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From Cosmological and Astrophysical observations of gravitational

effects, something else than ordinary baryonic matter should exist.

The abundance of this new entity is 5 times larger than SM patrticles.
Dark Matter should manifest in experiment at accelerators

... but up to now NO clear experimental observation both at
LHC and at dedicated experiments.

Many attempts to look for new physics phenomena to explain the

Universe and dark energy.

One class of simple models just adds an “hidden”
symmetry to the SM, with its corresponding vector boson . the
so-called

U (1)Y+S U (Z)Weak+SU (3)Strong [+ U (1)A]

could itself be the mediator between the visible and the dark sector.
The effective interaction between the fermions and the dark photon is
parametrized in term of a factor ¢ representing the mixing strength.
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The search for this new mediator A’ is the goal of the PADME experiment at LNF

At the end of 2015 after the “What Next” workshop INFN approved a new
experiment at the DA®NE Linac Beam Test Facility (BTF) at Frascati National

Laboratories (LNF) :

PADME (Positron Annihilation into Dark Matter Experiment)
Adv. HEP 2014 (2014) 959802

Padme Collaboration composition :

INFN Roma, INFN Frascati, INFN Lecce, La Sapienza University,
MTA Atomki Debrecen, University of Sofia, Cornell University,
Ohio University, US William and Mary Coll
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Introduction of a new “hidden* sector ?
- Need new mediator particle, very weekly interacting with SM particles, connecting SM to DM sector
- can be light (where direct detection gets into trouble)
- can explain anomalies in muon magnetic moment, results from scattering experiments, searches for
DM and antimatter excess in cosmic rays.

g-2 measurements summary
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A strong, but not the only motivation
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The effective interaction that can be studied is A¢ produciioe
e’ A « Visible . mediator = Dark e N Y
- sector Al . sector .
e y W A,
— Iy ' W / 5 ’ r e+ A’
L gq;/ Yy, ta',y,y)¥YA'Y usudly o' =0 5
Annihilation
Not all the SM particles need to be charged under this new symmetry. Ll A’
In the most general case qg’; is different in between leptons and quarks and can ' N
¥4

even be O for quarks [P. Fayet, Phys. Lett. B 675, 267 (2009)]
Also possible General U'(1) and kinetic mixing with B (A', Z')

couples to SM hypercharge through kinetic mixing operator, acquiring a (small) SM charge
A?

- Yo eFY F'w; F'w=3 A", y
SAS A+ a ; o = g W/\/V\/\‘.VV\NV\/\’
Universal coupling proportional to the g__
Just one single additional parameter —

Bremsstrahlung
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invisible visible

If NO DM particles with m_ < m, /2 exist: A visible decays assuming

« A>SM visible decays BR depends on m,. universal coupling eq (g = charge)

» A lifetime proportional to 1/(ag*m ) = ' ' ' '
A\
III.EEI-—

If DM particles with m_ < m /2 exist (y): FOIE

« A~DM invisible decays with (lkely) BR =1 S omsf -

» SM decays suppressed by a factor €2 el

. Alifetime = 1/(a,m ) ol

[a,: A" coupling constant to the Dark Sector] | | | | | | |
0.l 0.2 0.5 1.0 2.0 50 100

g (Gelic?)



Invisibly decaying Dark Photon
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PADME can search for long living Axion-Like-Particles (ALPs, a)
produced in e*e collisions through a virtual off-shell photon.

In the mass region < 100 MeV, ALPs are long lived and would
manifest in invisible decay via missing mass.

In the visible decay mode a — yy other
production mechanism could be explored.

The observable final states at PADME will be:
eyy oryyy

Even without any selection cut PADME will be
background free for masses > 50 MeV

Limits on ALPs coupling to photons

% [E e e S S A - —
9 »Region of interest for PADME
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m=15.6 MeV
m=16.6 MeV

(2016) ‘ m=17.6 MeV
ons on ‘Li target and y
symmetric decaying

A new (vector favored)

.6 MeV.

production.

Counts, Nee [per 0.5 MeV]
= £ 888 2 8

E

B0 90 100 110 120 130 140 150 160 170
Opening Angle [Deg]

W0 1M 1213 14 1% 16 17 18

Invariant Mass, mee [MeV]

803 (2016) 107

MeV to produce
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Beam axis

e’ >/AW/ Final state : one photon + nothing
g @ >

Annihilation £ g - -

2 = 2
miss (ppos * Petec - py) ~ & Non-interacted beam or A’
or invisible decay of A’

« PADME approach : Positron beam on a thin target,
measure missing mass - invisible decay

« Positron momentum is determined by the accelerator characteristics

- Missing mass resolution: annihilation point, E , ©

MMiss? for different M,

olete™ — Ur) N(U ;) Ace(yy) 2
oleTe™ — vy N(~v7v) Acc(Uq) N ’ 600

= e
[ A'mass= 18 MeV
[ A'mass= 16 MeV
[ A'mass= 14 MeV
[ A'mass= 12 MeV

= e
I A'mass=8 MeV
I A'mass=6 MeV
I A mass=4 MeV
Bl A mass=2 MeV

500

Clear 2 body correlation 400
e Background minimization
» Best possible resolution on energy/angle measurement 3%
 Only asssumption : A’ couples to SM
« Dominant process in e*/e” interactions with matter
Is bremsstrahlung 100
* Photon and positron vetoing important

200

,II|IIIIIIIIIIIIII|IIII|IIII|IIII

ST eng 600
MMiss? (MeV)
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Small scale fixed target experiment

Active diamond target o)
100 um thick 0% S
x,y graphite strips r/out %}.@ & VITEERE :
. o : . a2 beam monitor =
Beam size,position, time ,Ne 5 o2 / D\“‘(\p o
| w9 am Ve |
| 2% % - oped™
\ . O, L a0 " .
| Mimosa Z g 0 [
beam monitor . %, —
| \>\)(0' " 6 "'-\ ’
‘ QQ‘C \ ;
| : - ' : Small Angle Calo
Fositron veto 30x30x140mm® PbE,

Scintillators 1x1 cm?
r/out SiPM

Q*W
==r/out PMT

e" beam

550 MeV
20000 e*/bunch
200 ns*bunch
49 Hz

¢

2\

‘Electron veto

~ Scintillators 1x1 cm? - F }
r/out SiPM I EM Calorimeter
5 | “Golden signal” event : 21x21x230mm* BGO
S 1 single y in EM calo r/out PMT
inai Cylindrical shape with
MBP-S Dipole Nothing in aII_ ot_ll_1er (e S
B=05-06T components in * 2 ns

IL=1 - - - -
" Calorimeter material choice crucial
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LNF Linac main parameters
Maximum beam 750 MeV 550 MeV
energy (E,....)[MeV]

Linac energy spread 0.5% 1%

[Dp/p]

Typical Charge [nC] 2nC 0.85nC

Bunch length [ns] 1.5 - 40 (reached 200 in
2017 telsts)

Linac Repetition rate 1-50 Hz

Typical emittance [mm 1

mrad]

Beam spot s [mm] <1 mm

Beam divergence 1-1.5 mrad

Setup of the new BTF experimental area setup with PADME
installed and the new BTF user beam line.
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E,. = 550MeV

2.5x10% fully GEANT4 simulated 550
MeV e’ on target events

Number of BG events is extrapolated
to 1x10* electrons on target

I'(€e >AY) _NAY Adyy) _

I'(ee -y Ny AcAY) %W - sendR iRl benew
: b SE:

2 years of data taking at 60% efficiency with
bunch length of 200 ns @ 49 Hz = 4x10* POT

= 20000 e*/bunch x 2 x 3.1-107s x 0.6 x 49 Hz

PADME can explore in a model independent
way the region down to € = 10° SRR
m, < 23.7 MeV (E,__ =550 MeV - LNF Linac) 109 5 ——— L

10° 102 10
[mA, < 32 |\/|eV (Ebeam =1 GeV )] Mﬂ.[GEVfCE}

« minimal model dependent assumptions: A’ couples to SM

. couilini of ani new Iiiht iarticle iroduced in e*e” annihilation can be limited:
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Bremsstrahlung: e*N —»\e:Ny

 Bremsstrahlung in the field of the target nuclei
 Photons mostly @ low energy, background dominates
at high missing masses
 An additional lower energy positron that can be
detected in HepVeto due to stronger deflection
e 2 photon annihilation
e PeaksatM?_ =0

 Quasi symmetric in gamma angles for Ey > 50 MeV

e 3 photon annihilation
« Symmetry is lost — decrease in vetoing capabilities
« Does not peakin M? :
e Pile-up events 2 passes Through
Pile up contribution important but rejected by the ihe EUAL hole
maximum cluster E and M?_.__ cuts
 Radiative bhabha scattering
 Topology close to bremsstrahlung

Events/5 Mev?

Signal selection cuts:

* Only 1 cluster in ECAL fiducial volume gl SERAOs fo*
., - : and SAC

* nO hits in e/p/HEP vetoes in =+ 2 ns essential to veto

*noyinthe SACE >50MeVin +2ns backgrounds

- Cut 20-150 MeV < E < 120-350 MeV
(depending on m )

400 500 E00
Mzmiss [MBV‘?]



Polycrystalline diamonds
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Diamond is the solid material with the best ee(yy)/Brem. ratio (Z=6)

100 wm thickness - e —

16 x 1 mm strip and X-Y readout in single detector E ———

Low noise CSA integrated in the 16 channel chip A ;

AMADEUS from IDEAS T —

FE electronics defined e

ginal commissioning and calibration are being T—
one

Prototype 20 x 20 mmZ2 BTF test beam results

~5000 e) [2016]:

- good efficiency and timing
- resolution on the position of the beam center < 0.2 mm

11 k1
4 o e

3 e ‘[‘0"',‘.’., ;‘
T

ccosted

b [ FTE 1360147 |

e { b e Canssant 1381 111
. e s 1600 | Maan 8143 0.018
SE Eamimt W LA E | Sigma 28809 0,015
A

Vi

oD mm

,:“:....5

15 18 20 T E
<> [mim] 10_X8- t0_X%A [ns]

Detector is slided in position for vertexing at run start after beam monitor OK
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PADME needs to measure beam divergence and beam spot with very high
precision to obtain a good estimate of P, - M. >= (P, + P, - P,)

2 planes of MIMOSA 28 Ultimate Pixel Sensor up and down-stream the diamond target.

Each 928 (row) x 960 (col) pixels - 20.7 um pitch (size = 20.22 x 22.71 mm?, thickness =50 pum).

Chip dissipates ~ 150 mW/cm? - normally operated at room temperature (30-35° C) with air cooling.
For PADME it will be placed in a 104+10° mbar vacuum - cooling will be necessary : vacuum and temperature tests
already successfully performed. FIRST TIME

Upstream MIMOSA monitors CANNOT operate during data taking T
to not spoil the measurement : we need also a downstream LAY-OUT ”"B'LE“F'%SfF““G : cobtiNGSIDE
beam monitor operating during physics run : Timepix3 array RS >,
covering of the order of 10x3 cm? [PADMESIDE | s .10

Single bunch in TPix

mm

LONG SUPPORT FIXED ON
MOBILE CF-100 FLANGE

= Timepix3 : timing
o, « measurement chip
TimePix3 TimePix3 TimePix3: ¥ - with functionality
- Quadl Quad?2 Quad% L of measuring ToT. Pyl

Can stand rate up to lwmosa  [eeeee]  MIMOSA
40 Mhits/cm?/s.

[HHlHH|\IH|IIH‘IHI

i 'E,-'E'l- |
To characterize bunches of 20000 e* in 200 ns:
Time of each of the e* track in the bunch (ToA)
Position of each the e* track in the bunch (pixel)
Number of e* tracks crossing the experimental setup
(luminosity measurement integrated TOT)
Beam imaging to monitor (divergence, beam spot size, N
beam time structure) '

1
o
&
i
3
SHE
o

Xin mm

Downstream
monitor
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ECAL is PADME main detector.

Final design is a compromise between performance,
dimensions, cost.
BGO - high LY, high p, small X,and R , long T,

« 616 crystals each 21x21x230 mm?® - depth = 20.5 X

* Shape ~ cylinder of R ~ 285 mm

* Inner hole ~ 105x105 mm’ wide square for vetoing
backgrounds (faster SAC calorimeter)

* Magnet dipole gap limits angular coverage: [20,93] mrad

* readout by HZC XP1912 PMTs - 19 mm @ : good coverage —

* PMT glued to crystal - painted white diffusive T N

* tedlar foils between layers to avoid optical crosstalk

BTF beam trigger {max 48 Hz) .I —
|

o CAEN V1742

0.1 = WW - waveform digitizer

E ) 1-5 GS/s
02 [ T————9ppppoCO G0 o

> aE M -__j—_ﬂ—j_:-i//f N TrigdN

~0.4— g / __ — /
3 BGO signal GO Mt Fr X112
wE ciplee PMT readout with CAEN ___FoL
08 E_ Entrie: ventit 2048 1~ R disk
- =g V1742 digitizers at 1 GS/s ECAL rlout

0 200 400 600 800 nS 1000 1024 Samples = 1 MS CONET? beard
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-.-) ECAL with support
M ¥ structure

Crystals tested and HV calibrated
with Na,, source

o(E)E

e
( )
INFN i i
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2016 beam test @ BTF
NIM. A 862 (2017) 31-35

5x5 prototype performances observed:
« o(E)E ~2 %/NE

o(0) <1 mrad

Timing : < 1 ns from signal shape fit
Linearity up to GeV

~ 16 pC/MeV charge

o(E)/E = 20%/ \/_ 0. nm%/L o 1.15%

0.05 ; : 0.02013 + 0.001632
' ' 5 5 b 295405 +1,306e-05

e 0.01152 + 0.002914

0.045

0.04

0.035

00 o MGV A Bl

Y NEY...?}D_‘_E'__ID_H't'p'eS I

0.015: L]

200 300 400 500 600 7OO 800 900 1000 1100
Energy (MeV)
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Basic requirements : FAST, compact calorimeter
« measure Ey from ~ 50 MeV at very high rates : several*10 y in 200 ns
« avoid scintillation mechanism (t too long) — Cherenkov light

transparent at shorter wavelenghts (higher Cherenkov yield)
time resolution needed O(< 200) ps — need very fast photosensors
no need for high light yield material: 0.5 -2 p.e./MeV OK
radiation tolerant (O(1 Gy) per 10*3 e* on target)

moderate energy resolution O(5-10 %) /VE

5x5 matrix of 30x30x140mm*® PbF, crystals
Readout : Hamamatsu R13478 PMT (BA) : fast (< 1 ns risetime)

2.54mm @ (56%

surface coverage)

Scale of 1-2 p.e./MeV expected

Black wrapping of crystal to avoid reflections inside
HV and RO system identical to the ECAL one

E 03_ T T T T T I T T T T I T T T T I T ]
g - o  Single-slectron peaks | J
0.25— . ; |
C w2/ ndf 125142

C D po 0080584 » 003255 |
02— iy Pl 008307 = 001017 [

: \ :
0.15— - ]
- T .

n . . T .

(o | EE—— } e oeeneenneszazeens H—— —— B O Ik

T GE = 6.3% TVE T 6.0% :
0.05— —]

1 1 1 1 1 1 1
Aa0 500

oo a0 300
Beam test 2017 — Prelim. eecton eam energy ev)

"'5" | TT I T T 1T I | ]
P r ]
E‘ 0| IR . Finger resolution
- PbF2 resclution From firme diff, with Fnger 13 ]
025 [——i— . PBFZ resciution from tme diff. with Fnoer 29 .
02F .
- ' a 3
[V RV SRR S SRR VARPRUS SUVRRU: NSRRI SR S 3
r H H [ ] [ ] T
0.1% -
- Time resolution ~ 80 ps .
0.1F ; : i . .
i R 7R S L D FoyTTTT T .
0051 ? : i ' .
O N 111 i | i 1111 i | | i | i L1 1 | i | | i | i L1 1 | i 11 1
0 a0 100 150 200 250 300 350 400 50

Beam test 2017 — Prelim.

Electron beam enargy (Mei)
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To detect and veto irradiating particles, inside
the magnet (low energy e+/e’) [Pveto-Eveto]
and close to beam path (high energy e*)
[HEPveto].

Plastic scintillator bars 10x10x178 mm?3
3 sections : Eveto,Pveto (96), HEPveto (16)

The position of the hit gives a rough estimate
(~%) of the particle momentum.

Challenge : inside vacuum and magnetic field
region

Main requirements met (test at BTF — 2017) .
Time resolution = 300-500 ps

Efficiency better than 99.5% for MIPs

Readout performed bg by 3x3 mm?
Hamamatsu S13360 SiPMs that can take
the light directly from the scintillators, or
via 1.2 mm @ \WLS placed in a grove
along the slab.

Pveto and Eveto with
mechanics assembled

FEE
card
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Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec 2018
Construction Comm

End of commissioning by mid july 2018, data taking starting after
mid july 2018 and 5 months data taking in 2018.
In 2019 expected physics run 2 at BTF.

Submitted in the USA a proposal to set up a modified version of
PADME running at Cornell Synchrotron from 2020-2021
(6 GeV beam energy + high beam intensity)
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Dark Photon (DP) is predicted in new class of general new physics models with a
“hidden” sector.

* PADME will search for an “invisible” DM decaying DP at the new dedicated BTF
line at the Linac of Laboratori Nazionali di Frascati.

* Beam tests made at LNF BTF in 2016 and 2017 for all the main detector
components : all behave as expected from design. We have started the
construction phase at the new experimental hall.

* Schedule: commissioning by mid july 2018, data taking starting from end of july
2018 and 5 months data taking on a dedicated BTF line at LNF in 2018 and
possibly also in 20109.

* Results will apply also to other hypothetical light particles like Axion Like Particles,
Dark Higgs, new proto-phobic vector boson, ...
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Invisibly Decaying Dark Photon

DarkLight

E
g
o |
]
o
W

>

10 s | PADMEGComel

|-'|lrrrl'||-'|lrrrll|-'|rl-ﬂ. !i
F

_#"" PADME@DAFNE
10-10 LDMX /

-11
10 10-3 102 10-1

my [GeV]




2 (v PADME magnet

o della (r?m/u‘/w:/()///' (%//{'/'/m:/z)/mlstitutu Nazionale di Fisica Nucleare

PADME magnet is a 1 m long spare dipole from ssoo I P e P e e e
CERN SPS transport line: " e ————
» 16/12/2015 arrived at Frascati

* Vertical gap enhanced to 230 mm o

e =95 KW at maximum current of 675 A o

Already performed steps : gm

» Mechanical survey (OK) 3

* Magnetic filed mapping at 400 A — 230 mm gap @ 250

Next steps :

» Mechanical support and BTF integration o

-1000
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To monitor beam characteristics, 2 planes of Silicon pixels will be placed up and down stream the
diamond target. Each plane will consist of 2 MIMOSA 28 Ultimate chips.

Its architecture integrates a Monolithic Active Pixel Sensor (MAPS) with fast binary readout
The sensor consists of a matrix composed by 928 (rows) x 960 (columns) pixels of 20.7 um pitch for a
size of the chip of 20.22 mm x 22.71 mm and a thickness of 50 um.

The chip dissipates ~ 150 mW/cm? and normally the sensor is operated at room temperature (30-35° C)
with simply air cooling.

For PADME it will be placed in a 104+10> mbar vacuum and cooling will be necessary : vacuum and
temperature tests have been already successfully performed. FIRST TIME

READ-OUT
LAY-OUT MOBILE CF-100 FLANGE &

f’w \ COOLING SIDE

Beam spot measured at the BTF

FIXED CF-100 FLANGES

S CROSS CF-100
s

x [
. - TThaE
ey

LONG SUPPORT FIXED ON
MOBILE CF-100 FLANGE

/8] . - A
) \f O . #
MIMOSA
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C Timepix3 beam monitor

PADME needs to measure beam divergence and
beam spot with very high precision to obtain a
good estimate of P4, .

I\/Imiss2 = (Pe- + P

beam

-P)?

Upstream MIMOSA monitors cannot operate during
data taking in order to not spoil the measurement.

Downstream
monitor

To characterize bunches of 5000-20000 e* in 40/200ns:
Time of each of the e* track in the bunch (ToA)
Position of each the e* track in the bunch (pixel)
Number of e*tracks crossing the experimental setup (luminosity measurement integrated TOT)
Perform beam imaging to monitor (divergence, beam spot size, beam time structure)

Timepix chip family allows to obtain all of E E R T
this information with a single device : plE”
We need to build a Timepix array covering of
the order of 10x3cm?

TimePix3 TimePix3 i ix3t N ok

Quadl Quad2

Timepix is conceived as a timing measurement :
chip with added functionality of measuring ToT.
It can stand rate up to 40 Mhits/cm?/s.

|\||\|IHI[IHI|IIH|IHI

1
o
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Vacuum chamber in production
Flanges and feed-throughs ordered

The necessary pumping equipment already
delivered at LNF

A critical component for the success of the
experiment

NMiniéstero r/(('y/'.‘ ‘///}/v' Ester l N F
o della (f?m/l{‘/'ﬂ:/()///' (%///'/'//(/:/'/)/mlstitutu Nazionale di Fisica Nucleare

PADME VACUUM-SETUP
(PRELIVINARY 19.02.2018)

1) POMPA TURBOMOLECOLARE 2.000 li/sec
(FLANGIA SULLA CAMERA DN 250 ISO-F)

2) SENSORE VUOTO
FLANGIA SULLA CAMERA CF-40)

3) EVENTUALE “T' PER RIENTRO IN AZOTO

*) CHILLER (EVENTUALE)
PER RAFFREDDAMENTO POMPA
TURBOMOLECOLARE

4) BELLOW KF-40 CONNESSIONE POMPE
( DEL TIPQ ANTI-VIBRAZIONE)

5 ) SISTEMA PROTEZIONE POMPA

Cesidio CAPOCCIA
Istrvro  Supp.Prog. App.Sper.(SPAS)
NazioNae Via Enrico Fermin. 40
INN & 00644 Faseat- RO
Isica

NUCLEARE ;; +39.06, 94%2615
8) BASE ANTI-VIBRANTE POMPA SCROLL Cesidio. CAPOCCIA@LNF. INFN.IT
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630 mm diameter carbon fiber window
Minimize the bremsstralung photons interactions

In advanced production stage
Molds ready and checked

The produced window will be tested with 3 bar
over pressure

Outgassing tests also foreseen
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To detect and veto irradiating positrons, |

the magnet (low energy e*) [Pveto-Eveto] and
close to beam path (high energy e*) [HEPveto]

The position of the hit gives a rough estimate(~%)

of the particle momentum

Plastic scintillator bars 10x10x178 mm?3
3 sections : Eveto,Pveto (96), HEPveto (16)

Inside vacuum and magnetic field region

Main requirements :
Time resolution = 300-500 ps
Efficiency better than 99.5% for MIPs

Mean charge as function of position

3

DATA -~

Average charge [C]

28

26

I

24

SclID: 00104005
TestID: 152

22

'|"'|"'|",'|"'|"'|"'

Source position [cm)]

PR,
]
Ministero dogls fffori Esteri LNF C h al e d al t I c I e d ete cto I S
o della (:;)r/u‘/w://///r ((/////‘/wui/'ﬂ/mlstitutu Nazionale di Fisica Nucleare
B e

nside

Readout performed by by 3x3 mm? Hamamatsu
S13360 SiPMs that can take the light directly from
the scintillators, or via 1 mm @ WLS placed in a
grove along the slab.

Pveto and
Eveto with
Mechanics
assembled
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Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec 2018
Construction Comm
Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec 2019

End of commissioning by mid july 2018, data taking starting after mid july 2018
and 5 months data taking in 2018.
In 2019 physics run in parallel with Siddharta.
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