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DARK MATTER

The most fascinating mystery and promise for new discoveries since the time of
Fritz Zwicky a Vera Rubin observations

beyond galaxy rotation velocities
hot gas in galaxy clusters
gas, star and matter distributions in colliding galaxy clusters
CMB fluctuations
large structure formation

Non baryonic cold dark matter is an unknown accepted component (not the
only one, see Dark Energy !) of current most successful Cosmological Models
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DARK MATTER

Candidates:

primordial black holes, axions, sterile neutrinos, weakly interacting massive
particles (WIMPs)

relic density matched by electroweak scale and couplings

the most attractive solution, neutralino from R-parity conserving SUSY,
challenged by searches at LHC, now constrained in corners of the phase space

More exotic scenarios under intense theoretical and experimental scrutiny -
1707.04591

hidden-sector dark matter: from the electroweak down to the MeV/ scale for DM
and/or mediators —> probed at accelerators, beyond the typical WIMP search
Strategies

compatible with relic abundance of thermal freeze-out of hidden sector
ultralight DM: sub-keV scale, QCD axions, very peculiar unconventional signatures
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DARK MATTER

An interesting (anomalies) and “easily accessible” mass region

Dark Sector Candidates, Anomalies, and Search Techniques
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< | | | | | | | | 1 1 | 1 1 | i } | - 1 | 1 1 L. N |

| 1 | | | | | | L L (L L B\ >
<€ > <>
QCD Axion WIMPs
<€ , > € _ > <
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
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Freeze-In DM
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. dedicated small scale
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experiments, investigating
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Small-Scale Structure
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THE PADME CONCEPT

an experiment to search for the dark photon

M. Raggi and V. Kozhuharov, Adv. High Energy Phys.2014, 959802 (2014), 1403.3041
M. Raggi, V. Kozhuharov, and P. Valente, EPJ Web Conf.96, 01025 (2015), 1501.01867
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THE PADME GOAL

Inv_e stigating the Standard Model  Hidden Sector |
minimal vector
portal scenario quarks, leptons dark/ matter?
searching for the g w=.z 7 A’ (massive)

dark photon | /
A Y AW i

€ naturally arises from kinetic mixing,

2 parameters A’ mass and £ AL = € Yo g in the presence of two U(1) gauge groups.
giving the effective coupling to 2 Ky
the SM fermions as s If this is the dominant mechanism,

effective coupling of A’ to SM fermions is
universal ~Qfermion
Production mechanisms:

Meson decays, Bremsstrahlung, Annihilation
Decays:

A —e+e-, y+u-, hadrons, “visible” decays depending on mass, if DM mass > ma/2
A’ to invisible; BR(xx) ~1 since BR( SM particles) ~ €2
From prompt decays to long lifetime
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THE PADME GOAL

Inv_e stigating the Standard Model  Hidden Sector |
minimal vector
portal scenario quarks, leptons dark/ matter?
searching for the g w=.z 7 A’ (massive)

dark photon /
A Y

, € naturally arises from kinetic mixing,
2 pa:imet;rs? mass alrjd st AL — 5 € pY Y[, inthe presence of two U(1) gauge groups.
giving the effective coupling to /
the SM fermions as €0 (ere) If this is the dominant mechanism,

effective coupling of A’ to SM fermions is
—— iVFSﬁ' ~fermion

Production mechanisms:

Meson decays, Bremsstrahlun Annihilation (et e )
Decays: S ——
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PADME@LNF

Laboratori Nazionali di Frascati of INFN at the core of HEP at colliders

colliders in the world

Electron Synchrotron
(1959-1975) E=1 GeV

AdA 1960-1965
250 MeV

ADONE (1968- 1993)
1.5GeV 100 m

DAO®NE (1999)
510 MeV 100 m

S. Spagnolo
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B. Touschek

1961 AdA Frascati ltaly
1964 VEPP2 Novosibirsk URSS
1965 ACO Orsay France
1969 ADONE Frascati Italy
1971 CEA Cambridge USA
1972 SPEAR Stanford USA
1974 DORIS Hamburg Germany
1975 VEPP-2M Novosibirsk URSS
1977 VEPP-3 Novosibirsk URSS
1978 VEPP-4 Novosibirsk URSS
1978 PETRA Hamburg Germany
1979 CESR Cornell USA
1980 PEP Stanford USA
1981 SpS CERN Switzerland
1982 P-pbar Fermilab USA
1987 TEVATRON Fermilab USA
1989 SLC Stanforrd USA
1989 BEPC Beijing China
1989 LEP CERN Switzerland
1992 HERA Hamburg Germany
1994 VEPP-4M Novosibirsk Russia
1999 DADONE Frascati Italy
1999 KEKB Tsukuba Japan
2000 RHIC Brookhaven USA
2003 VEPP-2000 Novosibirsk Russia
2008 BEPCII Beijing China
2009 LHC CERN Switzerland

m The LINAC of the DAONE complex provides a
> positron beam for a fixed target experiment: PADME
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THE DA®NE COMPLEX

The PADME positron beam: two options

secondary e+ from e- accelerated by the LINAC up to 750 MeV, selected in
energy and focused by the BTF transfer line

primary e+ from the LINAC, from 220 MeV converted e-, can reach 550 MeV

>
Positron beam features: LINAC PADME §
1% energy spread, o /2
. 1 T "
~1 mm spot size, ' = F—z
~1 mrad beam divergence 17 Tt IJ N
O @)
Pulsed beam —’ t ......... _“J— \
repetition rate 50Hz, 1. ... DACDNF eve- 8 \
current not allowed to | collider  \
exceed 100e+/ns ;EC,\,I ~My,=1.02 GeV 3
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THE PADME CONCEPT

Production from annihilation of an e+ beam (E<~550 MeV) on a thin target
e+e- > Ay  (with A’ to invisible )

precision reconstruction of the SM y and use of closed kinematics to
statistically detect A’ as missing mass

signal does not depend on A’ decays and dark sector parameters (ap, My)

the mass peak provides a clean signature which allows to measure both
mass and coupling

small/simple detector
the challenge: backgrounds

PADME design sensitivity e=~10-3, ma <23.7 MeV
for Epeam=550 MeV, ~1013 Positrons On Target: (2 years of data taking at 60%
efficiency, bunch length >=160 ns and 20k e+/bunch @ 50 Hz)

Other physics opportunities can be explored (ALPs, etc ...)
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THE DETECTOR

<550 MeV for e+ <750 MeV for e-
NIM A 515 (2003) 524-542; Ap/p ~ 1% for e+ 0.5% for e-
1mm beam spot <1.5 mrad divergence

current not allowed to exceed 100e+/ns
repetition rate 50Hz

D —

incoming e+ beam

Pixel detector for beam
monitor and veto

| BB

Vacuum vessel

beam defle‘éted
by the dipole
magnet

Dipole magnet
23 cm gap
(MBP-Short, transfer line SPS)
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THE DETECTOR

High Energy Positron veto

=
/’//” B :

' 5 ipoie gap
Positron veto ~ Dipole gap

Electron veto
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SCHEMATICALLY

Y i
Tafgw_,
Signal signature: one y and no in time activity in the _e>!

detectors
A’ '
Standard Model backgrounds:
PVeto
(" = Bremsstrahlung: e+ N -> e+ Ny I )
one isolated photon, but the in time low energy e+ Tut:/
can veto the event e vy
4 b/ C-atom if Ey > 1 MeV S " a0
b/C-atomif E, > e Divole ECal
> Annihilation: e+e- -> yy (V) <
1.5 mb (0.15 mb for E, > 1 MeV) for e+ energy of w_m
550 MeV
T
symmetric if two-body final state, more insidious the "}"’_t_ _____________ Y>| |
three body channel, if only one y falls in the calo et '
acceptance ., el K 8AC
Timing, hermicity, Dipole “-_ (y) ECal
\_ control of non physics RN )
radiative Bhabha: 180 mb 22 Rl SI7E EElk)
14
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THE DETECTOR AND THE RUN

the steps towards physics
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THE DETECTORS

The active diamond target

pCVD (Chemical Vapor Deposition) | :
20 x 20 x 0.1 mm3; 16+16 graphitic strips (x and y), 1 mm pltch

measures # of e+/bunch, linear up to 15k e+/strip

beam profile and charge centroid with 60 pm resolution

Ecal 1 us window, 1GHz samplmg / ECAL - High resolution EM -
= % Calorimeter VETO for charged

'»00_ Iti h .

g r'\gzgnsl:ruchon 2 particles

of 616 BGO crystals 21x21x230 mm3 PMT Plastic scintillator bars
wf readout 10x10x200 mm?3

“E radius ~30 cm, 3.45 m distance form the 3 arrays for a total of 208
“E target; central hole 105x105 mm?2 for channels, PVeto, EVeto,
00_ 100 200 300 400 500 600 700 800 200 1000 SAC H E Pveto

1= > 8 o calibrated with cosmic rays trigger < 700 ps time resolution

prooF————ptyt ) f _ efficiency for mip

o ”“ ’\'ﬁ Mm‘ | , . energy threshold = 0.5 MeV 5 99.5%

3400

LY vs Temperature = -0.9%/°C

L ey low fff N SAC - Small Angle Calorimeter
2800/~ pileup up to A

3 » 25 Cherenkov PbF2 crystals 30x30x140 mm3 .
sont 40-80/BUNCh ; more in backup

T e me m PMT readout

SAC 250ns window, 2.5 GHz sampling angular coverage 0 + 19 mrad

i : 16
86 ps time resolution




THE PADME RUNS

x10°

7000

#POT

3 /o < primary e+
o 1T 1§> RUNy1
C N4
RU N 1 09/201 8'02/201 9 5000;— <(S>\‘; > 5 x 1012 POT with secondary beam
so00F- \QQ\/ 09/2018-02/2019
- 2 weeks E = 540 MeV
Calibration runs 07/2019 3000 melnenenee —é—
- - - 1 Calibration runs
Mods in the t?eam transfer line o0 . L 1| 0212019 -1010 POT, with primary &+ bearn
Commissioning runs 07/2020 000F- 1| 07/2019 ~1070 POT with primary e* beam
-/ secondary e+ —» ¢ E = 490 MeV
00 - 20 40 60 80 I 100 _I 1 120
RUN 2 09/2020-12/2020 / A\

—
25000 POT/bunch

—
x10° /Covid- |9 beam energy: 545 MeV

#POT

- . . bunch length: 250 ns
oo~ Run 2 28111 transfer line improvements -

- primary e+ /\> 25000 POT/bunch
00 \*»g\/ beam energy: 490 MeV

bunch length: 250 ns
RUN 2

3000

_ 12 . 28000 POT/bunch
5 x 10'2POT primary e+ beam beam energy: 430 MeV

09/2020-12/2020 bunch length: 280 ns
E = 430 MeV
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| B ‘.." o ‘.
' . r - >
BEAM COMMISSIONING [l s | el
3 10* Q PADME preliminary Be window
=" - Run2 [
s |
2 0 Run 1 beam line
\primary e+ —
107 Run 1 JLINAC-PADME
vacuum separator 250 ym
ot} &£ KX | T Run 1 beam line

2000 4000 6000 8000 10000 12000 14000
ECal energy [MeV]

LINAC-PADME
vacuum separator 125 um

v

\ BTF side ‘

25000 POT/bunch Mylar window
beam energy: 545 MeV

bunch length: 250 ns

25000 POT/bunch
beam energy: 490 MeV

=
bunch length: 250 ns '

Quadrupoles

. PADME

28000 POT/bunch : ) _
beam energy: 430 MeV new collimators LINAC side

bunch length: 280 ns wider beam pipe cross section Run 2 beam line
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STATUS AND PROSPECTS

Studying the SM candles to assess the potential
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POSITRON BREMSSTRAHLUNG

Cluster distribution in PVeto
after beam background
subtraction

- dominated by Bremsstrahlung e+,
measures the Bremsstrahlung rate

- beam background from a run recorded
after moving the PADME target out of the

beam line
Main systematic uncertainties:

- background subtraction template and
normalization (10-20%), positron
momentum scale (4%), absolute and
relative calibration of the NPOT
measurement (5%+5%), modeling of

Bremsstrahlung in simulation (~3-5%)

S. Spagnolo

10°

PVeto Clusters/Channel

Data/MC
n

O
o

I I LILEL I L I I I LI I ,
B . « Data-Data No Targef
PADME Prellmlnary — MC-MC No Diamond S
B 9 — MC-MC No Target N
nPOT=9.3x10 - Analytical formula o
— complete screening approximationy
- E,.. =490 MeV, 23 ke/150 ns bunch -
B P
- ey o
- T
1Ll ‘ 1 1
e % ' e  Data/MC No Diamond
o2 R DA -
P,A ..9. “ e  Data/Analytical formula I
L \‘ NG N
® @ L)
e e e
.cl;. > .‘n°.".‘ he
I s e
—e ' - - L L L —e
0 10 20 30 40 50 60 70 80 90

—
T T T T

PVeto Cluster Seed Channel

Much improved situation in Run 2
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BREMSSTRAHLUNG: PVETO Vs SAC

SAC Cluster and PVeto Cluster in AT < 1 ns

SAC cluster energy vs PVeto cluster position for A t < 1nsec
490 MeV primary e” beam, 11M POT
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———
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i
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Q
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1l
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—— —

10 20 30 40 50 70 80 90
PVeto Chld Cluster Seed

v

can be calibrated in positron momentum

Photon energy +
slowed down positron energy
~ beam energy
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BREMSSTRAHLUNG: PVETO VS

SAC Cluster and PVeto Cluster in AT <1 ns

SAC cluster energy vs PVeto cluster position for A t < 1nsec
490 MeV primary e” beam, 11M POT

e ———

o —

b e

80 90
PVeto Chld Cluster Seed

{ ,

can be calibrated in positron momentum

4
4
4
4

Photon energy +
slowed down positron energy . _
~ beam energy

. Spagnolo

SAC

=700 July 2019, Run1 setup
£380000
S 20000 PADME preliminary

60000 nPOT=9.3x10", Data July 2019

50000

E, .. =490 MeV, 23 ke'/150 ns bunch

beam

40000

30000

20000

nergy

10000 primary positrons

B ey T

lllll

% 200 400 600 800 1000 1200 1400 . 1600 1800 2000
Energy [MeV]
¥ < scale expansmr\
) B 14
25000 — /' July 2020, Run2 setup
c — 4
S [ .7 PADME preliminary
20000 -
R ‘r : nPOT=2.7x10’, Data July 2020
’ — 1
¢ 150001 : E,.,, =450 MeV, 10 ke'/150 ns bunch
: i
10000{— !
- i
— |
- « Beam energy
5000 — :
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We s e | I W T
% 200 400 600 800 1000 1200 1400
Energy [MeV]
N
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CHALLENGING ECAL RECONSTRUCTION

22/ ndf 6.499/3

0.05 a 0.02013 + 0.001632

E ' 4 : , : : b  2.954e-05 + 1.306e-05
oaaf-——- N\ JINST 15 (2020) no.10, T10003 a single positron calibration run

0.035

que and red pomts from previous

smaII SIZP prototype

IIIII]Illl}llllllllllllll

0,025~ - PADME* ............. T~
- : | | ' S
: l() T]YYYT]‘YTY]‘YTI]YYTI]YTTIIYTIY]TTY
E |()7 PADME Prchmmary

0-015 1l 1111 11 11 11 1 L1 11 11 1 1 L1 11 111 11 1 | 11 1|

200 300 400 500 600 700 800 900 1000 1100
Energy (MeV)

nEv=2.13 x 10’

| POT/bunch - .
EBeam = 490 MeV + pecial run condition

Runrl
\ . Ner =1.18+0.22 /bunch

10°
10°
10*

1O

successful Poissonian fit to the (2
number of reconstructed signals

.nnﬂ] Hnm‘ m!

Energy resolution
2.62 + 0.05 (stat)% @ 490 MeV in PADME

counts/16MeV
mul -uuul nmu] '1'11&

Multihit reconstruction

[0}

|
Time resolution from difference 10~ \ b Nt \NAY
in time of a selection of 2y 0 500 1000 1500 ?()()() 2500 %()()() 3500 4000
events 1 ns EX' [MeV]
23
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SM ANNIHILATION

.

e+e- annihilation signal easily -~ PADME Ppreiiminary 119“ ) ]
emerging with primary e+ beam 500l NPOT=9.3x10 MC

E,...=490 MeV, 23k e"/ 150 ns bunch §

AT <10 ns, A¢ < 250 100F- " . :

Yy center of gravity < 1 cm
300

provides a powerful run-dependent 200
monitor of the luminous point |
corroborating detector surveys 100

20 = ' “’

A ETE L [T -
0 100 200 300 400 560 600 700 800 900

x COG (mm) E(y )+E(y,) [MeV]

10
5

4

Toward a cross section
i measurement with cleaner
!‘ Run |l sample:
- differential in ¢
Wm - data driven estimate of y
' :lso;so 30500 30550 30600 30650 efficiency

Run # 24
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CONCLUSIONS

PADME is a small experiment (4m from target to beam Igj\f)
dump ) and a small collaboration ~50 physicists
ﬁ.‘é‘é.
Detector performance as required Q
| PADME -
Physics background under control @ \
Challenging beam induced background 5@3 —Eﬁmh

0

Kr cshnchorkoy

Simulation effort addressing the new beam line

Data understanding approaching the level necessary for
the dark photon target search

sensitivity not expected to exceed competitors, but first
bench-test for a unique technique:

fixed target, annihilation, pulsed high intensity EF
beam, ~slow high resolution calorimetry -

-l ™ -
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Other opportunities @ PADME in backup
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AXION LIKE PARTICLES

Various production mechanisms in e+e— annihilations.

Search for Axion-like signals can be performed in PADME for a mass range
similar to that explored with the dark-photon search

Ongoing studies to evaluate the reach in coupling strength

Feynman diagrams for e'e >y + Alp

27
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X17 8BE ANOMALY

Atomic transitions in light nuclei 8Be and 4He hints to a signal anomaly

New observation in 3H(p, e+e—)*He of a peak in the e+e— angular correlations at 1150 with
7.20 significance [ arXiv:1910.10459v1, 23/10/19 ]

compatible with mx=16.84 + 0.16(stat) + 0.20(syst) MeV and 'x= 3.9 x 10-5 eV
PRL 116, 052501 (2016)

O Nardi et Al, “Resonant production of
dark photons in positron beam dump 8Be anomaly (18MeV to GS)  “He anomaly (21MeV to GS)

experiments” ArXiv1802.04756 :
Phys. Rev. D 97 (2018) 095004 EL ‘e j e “Hipe'e) He
LI Using a beam of et 282.7 MeV might s o1 ' e
lead to observation of the resonant S <
production | R
_H#tj:«:\_-?:%—
P many uncertainties (narrow , Tl
=L 4;) 50 60 70 80 90 100 110 120 130

resonance, electron velocities, etc) | STy i
but potentially an interesting ® (deg)

opportunity that PADME cannot

elude

28
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PADME REACH FROM DESIGN E

arXiv:1403.3041

10

1 in the absence of indications of
signal events in data

E,. = 550MeV

[0 expected limits on €2 as a
function of ma

10°¢ P from N(A'y)=0(NBkc)
o T [0 2 years of data taking at 60%
107 E., ................................ Lo doendinsdend == eﬁiciency with bunch Iength of
160 ns
el > 3.6x1013 POT = 20000 e+/bunch
e i oFiiiiii b i x 2 x 3Xx107s x 0.6 x 49 Hz
Ma < 23.7 MeV/c2
BHUIEE @;E;bief{?f‘r’o 'Y'e\l/ . (] Possible extension of the mass
‘°'190~1 102 10" range ( < 32 MeV ) increasing

M,.(GeV/c?) beam energy < 1 GeV
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PADME REACH FROM DESIGN

arXiv:1403. 3041

10

E,. = 550MeV

«««a»

\« e

(M. Campajola) (@this conference

10° ﬂ

A
4
&3
]
A
A
.
B

Belle Il sensitivity from PTEP 2019 12 (2019)

10°

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
{
L1 llllllI

107 SR AT IR ET S N 0 - -
ap=0.5,m =m,/3 1
g 10_5 L L lllllll 1 1 llllll_F
-8 e 107 107 1 10
10 E \ s & 2 s ¢s::: : & ¢ my. (GeV/C2)
= : ! = s 5 ¢ 2 aen . *Relic target derived from Phys. Rev. Lett. 115, 251301 (2015)
! My < 23.7 MeV/c?
- @ Ebeam=550 MeV :

1 lnllllll 1 Ll R
10° 10?2 10"
M,.(GeV/c?)
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THE TARGET

The active diamond target

CVD (Chemical Vapor Deposition) 20 x 20 x 0.1 mm3 polycrystalline
diamond; 16+16 graphitic strips (x and y), 1 mm pitch

measures the number of e+/bunch,
good linearity with current FEE up to 15k e+/strip

measures/monitors beam profile and charge centroid in two
views with 60 pm resolution << required precision

_ ’g soom _..................; ...................... . ...................... , .................................................................................
£ 1601 S Brefimir _ : |
& [ Entries 979 = N P;ADME EPreIImm;ary + Target XY map
g 140__ Mean 0.6588 @@ 25000 frrrrrereremener e ...................... SRR U +. ........
S r RMS 0.06243 2 - , ; 5 t
2 120 - x2 / ndf 11.22/15 %’ B ® | 4th February 2019 +
3 = Constant 156.7 + 6.4 = - o} 11t Febrany 2418 : .
O : Mean 0.6593 20.0020 .E zoom -_ sssssssfececTes ................... ............. . ............... .* .................................................. 5- I‘_
100 Sigma 0.06159 = 0.00155 F. . 8
: o ¥ 3
150m_ ................ fersecascssasceccrsenss #eecsrenserconses T S E
sor - o E o
N - ? i : > >
60— n - -
: PADME Prellmlnary 100(x)___. .................. * .................................................................................................. -
40l - i b 5
: som__ ............. *"* ..........................................................................................................................
20— B § 5 0 S
- - # : : z : :
T BT | Ao e [UN N DU ST SN N X A T B O S U N R A A R B Bt [ L l T B T T R T I 1 [ | 1
0O 02 04 06 0.8 1 12 14 16 1.8 2 % 5000 10000 15000 20000 25000 30000 X
X center of gravity [mm] Multiplicity Calo[ne-]

Nucl.Instrum.Meth.A 898 (2018) 105-110

NIM A 958, 1 April 2020, 162354
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Ecal 1 us window, 1GHz sampllng

= reconstruction

Enos

- 1001

MU”I hit Mean 541.7

RMS 173.6

3
peoof

3600

340

=

320

o

3000

2800

2600—

" A | A
0 200 400 600 800 1000

bdetdaaaa o s Lo aaa Lo o o aala sl ool oo s Lo o
100 200 300 400 500 600 700 800 900 1000

B

T

g

- Very low

pileup up to
- 40-50 y/bunch

PR S S S N 1

Samindex

e

» 1us

/

SAC 250ns window, 2.5 GHz sampling

S. Spagnolo

JINST 15 (2020) no.10, T10003

ECAL - High resolution Electromagnetic
Calorimeter

616 scintillating BGO crystals 21x21x230 mm3
PMT readout

radius ~30 cm, 3.45 m distance form the the
target

central hole 105x105 mm?2 for SAC

angular coverage 15 + 84 mrad

calibrated with cosmic rays during data taking
energy threshold = 0.5 MeV

LY vs Temperature = -0.9%/°C

SAC - Small Angle Calorimeter

25 Cherenkov PbF2 crystals
30x30x140 mm3

PMT readout
50 cm behind ECAL
angular coverage 0 + 19 mrad

86 ps time resolution

July 30th, EPS-HEP2021
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VETOS AND DAQ
PVeto

High Energy Positron veto

Positron veto

Electron veto

Plastic scintillator bars 10x10x200 mm3
3 arrays for a total of 208 channels

PVeto time resoluthilon PVewSACeogggg?g
- 90001~ AMS. 11.33
DAQ/Offline L SR v
- Efficiency better pO 3999 +34.2
. " than 99.5%for B 0g6sa 00073
VME digitizers CAEN V1742 S
7000—
: § ot = 700 ps
1-5 Gs/s sampling speed :
6000—

12bit ADC signal range M Preliminary
~1000 channels :

Data throughput: ~ 900 KB/bunch
33

Time Difference PVeto - SAC [ns]
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