120-350 M

eV (depending on m
A’ )

γ

passes through 
the ECAL hole

M
2m

iss  [M
eV

2]
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Sensitivity

37

PADM
E can explore in a m

odel-
independent w

ay the region dow
n 

to ε ≈ 10
-3 w

/: 
• m

A’  < 23.7 M
eV (E

beam  = 550 M
eV) 

• m
A’  < 27.7 M

eV (E
beam  = 750 M

eV) 
• m

A’  < 32 M
eV (E

beam  = 1 G
eV)

/18
) 2

 (G
eV/c

A
'

M

-3
10

-2
10

-1
10

2ε

-8
10

-7
10

-6
10

-5
10

-4
10

104•10

a  (3 σ)
e

Phys. Rev. D86:095029, 2012

μ
(g-2)  favored

PA
D

M
E 

e

νν
π

→
K

B
AB

A
R
2017

1313

Based on 2.5·10
10 fully G

EANT4 sim
ulated 550 M

eV e
+ on target events. 

Num
ber of BG

 events is extrapolated to 10
13 e

+ on target.

PADM
E electrom

agnetic calorim
eter - G

abriele Piperno - CALO
R 2018



Active target

38

Test detector results (18 h.×18 v. active strips)
Beam

 position scan

Test detector
Features: 
• Diam

ond (low
 z, reduced brem

s.) 
• Dim

.: 20×20×0.1 m
m

3 
• 19 horiz.×19 vert. active graphitic 
strips (average inform

ations on beam
) 

• σ
x-y (beam

 position) < 2 m
m

 
• in vacuum

 w
/ m

ovem
ent system

PADM
E electrom
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R 2018

Spatial resolution: 0.2 m
m

 (x-axis) × 0.3 m
m

 (y-axis)



Sm
all Angle Calorim

eter (SAC)

39

1 10

10
2

10
3

10
4

Characteristics: 
• σ

E  ≃ 10%
  

• Cherenkov →
 3-4 ns signals 

• angular coverage: [0,20] m
rad 

• crystal w
rapped w

/ tedlar (only direct light)

PbF
2

E
γ  in SAC from

 a 3γ 
event if a “good” γ is 
present in ECal

brem
sstrahlung 

E
γ  in the SAC

SAC m
ust be sensible to photons over 300 M

eV and blind under 100 M
eV

E
SAC  [M

eV]
E

SAC  [M
eV]

7.7%

Thr = 300 MeV
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HV (given charge) and charge (given HV) histo

40

From
 22Na source m

easurem
ents
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Cosm
ic ray setups

41

W
e perform

ed CR runs w
ith 2 different setups: 

• 4×3 m
atrix 

• 5×5 m
atrix w

ith 50μm
 tedlar foils betw

een crystals (see next slides)

BG
O

 m
atrix

Top paddle

M
iddle paddle

Bottom
 

paddle

Lead bricks
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Cosm
ic rays charge spectra (5×5 m

atrix)
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All events 
Vertical CR 
Side events (vertical CR passes 
through a crystal on the side)

Verticality is obtained requiring that 
the 5 largest signals are in colum

n

μ

Side events

Side events
Vertical CR

Exam
ple: 

μ passing through 
central colum

n
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channel



O
ptical crosstalk w

ithout tedlar (4×3 m
atrix)
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Side events w
ithout tedlar

1%
 is reached at ≳100pC
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O
ptical crosstalk w

ith tedlar (4×3 m
atrix)
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Side events w
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1%
 is reached at ~50pC

Tedlar is effective in 
preventing optical crosstalk
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