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The long quest for dark matter

Zwicky, Coma galaxy cluster (1933) Hubble Space Telescope (2007)
M/L = 660 Mg/Lg Cluster Cl 0024+17

Lensing of background galaxies

Rubin, Andromeda galaxy rotating curves (1970’s)
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The long quest for dark matter

e

Fritz Zwicky Vera Rubin

“A History of Dark Matter”
Gianfranco Bertone and Dan Hooper

https://arxiv.org/pdf/1605.04909v2.pdf
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Virial theorem

For a system of N particles, the moment of inertia and its derivatives are:

[=7%2 mr;r,
di/dt =X. m,dr/dt-r,

d?l/dt? =3, m.(dr/dt-dr./dt + r-d*r/dt?)
> mv:= GMm/R
Equation of motion:

m,; dr/dt? = -3, Gmm. [ |r;-r.[3 (r;- r)

Kinetic energy;

2T =3, m,(dr/dt - dr/dt)

d’l/dt?= 2T =-3,2,,,Gmm, /[r;-r,[>rp(r;-r) = ...

I =ji

=x%zr.Gmm /[r-r[=U
VG IENVE  \/irial equilibrium: 2<T>+<U>=0
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Estimate masses using velocities

2m<vi>=33_.Gmm; 1/<[r,—r[>
<V, ?>o=1/3 V7

projected along radial direction, averaged over solid angle Q2
- We see only radial component of motion, <v>= V3 v,

- We see projected radii: r = 6d
1/<[ri—r[>=1/]r,—r,[<1/sin6>g

Assuming N equal masses Z.m.= N m

M =3/2n G* NZ,v;?/ %, 1/r;

<I

Coma cluster (Zwicky):
0=1000 km/s, R=3Mpc, M = 3 10*> Mg
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Many pieces of evidence for dark matter

Rotation curves Large scale structures Cosmic Microwave Background

o~ (@) Curvature (b) Dark Energy

Colliding clusters (Chandra)
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The dark matter problem

Original drawing by Stacy McGaugh (1995)

AStrOphySiCS

Several hypothesized solutions

t

= Tl SN
Disk DM Spiral- - “custer Large
Oort galaXy ° yelocity . scale

Discrepancy fIaF " dispersion ’structures
i rotation " , .

‘s . ’
- curves

Roots are the empirical
observations
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Particle physics is only one
of the possible solutions...




A new kind of matter?

Dark matter dominating
in the early Universe
feutrines Dark = Standard Model only includes <20% of the matter in the Universe

63% = We only know dark matter interacts gravitationally

Photons

ol Many open questions
» What is dark matter made of?
= How dark matter interact, if it does, with SM particles?
oo = Does a new dark force (or more) exist?
oA = How complex is the dark sector spectrum?

Dark
Matter
26.8%

™~

EWSB, Naturalness
WIMP DM ...

RH neutrinos
Axion
Dark Matter
Hidden sector
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Brian Batell
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Where to search for dark matter

Without modifying the SM structure: U(1),+SU(2),+SU(3),

= Dark matter can’t be strong interacting (scattering cross section too high)
= Cannot be electrically charged, otherwise it would not be dark!
= |t can be weakly interacting and massive! (WIMP)

The WIMP has all the characteristics needed to solve the dark matter problem...
But so far more than 20 years of unsuccessful attempt to detect WIMPs
= Strong constraints from the LHC and direct searches at masses up to 1TeV

o
B

o
-]

WIMP-nucleon cross section [cnT)
w-Nucleon Cross Section [cm?]
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10°? 10°
WIMP mass m_[GeV]
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Secluded or hidder or dark sectors

Dark Sector
Standard Model

SU(3) x SU(2) x U(1) ?

New interactions
New particles

= “Secluded” from the SM sector by a faint interaction
" |ntroduce it in a effective model
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Portals to secluded sector

Dark Sector
Standard Model

SU(3) x SU(2) x U(1)

vector _eFY FInv dark photon

Higgs || dark scalar

neutrino EHEIAL sterile neutrino

axion e L FH ALPs
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Dark photon

Dark Sector
 The simplest hidden sector model just introduces
one extra U(1) gauge symmetry and a corresponding
gauge boson: the “dark photon" or U boson or
heavy photon (y’ or A’)

 An extra U(1) symmetry implied in many Standard

_ _ Standard Model
Model extensions, some classes of string theory, etc.
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Dark photon

Two types of interactions with SM particles should be
considered

— Asin QED, generates interactions of the type:

/ ; ‘T‘ NS l "\.1 . u'Y,
L~ gqppyy' U,

* Not all the SM particles need to be charged under this new symmetry

* In the most general case g, is different in between leptons and quarks
and can even be O for quarks. (P. Fayet, Phys. Lett. B 675, 267 (2009).)

— Couples to SM hypercharge through kinetic mixing operator:
e ¢/2 FYWF’W, where F’W=<3MA’V

o = g0,
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Esperimenti di ricerca di dark matter

DM

Direct detection Production at accelerators Indirect detection
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A dark matter “messenger”

Dark Sector

Standard Model

Dark Matter scattering on nuclei

Dark Matter annihilation...
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The DAMA-Libra effect

arXiv:1401.3295v

T

)

o_(cm

= Nuclear recoil by the exchange of a dark photon

e Bttt * |ndependent of x mass value
m (GeV/c?)

N\ EDELWEISS
~

2-6 keV ¢
DAMA/LIBRA = 250 kg (1.04 tonxyr)

i DA IR RN N N e

Residuals (cpd/kg/keV)

Time (day)
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Particle astrophysics: PAMELA, AMS

Positron fraction

-t
Q

o AMS
FERMI

PAMELA )
AMS-01 - - o’ X & DESSpolar 2004 (X, Abe of al

©® DESS 2000 (Y. Asscks of al)

v BESS 1999 (V. Assoka ot al)

HEAT ’ : A CAPRICE 1984 (\. Boaaie ot al)
CAPRICES8 -4
CAPRICES

TS93 - 2l W HEAT Sbav 2000 (A 5. Beach of o)

CAPIICE 1998 (M. Boasie o ol

® PAMELA

10° ' 10
positron, electron energy [GeV] kinetic energy [GeV]

Positron eccess: PAMELA, FERMI, AMS-02

No significant excess in antiprotons

= Consistent with pure secondary production

Leptofilic dark matter annihilation?

If DM is the explanation, the mediator should be light, <2m_ ;. .
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Dark photon production

Bremsstrahlung Annihilation Meson decay

" N

%

= A’can be produced in electron or positron :
collisions on target by: \)
* Bremsstrahlung:eN—=eNA’ \

= Annihilation: e*te™—= vy A’
= Meson decays
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Dark photon visible decays

* Assume that no additional lighter states exists in the dark sector with m, <m,/2
 Dark photon couples to SM particles through kinetic mixing only (with same coupling £q)

e Form,<2 m,only decays to e*e”

g
o)
T

Branching Ratios

06
m A [GeV]
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Dark photon invisible decays

* If ay state with U(1) charge g, and coupling constant g exists in the dark
sector with m, <m,,/2, the coupling to the A" will be: q,g,,

« A=y will be dominant wrt to visible decays for ay>a, i.e. |g,g,|>ce
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Dark sector with dark Higgs

Model assumes the existence of an elementary dark Higgs boson h’, which
spontaneously breaks the U(1) symmetry.
PRD 79, 115008 (2009)
A’ boson produced together with a dark Higgs h’ through a Higgs-strahlung ete>A’ h’
Cross section =20fbx(a/a)(€2/104)(10GeV)?/s
For light h”and A’ (M, ,,<2Mu)) final state with 3(e*e” pair) are predicted
Background events with 6 leptons are very rare at this low energies
Due to A’,h’being very narrow resonances strong kinematical constraints are available on
lepton pair masses

Experimental search by BaBar and KLOE-2
for A” masses above 200 MeV Higgs' — Strahlung
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Dark photon + dark Higgs searches

KLOE-2 arXiv:1501.06795
BaBar Phys. Rev. Lett. 108, 211801 (2012)

P . MeV B L = 250 Me\

F T 1 T T ™3 5 100 Me\ 8 .
B m,=9GeV ] e m =500 MeV
E m,=7GeV 3
E m.=5GeV 3 m 430 MeV A
L < & o unmm - h = -
L m,=3GeV 10 ~ .
E —m,=1GeV ] A s
C ] > e

L 5
- - Lo¥ 17"
Y A P E \
L ] 4 pu

:-' o
! . NI ¥
E 3 %
B 7 1 1
i . .
N 0 1000 0 100 200 N0 00 X
m,; (MeV) m, (MeV)

1

m,. = 2.5 GeV

m,.=1.5GeV /
------- - my,=1GeV /
m, = 0.5 GeV
m,, =0.3 GeV

No data available below 200 MeV in M.

Production mechanism being Bremsstrahlung,
PADME can reach M,>100MeV

PADME can provide sensitivity in unexplored
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and the ATLAS excess of course...

= [0 0 = m  m m 3
3 % ATLAS Preliminary =
o B’ ® Data -
~ s |
€ = v Background-only fit 3
o - -
& f i

10° = \s=13TeV,321fb"' =

105 \Q E

1 ’E T = Photons, Photon Jets and Dark Photons at 750 GeV and
E S Beyond, arXiv:1602.04692
- 10 %z_,' Ly \\E
S 156 = Dark sector shining through 750 GeV dark Higgs boson at the
o E 3
5 108 % =] LHC, arXiv:1601.02490
= E ’ =
((% 5: l. ® + : 3
g o: 1 l _‘..*.H._A—‘_‘J_;
g 55 | o0 + -
s —10E [|]s =
T 15t ATLAS-CONF-2015-081 3
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Un motivo di particolare interesse

(g-2)M in the Standard Model

About 30 discrepancy between theory and experiment
(3.60, if taking into account only efe™ — hadrons)

Additional diagram with dark photon exchange can fix the
discrepancy...

LIFE OF A MUON
THE g-2 EXPERIMENT

JN 09 (e’e"-based)

"0 & AL
&IV IOV

DHMZ 10 (z-based)

-195+54

DHMZ 10 (e'e)

HLMNT 11 (e’e")

-261+49

BNL-E821 (world average)

-700 -800 -500 -400 -300

-1
) a, - a™ <10
N
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Muon g-2 SM discrepancy

A’ contribution

A AL AL

Excluded by Excluded by

electron g-2 vs o muon g-2

) AALLL

for m, < mu

z

f()l' ,’),1 << n’A' 4/ muon g-2/<2

10 M\
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g-2 electron

Caution with (g — 2). constraint

* The two most precise
determinations of fine
structure constant
disagree at |1.50 level

Hidden Photon = invisible (my > 2

* One can reasonably
argue for a more
conservative constraint

(—1.05 + 0.82) x 10~ 12

Aoyama et al. 1205.5368 .
10

Or just using error 050 D1

Aa, = +0.82 x 102

Important to also have a direct probe of this
region of parameter space!

Brian Batell
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Where to look for dark photons?

Coulomb
in atoms

2’
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Where to look for dark photons?

* Coupling expected in the range £ ~ 102 - 103 but can be further suppressed
by an enhanced symmetry

« Depending on the model, mass scales like m,/m,, ~ ¢ — &”
leading to a MeV-GeV mass scale

?=10"% a=10"% o'=10"% a'=10"1

10 GeV 10 GeV

1 GeV 1 GeV

100 MeV 100 MeV

10 MeV 10 MeV

1 MeV 1 MeV

a'=10 4 a'=10 6 a'=10"% a'=10 10

o
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Dark photon experiments with accelerators

Thick target (beam-dump)
— Absorb all SM backgrounds
— Look for visible decays (e+ e—, u+ u-, ...)

Thin target + decay of dark photon:
— Decay to visible particles (e+ e—, u+ u-, ...)
* “Bump hunting”, looking for a peak in the invariant mass
* Displaced vertices, looking for long-lived particles

— Decay to invisible particles
* Look for missing mass
* DM particles recoil

Meson decays

Dark particles scattering
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Why fixed target?

Bremsstrahlung Annihilation Meson decay

" DN
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Fixed target experiments

Radiative
background

Main backgrounds: SM Bremsstrahlung + Bethe-Heitler
* Kinematics:

A’ takes nearly all the beam energy E, (sharply peaked at x=1)
Electron takes a small energy = m,,

A’ emission almost collinear to the beam: 0,=(m,/E,)*/?
Electron going at “wide” angle: 6,=(m,/E,)/?

A’ decay products open by 0 = m,/E, Bethe-Heitler

background
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Electron beam-dump experiments

INOpShlSh At colliders:
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Electron beam-dump experiments

No

N,,I,I e 0’,7/ 1\”8 T

Psh Lsh

X
dN., NoXo [Fo Ten Ey do dP(z — £%tsn)
1 = ]\’reM/ dEe_/ dtsh [e(EOaEestsh) —0 Pub
dxg dz A Jg ., im. 0 E. dz,
Y € T

Tsh = Psthh/XO

L’esperimento PADME per la ricerca di dark mediators




Limits from electron beam-dump experiments
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Limits from electron beam-dump experiments

« Beam-dump experiments: looking for decay products of “rare penetrating particles”
behind a stopped electron beam

*  SLAC E141 (1987) and SLAC E137 (1988), Fermilab E774 (1991)
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Proton beam dump experiments

Use data of the search of v,—ve+e— for looking for P—yA’
Pseudoscalar decaying to spin O or % particles negligibly small

Shielding

Proton beam v
—[ ] Decay region

Target
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Limits from past experiments: proton beam dump

CHARM: v,—ve+e— from mt,K, D decays
2.4-1018 POT

v M2\’
Br(n — yA’) =2 ")B'()—w//)(]— "_‘)
Look for n,m’—yA’ " ) =2¢7Br() = )

(IEA'

, , . [ do " L'Ma LM 4
Na'—e+e— =Br(n(n’) — yA)Br(A"— eTe )/ -cxp(— A )[l —exp(— A )]cAdEAf

Parta Parta

rdPo(p+N—=nmn)+X)

N
o

P (A") o Npor / e*e” reconstruction efficiency

dzl’r;u)'u

Ed’o/d’p, mb GeV?
pr

py
o

Bourquin-Gaillard parametrization for the invariant cross section of
hadron production in high energy hadronic collisions over the
phase-space

n%m:n’ yield=1:0.078 : 0.024

0.1 0.2 0.3 04 0;5 06 0.7 08 09 1
Py, GeVic Phys. Rev. D85, 055027 (2012), Phys. Lett. B713, 244 (2012)
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Limits from past experiments: proton beam dump

NOMAD and PS191 looked for decay of
and heavy neutrino v,—ve+e—
Look for t0—yA’

NOMAD: 4.1-10%° POT
E>4 GeV, m_.<95 MeV
PS191: 0.89-10%° POT

- M3%,\3
Br(n® — yA") = 2¢2Br(n° = ) (1 — U-‘?‘ )
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Thin target experiments

Running:
— APEX at JLAB Hall-A, test run done, full run coming
— Al at MAMI
— HPS at JLAB Hall-B, first run done in 2015

Coming soon:
— PADME at Frascati

Proposed:

— DarkLight at JLAB FEL (electron on gas jet target)
— VEPP3 (electron on gas jet target)
— Cornell (positron extracted from CESR on H, target)
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JLAb Hall-A High-Resolution Spectrometers Background - m,=200 MeV

o
H

Electron, P = E0/2 Spectrometer

acceptance

(9]

Septum HRS~left

Beam

W target

Electron momentum (GeV)

HRS=right

~
o
in

00
00 05 10 15 20 25

Positron momentum (GeV)

Positron, P = E0/2

0.3<p<4.0 GeV, 0,=5°
Acceptance=4.5 msr
Sp/p < 2x10*

6¢=0.5 mrad, 60=1 mrad
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APEX test

Background rejection and final dataset

Reducible backgrounds

» Electron singles from inelastic or

electron-nucleon scattering
» Pions from virtual photon decays
» Proton singles
» Accidental ¢™e” coincidences

"€ pairs from real photon conversions

>
)
=
\n
S
~
;‘5
=
)
-
84

Pion rejection:
» Production ratio in right HRS: e¢™ /x> 1/100
» Online pion rejection: factor of 30

» Offline rejection > 1/100 using both gas Cherenkov and calorimeters

Final event sample trigger:

» Double coincidence gas Cherenkov signal within 12.5 ns window in cach arm

Residual

Final data sample consisted of 770500 true e*e coincident events with
0.9% (7.4%) meson (accidental e*e coincidence) contamination ! ! ‘ il

180 190 200 210
e*e” mass [MeV]
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MAMI Al

0.1 I

RS — :
a, < _KLOE'} L/vss
— [ ' -

Mainz

0.1
mA'/GeV

JLAB Hall-A APEX
nx1.1 GeV, continuous, 200 uA beam

MAMI Al
855 MeV, continuous, 90 uA beam
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Summary of limits from visible decays

Practically, all the (g-2), favored band already excluded

| 1

HADES KLOE

APEX
PHENIX Test
a,3:20 favored VAT
e
NA48/2
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HPS

Increase acceptance wrt double arm spectrometer
Look for displaced vertex
0 of the decay is small:

* Aim at minimum 0, = 15 mrad

E, 3

Bump hunting needs good momentum/mass resolution
Good tracking and analyzing magnet

Aim at Am/m = 1% and Az =1 mm
Trigger with a high rate ECAL

Magnet+ECAL to select e* and e
Magnet+muon detector to select u* and u~
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put detectors as close as possible, good forward coverage

Beam's Eye View

e* and

-
.

entering ECal




Field region,0.5t0 1.5T

Tungsten
Target

X.u.t T =

103 x,

Si Strip Tracker

Side view

B®

target
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- photons

“sheet of flame" _

‘1 | “““.‘ MCS beam

Calorimeter

[
=

S ‘i‘i‘I

‘Qi'isl;

Beam's eye view

.

Muon detector

Acceptance (%)

Dead Zone

Limited magnet
bore

1

T -
= 5.5 GeV

|




DarkLight

FEL electron beam, 100 MeV, continuous, 10 mA, onto 10%° H,/cm? gas jet target

Proton recoil detector. Full reconstruction of event for background rejection
Vertexing and low momentum lepton tracker: TPC
Outer trackers

el Target

Lepton | = o

T::.c::_:r Region Magnet Yoke
10 cm

Scintillator

Pb Collimator

C Moller
W Collimator 8 Dump

J1.2m
47.24in

0.8m

30.85in
H2; 10-30 Torr

Target Center
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Summary of limits from visible decays

Practically, all the (g-2), favored band already excluded
Still large interest for excluding the uncovered parameter space

T Ty

KLOE HADES  KLOE

PHENIX
favored o A1

aps2o
NA48/2 l !

a,
E774

W,
Lot

Mu3e

\\
\
Orsay/E137/CHARM/U70 N

1072 107"
ma [GeV]
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Invisible decays: a dark matter beam

2 4
X' E€
D ma <2m,

mar > 2m,
Dump
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Back to past experiments

SLAC E-137
/ 20 GeV electron beam
A %6 Bk oL 30 C dumped on Aluminum target
' Shower calorimeter, 400 m distance
Re-analysis (Batell, Essig, Surujon) constrains
m, vs €, dependent on o, and m

ELEVATION (m)

8

DETECTOR

A

—_——

s
4
\ X
r//: “\ Z,

BEAM DUMP EAST

. . . — N . arXiv:1406.2698v1
100 200
DISTANCE (m) m, <05 MeV,ap=0.1

YT T TYTYOTT T YTy

BNI

e elastic scattering

LSND

n° decays to YA’ from LAMPF 800 MeV protons
1023 POT

30 m off-axis detector, 170 ton mineral oil
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Possible future proton beam dumps: SHIP at SPS

SINDRUM 4.
10-2| KLOE ¢

Decay before reaching detector
N~ exp(-e2m? /p)
'

o

WASA

HADES
774 \PEX Al

107
: kinematical
limit

10~

Lifetime too large

W | N ~ ¢4
l() \g .3...,-21'5.....12....-11.5.....11....-01.5....(1)
log(mA/GeV)
107°}
_ NOMAD
107" & PS19]
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A new scattering experiment: BDX at JLAB

2,2
ape’ /m%,

Scattering on nuclei

Backgrounds:

N

Dump Detector

Neutrino production
Cosmogenic muons and neutrons

LOI presented to JLAB PAC
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~JS

2 4
X' E€
L mar < 2my

4
QpE ,
— mar > 2m,
7an/ ’

Scintillator 1 m3
1 MeV/10 MeV et*e™ detection threshold




Scattering experiment: BDX at JLAB

High energy beam advantages:
- Higher cross sections

- v beam boosted, larger acceptance

A production cross-section ] £ =3.87 104 % - @ interaction cross-section | «,=0.1 m, =10 MeV

3
-
]
o
-
g
©

Cross section dependence from A’ mass,
X mass, coupling constant
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BDX experiment (Hall-A)

PWNog= 2107102 4 102 EOT = 1 beam-year at Hall-A
a 3 beam-years at Hall-C?

arXiv:1307.6554

J/¥ = Inv,

m, =10 MeV, ap =1

0.1 1
m, (GeV)

0.01 0.1
m, (GeV)

z)

L’esperimento PADME per la ricerca di dark mediators




Invisible decays, model dependence of limits

m, < 05MeV,ap=0.1
107! ; . y ’

BR(Zs—missing) = |

> 10 i) 100 S0 1000
Zg mass [MeV]
K*—m*vv used to constrain K*—m*A’ assuming
kinetic mixing and coupling to quarks # 0

ma [GeV]

my =50 McV,ap=0.1

103 , j
4 ng
S
4 L
107k [
R
' L Scalar DM
BR(Zs-missing) = | | Aee @(\) Oy i ~ 01
O 100 S00 100K 10°E s .l . . 3
103 102 0.1 1 10

Z, mass [MeV]
my [GeV]
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Combine visible and invisible decays

m, < 0.5 MeV, € preferred by a, .2+

107!,
|
102}

1077

;
[
.
10 -’
'
:
3
E
:

L
L

0 D
1 3
E

A — XX
A — visible
Al+APEX+BaBar+HADI
lll

P 1 L1 s el
102 10!
my [GeV]
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Model independent limits from invisible decays

Hidden Photon — invisible (my > 2 m,)
. |
1075 T | Direct searches for A’ invisible decays
BaBar only depend on €2 and m,,

“;LSU'

No assumptions on coupling to quarks
(Both Y5 and K* results rely on that)

. 2o 1AV ored

1072
0.001 001 0.1
my |GeV]
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Dark photon map

Al @ MAMI
WASA @ COSY
HADES @ GSI

Minibone [ el -
1 | 1§ 1 -Mcglx @ MESA  VEPP-III

@ Fermilab ¢ 1§ 1
Cornell Phenix @ RHIC
ATLAS, CMS @ LHC l l

== _= ALICE @ LHC

: : : { \ KLOE2 @ DAFNE @)
BaBar @ PEP-II JLAB: APEX P-348 @ SPS PADME@BTF
Belle @ KEKB

HPS, Darklight SHIP @ SPS
BDX NA48/2 @ SPS
|

Mu3e @ PS

NA62 @ SPS

Bellell @ superKEKB

J. Alexander et al.
“Dark Sectors 2016 Workshop: Community Report”

https://arxiv.org/pdf/1608.08632v1.pdf
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NA64 at CERN SPS

H4 high purity electron beam, <1% contamination required
(tertiary, from y conversions)

]
-8 1
proton]

- S4 = ECALI x V1 x S1 x S2 x ECAL2 x V2,

.
3

Decay Volume
ScF-Pb HCAL

ScF-W ECAL2

/pot/+2%Ap/p within £0.Immt12(0.6)mrad

w
o

Events/0.6 GeV

N\ e
150 20 p.Lo
p(GeV/e) ScF-W ECAL1

30
Energy, GeV
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NA64 at CERN SPS

T | 0 L B T A T ‘I T'TTY'I-I] T T L= 18 11
KLOE SINDRUM . 5eq BaBad
WASA =

-

™TTTID

* N_=102 requested (3 months run)
R o da, J
« Main backgrounds: : TN .
* punch-through of primary energy into ECAL1 ——

* Beam-related background (mis-identified
electrons): muon and hadronic events

L ll]l”'
|

L=l lJJJLJl

T 1Illlll]
B lLlUlJ

I

FAME 1[[[

KEK

L L LLLLLL

Orsay

T IIIHI]
| I llllllJ

NOMAD
Y PS K ~
& PS191 E137 CHARM

. ol lII[ 1 Illlllll | PR B e W E

10~2 10~} I
m A [GGV]

lll

T1 Ililll
L

-
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NA64 at CERN SPS

L

AUk e,\'dudt’d
a A

) a, A is/wekoml

e Also proposal for A’ — invisible search

Sar=ECAL1 x V1 x S1 x S2 x ECAL2 x V2 x HCAL

| Illlllll 1 llllllll

* Main backgrounds:
* punch-through of e” ory
* Non-hermeticity of HCAL
* Low energy tail of e beam
e~ induced photo-nuclear reactions
Muon events

11 llHlll

:
E
-
w
E

10"

Tllil 1= lllllll 1= Hllld

IIIlII‘ IIIIII‘

10~ 10!
my, (GeV)

L’esperimento PADME per la ricerca di dark mediators




The PADME approach

At present all experimental results rely on at least one of the following
model-dependent assumptions:

1. A’decays to e*e” (visible decay assumption): BR[A” — e*e7] =1
2. A’couples with the same strength to all fermions (g,= ¢)) (kinetic mixing)

In the most general scenario:

= A’can decay to dark sector particles also lighter than the A’: in this case
BR[A” — e*e7] <<1
= Dump and meson decay experiments only provide limits of the kind
g?(BR[A” — ete7] <<1)
= A’ can couple to quarks with a coupling <<g, (even 0)
= Suppressed or no production at hadronic machines and in mesons
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The PADME approach

PADME aims at detecting A’ produced in e*e™ annihilations and decaying into
invisibles by searching for missing mass in events with only one photon:

ete” = yA’ (A" — XX)

No assumption on the A’ decays products and coupling to quarks

Only minimal assumption: A’ bosons couples to leptons
Actually testing the coupling of any new light particle produced in e*e™ collisions
(scalars: H; vectors: A”and Z,)
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What we need: signal

= Just detect one photon + missing energy:

" ey
—_—y
L]

(me/ pe+) (my
" We want to compute M? = (P, +P, —P.) =

miss
—).
= We need:

a) A positron beam with a well defined momentum
1. Small energy and angular spread
2.  Small transverse spot
1+2 = small emittance
3. Tunable intensity (in order to optimize annihilation vs. Bremsstrahlung)
To measure precisely the photon momentum (angle and energy)
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What do we need: backgrounds

Y
e+
- :
We need to fight the backgrounds
i.e. one photon + something else, eventually going undetected:

o
Y
e* \
e+
Y /
e+

+1 electron +1y +2y
Bremsstrahlung process, =72 YY process, =Z 3y process

e+
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DADNE complex in Frascati

DA®NE, replacing ADONE (operational until 1993), has been running as e*e™ collider at 1,02 GeV
since 1999, for KLOE, DEAR, FINUDA, Siddharta, and now KLOE/2 ...

Synchrotron light source operational with 3 lines (X, UV, IR)
High current electron/positron linac + damping ring + test facility
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LINAC parameters

The “shotgun” of the system is of course the
high-current RF LINAC

Electron beam final energy
Positron beam final energy
) RF frequency

Y . .
. Positron conversion energy
Beam pulse rep. rate
Beam macropulse length

Gun current

Beam spot on positron converter

norm. Emittance
(mm. mrad)

RMS energy spread

electron current on positron
converter

Max output electron current
Max output positron current

Trasport efficiency from capture
section to linac end

Accelerating structure

RF source
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800 MeV
550 MeV

Operational
510 MeV
510 MeV

2856 MHz

250 MeV
1to 50 Hz
10 nsec
8A

1mm

1 (electron)
10 (positron)

0.5% (electron)
1.0% (positron)

5A

>150 mA
36 mA
90%

SLAC-type, CG, 2mr/3

220 MeV
1to 50 Hz
1to 40 nsec
8A

1 mm

<1.5

0.5% (electron)
1.0% (positron)

5.2A

350 mA
100 mA max
90%

4 x 45 MWp SLED-ed klystrons TH2128C




The beam test facility

Power supplies

BTF Damping
Ring
control room

BTF hall

!

LINAC —>

) Main'rings
N
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Beam parameters

Duty Cycle
Standard DA®NE duty cycle = 50%10 ns = 5x107/
Already obtained upgrade 50*40 ns= 2x10°
Work in progress to reach 250 ns (new pulser) = 1.2x107
... Up to 500 ns (double phase inversion at the SLED) ...
... and beyond (no SLED, or SLED detuning), in principle up to 4 us

Energy

— Maximum positron beam of 550 MeV
* The accessible M, region is limited to =23 MeV
" e.g. M, up to 28 MeV with 750 positron beam
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Beam parameters

Energy spread Ap/p ~1%

Beam spot: <1 mm RMS

Divergence: 1-1.5 mrad

— Effect of multiple scattering and Bremsstrahlung on the
Beryllium exit window (will not be there in PADME)

— Both size and divergence depend on the optics

Beam position: 0.25 mm RMS
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bersaglio
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I'U-—-e'e)|(GeV)

(%]

Relatve dference

Dark photon cross section

U boson width as a function of its mass

% CalkHEP, €2 0,001
* CakHEP, =001
— Analytic, €= 0.001
Analytic, €= 0.01

e+ interaction cross section [barn)

35 20
U mass [MeV)

Positron cross section on Carbon target

et annlhllatlbn (Heil'ler)
A e+ annihilation (CalcHEP)
e+ bremstrahlung (GEANT)|

Jllklllllll-‘llllkl-‘llllkkllllklkllllL.‘Jllel.‘
400 500 600 700 800 900 1000
Positron energy [MeV]
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Dark photon cross section

X

—_

S
D

. | == 250 MeV beam
550 MeV beam 5 ;
| == 750 MeV beam

-
>
T
'‘©
+
Q
©
=
>
o
/I\
'‘©
+
)
©

%III!I[I!IIl![II!I]I!III!]II!III!III

O
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The diamond target

Front side
2mm

£
£
~N

16 x-strips, 1 mm pitch

16 y-strips, 1 mm pitch

= Diamond is the rigid material with the best ee(yy)/Bremsstrahlung ratio (Z=6)
= Measure charge and position of 5000-10000 positrons/bunch eptp S 002000 4 T o e

§ S0 um, silver painted
2, Estimated CCD=10-20pm

= Below mm precision in x-y coordinates
= Better than 10% charge measurement
=  Polycrystalline diamonds 50-100 mm thickness:
= 16x1mm? strip and x-y readout in a single detector
= Readout strips are graphitized by using a laser to avoid metallization
* PADME prototype 50 um thick, 20x20mm? sample produced and tested on beam
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The diamond target

X116 out

= Bonding to the readout board
= Connect to amplifier

= Digitize signal

Sealed region Vacuum Sealed region k

Left vacuu m flange Right vacuum flange

= Step motor for moving the target
in and out of the beam
Afd a (thick) Silicon pixel tracker
in order to have a more accurate
transverse image of the incoming
positron beam
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The diamond target

:,'V»MMJ VMM ﬁﬂﬁw‘{l

F\"’"‘""". Py b Mt b M

I\ !
N S “_\*_**‘,"-f—’v I A,

Beam-test, end of 2015 Digitized strips signals

Profie X Event - Charge Integral

Center of gravity
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La misura della posizione e energia del
fotone dipende naturalmente dalle
caratteristiche del rivelatore (calorimetro);
Data la risoluzione spaziale, |a risoluzione
angolare, e quindi sulla massa mancante,
dipende dalla distanza dal bersaglio

calorimetro

La risoluzione in massa
mancante e
importante poiché
determina la reiezione
del fondo...
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BTF experimental hall

Approximately <5.5 m total length
(<3 m lateral width)

Una prima, non banale
limitazione, € data dalle
dimensioni della sala
sperimentale disponibile
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BTF users

Luckily enough, BTF is already extensively used by many experimental groups in HEP and astro-particles...

Total hours scheduled for user-o
Total BTF days scheduled Number of user groups
Total hours realised for user-of

Non Italian institutions (2011-2014)
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BTF beam-line upgrade
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Poiché il bersaglio &
sottile, la maggior
parte dei positroni

del fascio non
interagira...

Occorre quindi un campo
magnetico (dipolo) per deviare il
fascio primario OPPURE ricavare

un foro nel calorimetro

Avere un campo magnetico da la
possibilita di analizzare I'impulso dei
positroni che fanno Bremsstrahlung
sul bersaglio, perdendo parte della
loro energia (migliorando la reiezione

di questo fondo)

calorimetro

14

— -
—

%ﬂ:

=

bersaglio
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A¢/2 = arcsin L/2p

Small angles:

Ad ~ L

/‘)
(I)’/, )ondn ['l‘lllJ ~ Ao - /)’/)l

Le dimensioni trasverse del calorimetro
determinano (data la distanza) I'accettanza.
Se per es. consideriamo =100 mrad, anche
considerando la possibilita di aumentare
I’energia del fascio, e sufficiente un campo
magnetico relativamente moderato (0.3 Tm)

calorimetro

e+

e

bersaglio

L’esperimento PADME per la ricerca di dark mediators




Data la massima distanza alla
quale si puo collocare il

calorimetro
... la gap del dipolo non deve
l[imitare essa stessa

I’accettanza del calorimetro!

calorimetro
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Starting from the magnet, build the layout around it

b [EJ 755RN]

MBP-S series, on loan from CERN
=  Many thanks to TE-MSC-MNC, R. Lopez, D. Tommasini
= Shipped to Frascati in Dec. 2015

1$ Adjustable gap by adding/removing iron insets
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MBP-S series, on loan from CERN
= Poles: 100 cm length, 52 cm width
= Variable gap 11 to 20 cm, we further extended to 23 cm gap

= Preliminary field mapping:
= Good B field quality
=  Fringe field not negligible, even outside the coils,
relevant for beam control upstream of the active target

B Seld (Gauss)
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The PADME magnet

o €= Nominal value

F]
=
8
56000
o
=
@

200 300 400
Excitation current (Ampere)

Available power supply: 80 V/400 A Fix 5500 G at 550 MeV (275 A)
(no longer used splitter magnets for DAFNE IR)

A questo punto
occorrre trovare anche
un alimentatore adatto
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The PADME magnet

, ©493.29

|
A EDD

o
o
ol

1}

%_1//////////////A SONN

Front view
Scale: 1:10

D=3000

Target position determines angular acceptance given the gap (maximum 230 mm)
Limited by fringe field in the coils region

Calorimeter granularity and lateral dimensions can be adjusted by placing it at
the appropriate distance
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The calorimeter

The two basic requirements of the calorimeter are:

1. Measure E,, OY
= Good energy resolution: 1-2%/VE[GeV])
= High Photo-statistics
=  Containment
= Good angular resolution: =1 mrad

2. Fight pile-up

= Sub-ns timing resolution
Sarebbe vantaggioso
avere un rivelatore
compatto

Avete fatto
caso al buco?...

The material choice fixes light yield & time resolution, Moliére radius & X,
The Moliére radius determines

The + required angular resolution, set the distance from the target
Given the distance, the lateral fixes the angular coverage (i.e. acceptance)

.. and we have to take into account another important constraint:

The cost, which is driven by the material, and (i.e. the number of
channels)
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One photon background

Il positrone che ha emesso un
fotone puo essere utilizzato
per rigettare I'evento di fondo,
dal momento che ha un
impulso minore e dunque
curvera di piu nel campo
magnetico del dipolo

Bremsstrahlung y

Il fondo piu importante e I'emissione di
Bremsstrahlung, che produce fotoni
tipicamente a piccolo angolo. Nei cristalli
centrali del calorimetro questo
produrrebbe una rate troppo elevata.
Questo e tanto pit importante in quanto i
cristalli di BGO sono lenti (t=300 ns)
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Positron veto

Time resolution better than 500ps

Momentum resolution of few % based on impact position
Efficiency better than 99.5% for MIPs

Low energy part inside the magnet gap
High energy part close to not interacting beam

High energy

Nominal trajectory

Low energy
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The calorimeter

Parameter: p MP X§ R}, dE"/dr A} Tgecay Amax n° Relative Hygro- d(LY)/dT

t <o . .
Units:  g/em® °C em cm MeViem cm ns output’ scopic: %/°C* LYSO(Ce) h|gh LY, h|gh P, small XO and
small Ry, short t..,,

NaI(Tl) 3.67 651 2.59 4.13 4.8 429 4: ‘ 100 —0.2

BGO 7.13 1050 1.12 2.23 9.0 22.8 21 -0.9 [ | Performance:

BaF, 4.89 1280 2.03 3.10 £ 30.7 30 36° -1.9%
ey, 01! —  O(E)/E =1.1%/VE @ 0.4%/E ®1.2%

CsI(Tl) 4.51 621 1.86 3. 56 393 79 165  slight 0.4

CsI(pure) 4.: 621 1.86 3. 5. 39.3 30° 9 3.6°  slight -14 BGO: h|gh LY h|gh p Sma” X and
1.1f ) ¢ > 0
PbWO, 83 1123 0.89 2. : 7 30° 220 03 small Ry, long Ty,
0.077/ ) _
LSO(Ce) 7.40 2050 1.14 2. 9. ) 402 1.8 85 » Resolution also in 1-2%/VE range
LaBry(Ce) 5.29 788 1.88

Small Moliére radius and high light yield:

LYSO and BGO are both OK
= Granularity =R, = 2cm
= 3=2 cm — point resolution: 2 cm/V12=6 mm

opomt=6 mm — 1 mrad at 6 m distance — still too much 3 cm crystals
d RAIS

... But we have clusters!

Center of gravity should have a better resolution
Most of the energy will be in a single crystal, pulling the c.0.g. towards
the center of the most energetic one

Results with a Geant4 “photon gun”, E=500 MeV:
Ouster>4-5 mm (including the systematic shift due to shower depth)
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Missing mass resolution vs. calorimeter performance

Missing mass squared resolution

Missing mass resolution [MeVZ/c*]

1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1

1 2 3 4 5 6
Calorimeter energy resolution %/sqrt(E [GeV])
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Longitudinal containment
15 cm long crystals (13.2 X)) 20 cm long crystals (17.5 X,)

4  EtoVETrue

® EClus/ETrue
B EClus/ETrue

4 EtoVETrue ‘

EtoVEtrue
EtoVEtrue

No energy dependence
of response

400 500 600 700 800
Ey (MeV)

B AMS Esot
A EChus AMS ot
SuperB prototype
—

& AMS Elot
A ECs AMS cut
SuperB prolotype
|—— Fn

1 L |
500 600 700 800
Energy (MeV)
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Signal acceptance in calorimeter

Central hole of 20 mrad (1°)
= 20% of acceptance

0,,2x=65, 75, 83 mrad
From 58% to 65%
acceptance

-11‘3"Ull‘llllll']'lllll]:

P - e S T TN Y
14 16

Gamma angle (degrees

Acceptance increasing quite slowly

But wait! What about the backgrounds
with >1 photons?

L’esperimento PADME per la ricerca di dark mediators



Signal selection

Invisible Acc

Only one cluster in calorimeter
= Rejects e+e >vy, e+e >yy(y) final states
30 mrad < 6 < 65 mrad
= |mprove shower containment o(E)/E
Positron veto: no tracks in the spectrometer in £2 ns
= Reject Bremsstrahlung identifying primary positrons
Photon veto: no y with E,.>50 MeV in time in £1ns in

the additional small angle veto (SAV), covering the
hole acceptance

M, (GeVich2)

Cluster energy within: E_. (M) < Eq < E, ., (M,) MeV

= Removes low energy Bremsstrahlung and piled-up
clusters

min max

ATNAOOA

Missing mass in the region: M .., + 6(M

miss missz)

Resolution is the result of combination of angular resolution, | 0 500 . 600
energy resolution and angle-energy correlation due to production MMiss (MeV)
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Residual background estimate

—_
o
rS

1 ||H|]|

B V2, no cuts

miss

2
. Mmiss cuts

Events/5 MeV?

—_
(@]
w

I \IHII|

TTIITTIT

Number of background events

TIIITIIT

F Y |

' L A L L L | - 1 F_— " L L L l ' A
0 100 200 300 400 5200 600 14 16 18 20
M. (MeV '
mes (MeV) A’ Mass [MeV]

= Pile up contribution is important but rejected by the maximum cluster energy cut
and M?2,....

= Veto inefficiency at high missing mass when p_,= p..tcam
= Additional positron veto detector can help rejecting residual background

Rejection of 2 and 3 photons backgrounds depend on the cluster definition, on
the topology cuts, and ultimately on the calorimeter angular acceptance
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2y and 3y backgrounds in the calorimeter

: total number of hits in each region,

Recoil Y dEﬁniﬁon: without costraints

Green: total number of hits in each region,
10 Mev <E< 400 Mev given the recoil y request
30 mrad < 0 < 65 mrad
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No 2y events

Per-mil 3y background




Residual background

Tighter signal definition: in fiducial region and 150 MeV < E < 450 MeV
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BG studies definitions

Detector Angle

Small angle Calo
Electromagnetic Calo
Large angle Veto
Lost

NseeSAC= NSAC+Ncal
NSeelLAV= NLAV+Ncal
NSeeALL= NLAV+NCal+NSAC




2y distribution no cuts

b b i prra e by v b aaa Jaaan
3 3.5 4 2 2.5 3 35 4 4

1.5 2 25 4.5

v be s Lo v b vaa baaas prra e by by b aaa Jaaan
2 25 3 35 4 k 2 2.5 3 35 4

1.5




After applying the 1y cut

NSeeSAC NSeelAV

IIlIIIII T IIIIII||

I AN ARE N RRE RN NN EEEEE R
3 3.5 4 3 35 4

NSeeAll QLostCut

QLostCut
Entries
Mean
BRMS

[llllllll
LI |

T Illllll

Illlll

RN FREEE EEREE RRE v b v v b v by v b Ly gy

2.5 3 3.5 4 4.5 0 0.5 1 15 2 25




3g background distribution




With standard 1y definition

NSeeSAC NSeelLAV

T IIIIIIII

NSeeAll QLostCut

QLostCut
Entries 14
Mean 0.1913
BMS 0.08726

Ll|I|||lIlllllllllllllllllllllll




NSeeSAC

NSeeAll QLostCut

QLostCut

T |||I|||| T ]|||I|I|

Entries
Mean
RMS

4
0.135
0.01871

&I

GammaEMin =150.; GammaQMin = 0.030;
GammaEMax =450.; GammaQMax = 0.065;




100mrad

APERTURA 230

Section view A-A
Scale: 1:5

To keep the 100mrad acceptance for photons and the target out of the coils we need a gap of
290 mm. The parts needed for the extensions are available at CERN




Calorimeter layout

Length >20 cm

Cell side 2 cm

Make simpler (square) hole, radius=6 cm

Fix outer radius at 28.5 cm, fiducial radius=25 cm

Given 300 cm distance:

=  Fiducial acceptance 25/300=83 mrad

= Angular resolution 4.5 mm/3 m=1.5 mrad
Total of 616 crystals
616x20x2x2 = 50000 cm?3

Side=2.

Now...

... at 20€/cc such a calorimeter will cost 1 M€ only for buying
the crystals (probably twice in the case of LYSO...)

+ photosensors

+ readout

R=6,25,28
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L3 BGO crystals

Forward Backward

=600 BGO crystals from former L3 experiment

electromagnetic calorimeter

= Many thanks to prof. S. Ting (L3
spokesperson) and INFN management
Cut from trapezoidal prism shape to square
section 21x21 mm?2, 230 mm long
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L3 em calorimeter endcap

450 500 550

Lambda (nm)

High-temperature annealing for recovering
radiation damage (transparency loss)

A 180 MEV ELECTRON BEAM

® X3 ELECTRON BEAM

2% at 1 GeV
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Next steps

Cut from trapezoidal prism shape to square section 21x21 mm?, 230 mm long
Wrap and/or paint for light reflection/light tightness and protection

Choose photo-sensor, how to couple (glue, grease...)
Assembly procedure and mechanical structure

Choose readout

19 mm (3/4”) photo-multiplier tube  10x10 mm? large area APD

PAINTING BEFORE JOINT N Rubber/Sealant The new crystal is added by

fixing its location (X-Y) by

- ¢ of Jigging
Diam. 17 mm for PMT the references of Jigging

Diam. 12 men for Inspection

We have to paint the crystal 50 as
to leave two “ spot “ for bonding
. for the

CAapOcCia@UNEINFNLIT at




PMT vs LA-APD

Hun Energy [MeV] type
304 150 PMT
E 305 297 PMT

) 302 431 PMT
PMT - ) 313 150 APD

an 297 APD

Ham. 1 inch & J o0 & 312 448 APD

Charge [pC)

Resolution %)

Ham. S8664-1010
350 400 Energy 14{::!V|

o =0.67 ns

Time [ns]

GEN IR
3x3 prototype)

" PosY [cm].
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Readout

Digitized signal acquired with
CAEN V1742 (1 GS/s)

EOAL ChOPNT 1 (08 0) Sigrad

ECALCR 1 PNT 2 (Ch 1) Sigral EOALCh 2 PMT 3 (Ch 2) Signet

e ]
Raw signal converted into charge
integral in each crystal

BOAL Ch 3 PMT 4 O 3) Sigrad BOAL Ch 4 PNIT 5 (Oh 4) Sigral BOAL O8 5 PMT 608 5) Signet - \;_? : ;

Total charge spectrum obtained by
summing over all crystals

“““““““““ = EoETETETE PR = ECALQTotPMT
ECAL Ch 8 PNT 7 (08 6) Sigrad __SoMcA TR eERT el EOAL R 8 PUT 008 0) Signet ECALCh3 PMT 4 Charge ECAL Ch 4 #MT 5 Charge ECAL Chs PMT 6Charge L Entries 39023
- . F ot * Not saturated Mean 8963

* 0.3cm from position (0;0) RMS 2138

T T II|III|

10°

= e e = E T

T T IIlII||

ECAL Ch7 PMT & Chargo ECAL Ch& PMT 9 Charge

b 102

T IIIIIIII

Weo ame  Gme Moo 3000

T IIIIIIll

i m

I I I I I
5000 10000 15000 20000
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Reconstruction of charge

BOAL Ch O PNT | [On 0) Sigred ECALCH 1 PNT 2(Ch 1) Sigral BOAL G 2 PMT 3(On D) Signed

w,_ T

j |

BCAL Ch 3 PNT 4 [On D) Sigred ECALCh 4 PNT 3 [Oh 4) Sigral BOAL G 5 PMT 0(On 5) Signed
H—

T™ T T rr I rrrfrrrrrrr

BOAL Ch & PNT T O 0) Sigred ECALCHh 7 PNT & (Ch 7) Sigral BOAL G 0 PMT 9000 0) Signed

—— -

T T rrrirrrirrrirrri

!
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Resolution of 5x5 prototype

B MC Total energy
MC Cluster energy

B Test beam data

" | - - — Test beam unciion
AN

000 000 20000

7]

T

2/ ndf 5.729/4
po 16.47 = 0.1445
p1 11.21 = 65.79

NN

5

III[IIIII[TI

o

Energy (MeV)

00 400 600 800 1000 1200 1430 1600 1800 7000
Energy (MeV)

Results very similar to L3 one, even without optimal calibration
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Data vs. MC

ERatio vs Ey True

—_

Etot/Etrue
*\\7

®  MC Etot RMS
&  MC EClus RMS 5x5
MC QClus RMS 5x5

Test beam 3x3 Matrix

|III|III|I

Test beam 5x5 Matrix

_ f_CIear dependence introduced in the energy
_ collection at low energy

E:)
(2]
ST

1 1
1000
v Energy (MeV)

*  Number of photo electrons: 100.
Minimum of the zero suppression in MC: 1MeV
* Cell to Cell intercalibration errors: None

13/0 M. Raggi PADME Ecal
1/17




L’esperimento PADME per la ricerca di dark mediators




Small angle detector

SAC energy 1 good

_ hESAC
300—, . . . Entries 25193
- Ey distribution from 3y Mean 4741
~ RMS 40.73
250_—
200
150
100~
50—
0—1 e e v b g P S AT TR N S NN [ N
0 100 200 300 400 500 600

1 good cluster in calorimeter
<2 in small angle

10*

ESAC {ESAC>0}

htemp
= . . . Entries 270096
: Ey distribution Mean 783
- 118
Jw_ from Bremsstrahlung

| 20749

f 1 I S T Lo PR T Y W NN WY WY T TN N U N |
0 100 200 300 400 500 600

ESAC

Only about 7.7% of the photons with E>300MeV
Need to be “blind” to photons below =100 MeV
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Small angle detector

BGO calorimeter cannot tolerate the Bremsstrahlung rate in the very
central crystals

= |nner hole 10x10 cm?

Small angle detector aim to tolerate a rate of the order of 10 clusters
(40 ns bunch length)

The only fast enough inorganic crystal is BaF, with a fast PMT readout
A possible alternative: Cherenkov detector like PbF, or SF57

Veto Inefficiency vs Time window

Inefficiency of SAC veto

o
]
I IIIIIIIl I lIIIII[l

S
w

o
-
T TTTT T TTTm

T

1 1 1 1 | 1 1 1 1 I 1 1 1 1 | IVI 1 IVI 1 h 1 1

1 2 3 4 5
Time window width (ns)
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Vacuum vessel

O

=

TR dgo AR AR A o]
SR TR A A R o
IR0 L OO 000 '

—

O

Front view
Scale: 1:10

Vacuum mandatory for three
purposes:

Not to spoil beam quality
before hitting the target

To minimize photon
interactions before reaching
the calorimeter

To minimize positron
interactions before hitting the
veto detector (in particular
showers!)

Different possibilities under study to minimize the material thickness, i.e. increase acceptance

(given the magnet gap) for the vessel, with the following requirements:

= Hold the vacuum
= Host the scintillating bars for positron veto detectors

= Interface to target box (upstream) and straight section before calorimeter (downstream)
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Vacuum vessel

Nascondendo
il magnete...
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Positron veto

PosVeloNFing

M .
600
PosVetoTrEne

Low momentum losses are reduced for E.{<400 MeV
Interesting positron energy starting at ~150 MeV

Which granularity?
= 1 cm scintillator bars, readout by SiPM

= Few % momentum resolution in a large part
of the spectrum
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Optimized positron veto geometry

-
@
] -
v | =T
= SiPM SU FIBRA OTTICA CON SIPM AL CENTRO SCINTILLATORE SiPM SU FIBRA OTTICA SIPM SU FIBRA OTTICA
. ol © SCNTLLATORE OTATO 0
Y I N e
| 2| == 1 e
Lt = o - T
c = - [
e =% o
SlelalSlel B Rt AUEEEEERrer e e s e
Sl sl = PRl APl s RTINS AR
= Ol Wl wvn 2 AALBLLR ARRELRR — —
- — — — — 1 LJ(S\\,TM,}J Q‘S\\’M’ﬂ[p
Sssmm?? . N7 \V74
S| N| © - | = Nt N\ IR D - e
AR IR e e AN IS T
NN -] =] - J | SJT177 A g \
7 \ / \
60'C

Per ogn scheda abbiamo intoale 16 cavi
4 caviper Qua
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Study of the supports

|
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Residual background

Bremsstrahlung . _ _
 [Broms background Difficult to veto positron with E_,~E

& 10° | Il Brems before veto
I Brems after veto

beam EVENTS

1050 -1000 S 750 700
VetoY (mm)

3y background

s boloe veo Difficult to veto low energy photons due to high
= Bremsstrahlung rate in the small angle detector

Design optimization ongoing to reduce residual
background
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Mass yy

Y
[ Brems

YY events can be cleanly selected for
measuring the beam flux, in addition to the
diamond
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High energy positron veto

Monte Carlo simulation:

= 2x7 array of TimePix (Silicon pixel
sensors+readout) in vacuum

Directly placed in the beam (5000
particles in 40ns)

= Single bunch in TimePix
array simulation

= Average 1 e*/bunch/
fired pixel

= Expect very precise
measurement of N,
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TimePix in PADME MC as veto

1000 bunch of 5000 e*: no energy spread and no beam divergence

sezal ® The target produces radiative
A tails due to bremsstrahlung

The scintillating veto system
does’nt work for very soft
bremsstrahlung

* Too close to the beam spot

® Too high rate per single bunch

= Need much higher segmetation

Both the energy spread and
5713413 beam divergence enlarge

= -0.2215

. 0.0004956
StdDevx = 10.19 the spot
Std Dev y . 3.261
= 10°

TimePix able to cope with

high rate providing timing

and position useful to veto
extra track out of the non

radiative spot




PADME TDAQ

Readout based on digitizers CAEN V1742

~1000 channels

~33 FADC boards involved (32 channels)

Trigger and clock distribution to the 33 boards
Online FADC zero suppression (LO)

FADC boards synchronization to few 100ps needed

L’esperimento PADME per la ricerca di dark mediators




>
<
)
—
o
o
&
)]
l—

disk buffer

Neutral Filter (Inv)
1 or more ECAL clusters

Charged Filter (Vis)
2 or more tracks

Trigger
Distribution
System

BTF
Beam
Trigger

Other
Trigger




CAEN V1742

 Switched capacitor digitizer based on DSR4 chip
* 32 channels (+ 2x2 triggers)

* 1 Vpp on 12 bits
* 1024 samples @ 5-2.5-1 GHz clock 1/0 ||

* 181 us dead time
* 80 MB/s optical link to A2818/A3818 PCl controllers

3

Two V1742 boards (64 chns) and 1 A3818 controller
(2 optical links) are currently available and will be
used during the November test beam

Start/Stop DAQ

Optical link

To ensure multi-board synchronization:

 Centralized trigger signal distribution

 Control DAQ Start/Stop via S_IN

* Synchronous reset of trigger time tag

* Use an external clock source for all boards to avoid
inter-board time drift O(1 ppm)

§

CROEEEE g'

ggizzee
1O,

E]

oo<cr &

100000000 @

o~-"

N.B. All this requires dedicated
hardware interacting with the
- Run Control

() R i e e e




Zero Suppression

* ECAL expected occupancy: O(1 channel/event)+noise

* Most of the channels will be empty most of the times

e Zero-suppression will substantially reduce the amount of data saved to disk
» Expect a factor O(50) reduction

Algorlthm
Start ADC acquisition window ~100ns
before start of spill
Use first 80 ADC samples to compute
Baseline and RMS
Define threshold at Baseline-X*RMS
Find largest set of consecutive samples
below threshold
If largest set contains more than N
samples, channel is accepted
X,N can be used to tune the algorithm

Note: zero-suppression can be applied on a per-board basis
E.g.: ON for ECAL and veto, OFF for Target and SAC




Preliminary test on 3x3-crystals detector.

» Signal: test beam (500 MeV), ~4.5K events
» Noise: off-beam (i.e. empty + cosmic ray), ~30K events

Apply zero suppression with different values of X,N
X=3, N=4 =» ~15000 noise reduction factor, <10 inefficiency

Need to study efficiency as a function of energy released in the crystal

triggered noise percentage triggered signal efficiency

0.981232

0.986752

0.989843

. 0.946787 |

0.956061

0.968867 |

0.981453 |

0.988518




Calibration
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Legenda
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Processing




PADME experiment summary

103-10% e* on target per bunch, at 50 bunches/s (1013-1014 e*/year),
limited by pile-up, mainly due to Bremsstrahlung events
Active target, thin: e.g. 50-100um diamond with strips

= Optimize by looking at annihilation vs. Bremsstrahlung cross section
Magnetic spectrometer/veto ~ 1m length x 0.5 T for sweeping away
550 MeV beam

= Conventional magnet with large gap for gaining acceptance

= Possibility to increase field for energy upgrade to ~ 1 GeV

= Available from CERN, spare of MBP dipoles of SPS transfer line
Cylindrical crystal calorimeter

= Optimize radius vs. distance by looking at background rejection vs.
acceptance

= |n order to have an acceptable rate, central hole and
Small angle detector for Bremsstrahlung veto
Vacuum pipe
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Small Angle

Calorimeter
BGO crystals




PADME-invisible decay sensitivity

Based on 2.5x101° fully GEANT4 simulated
550MeV e+ on target events

i : > 5 * Number of BG events is extrapolated to 1x10*3
10° T ) 2172 S electrons on target

Using N(A”y)=s(Ngg)

g TN e d enhancement factor 8(M,) = (A" v)/o(yy)
10°® with £=1

N(U~) Acc(yyy) G, %
- ; ‘ — €“ % 0

N (v~) ) Ace(U~) a

['(eTe™ — U~)

[(ete— — 1)

107

2 years of data taking at 50%
efficiency with bunch length of 40 ns
1013 EOT = 6000 e*/bunch x 3.1:107s - 49 Hz

1 LR LA

10®

PADME can explore in a model-independent way
the favourite by (g-2), band up to M?;,=2m.E,,

] i lllllll

5 R LR
1010.3 10° 10° E..=750 MeV: M,. < 27.7 MeV/c?
M,.(GeV/c?) e AT

E..=1GeV: M, < 32 MeV/c?
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Monte Carlo simulation

\
Positron veto
High energy

ea’®
? oo on®

Positron veto
Low energy

Calorimeter
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Missing mass resolution

Crystal geometry ]

A 2x2cm crystals

28 A =
m 1x1cm crystals

Sigma MM2 vs MA,

o MMiss® (MeV)
Il
Rl

30}

25!

20} .

15/

10}

0 2 4 6 8 10 12 14 16 18 20 22 24

Distance from Target (cm) M.. (MeV)

Improvement mainly due to better angular resolution when the calorimeter distance increase
Depending on dark photon mass angular resolution is no more the dominant contribution to
the M2_. resolution and the improvement is reduced (smaller for higher dark photon masses,
i.e. lower energy v)

Impact of beam angular divergence to be taken into account!
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ALP physics at PADME

Primakoff
. y PADME can search for long
,,/ living ALPs by looking for 10-"
1y+ M2 . final states
1072 3
. , In the visible final state a->yy 10-2 .

all production mechanisms

T 10-4 ]
Bremsstrahlung can be explored extending the 3 10 5
X - - .
107® E
The observables at PADME SN1987a '
will be: eyy or yyy 1077 E
Z Z -8 AT | L3 sl gl I
¢ 1904 1073 1072 10~ 100
Annihilation S ma [GeV]l arXiv:1512.03069
.
-.x.-
+
e
)
IN'N

I‘h.ys revD 38 11 1998



Background to ALPs searches

140
Massa(yy)

100 120

Invariant  yy mass for all events
collected by Ecal (2x10%° POT) with
two in time clusters

Even without any selection cut
PADME will be background free for
masses above 40-50MeV

" Main background e*e™—yy, e"e"—vy(y) has a kinematic limit at M., =24 MeV

Il background at higer masses is due to overlapping photons from different
bremsstrahlung interactions.

Can be suppressed by using the charged particle veto.




8Be anomaly

Observation of Anomalous Internal Pair Creation in 8Be Not a “trivial” dark photon

A possible indication of a light, neutral boson 2 o KLOE
10 I 1 A

o | m=15.6 MeV 800 N

Olg m=16.6 MeV o0

= m=17.6 MeV

D
[
[=)

m=16.6 MeV 10°®

N
o
o

—
o
&)
T T TJT T
©

i

W

[=]

(=]
T

Counts, Nee [per 0.5 MeV]

E774
2| ey, S e NAdE2
10 i \79 /Cey-e‘ 100 F - 10 B 10l 1 Ll I
L I-rrrr""l-‘--l---.l 1 1 I\\rL 10 102 2
8000 100 110 120 130 140 150 160 170 7T 0 T 121 1 15 d6 17 18 My (MeVic')
Opening Angle [Deg] Invariant Mass, Mee [MeV]
Not an ALP

8Be* é&eqt@ 102
((@ QXQ xJZ Tt 1073
PRL 116, 042501 (2016) A e\_u;\
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O ) z 107 SLAC 137
et ” ’ '
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Possible interpretation

“Evidence for a Protophobic Fifth Force from 8Be Nuclear Transitions”
J.L. Feng et al. arXiv:1604.07411

- - Xiv:1604.07411v1
n’-phobia = p*-phobia  *™" !
To avoid NA48/2 prohibit 0 decay to Xy

be X
0 0
T - T p
| [ . Goldstone
—-? Ul — ad) of S;WT’: ,y

V

FROM QUARK CONTENT FROM CHIRAL PERT. THEORY

Q.Q), — Q.0 =0 N — p
Qu = —2Q, - \n




’Be anomaly a PADME?

_2018 experiments F uture experiments.

10} 107

\‘_/\
D

aaas x .. - 2 s 2 22 10-5 Ad s s A A .......LHc.b. PR
102 107 my [GeV] 10% 107 mx [GeV]

PADME has the unique chance of producing X in resonant mode BTF a 300 MeV

10°=

Il problema del fondo yy potrebbe essere risolto con scintillatori davanti al calorimetro

Contatto con gli autori per stimare le sezioni d’urto

)
ININ
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ttp://www.Inf.infn.it/acceleratori/pa

VLB username password ®
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Related links

INFN LNF

Searching for Dark Photon at Frascati

The PADME experiment at Laboratori Nazionali di Frascati of INFN aims to search for the "Dark
Photon" using positron on target collision at the DAFNE Beam Test Facility.

DAFNE accelerator at LNF

BTF at LNF

Indico PADME

PADME mailing list

PADME calendar

PADME News

1-2 March 2016 at LNF
PADME CollaborationMeeting

April 4-11 2016
PADME test beam at BTF LNF

The PADME Experiment

The long standing problem of reconciling the cosmological evidence of the existence of dark
matter with the lack of any clear experimental observation of it, has recently revived the idea that
the new particles are not directly connected with the Standard Model gauge fields, but only
through mediator fields or “portals”, connecting our world with new “secluded” or “hidden” sectors.
One of the simplest models just adds an additional U(1) symmetry, with its corresponding vector
boson A[1]. All SM particles will be neutral under this symmetry, while the new field will couple to
the charged particles of the SM with an effective charge e€e, so that this new particle is often
called “dark photon". Additional interest arises from the observation that A' in the mass range 1
MeV/ c 2 to 1 GeV/ ¢ 2 and coupling €~10-3, would justify the discrepancy between theory and
observation for the muon anomalous magnetic moment, (g - 2)u. This possibility has been
recently disproved in the hypothesis that the A' decays to SM particles only, on the contrary if A'
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Search in bremsstrahlung production
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Visible search experiment

Calorimeter

Search for the process: e N - Ne"A’ >Nee"e*
750 MeV electron beam on a ~0.5 mm tungsten target
Measure in the spectrometer only the P4__ P4,

Compute the M, 2= (P*__+ P*_,)? and decay vertex position
— Search for peaks in the e*e” invariant mass
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Indication on visible decay sensitivity

& FEE . . B o(1.2GeV) KLOE ¢o—e'ey
o LN i - B o(l.GeV)
JU B 007Gew
o~ o(0. €'
) T i """"" B 0(0.55 GeV)
a10’° i ==
£ oo
© USSR M EOO S
10? ==
10 =
I S S TN NS SO LI S
1 | - L1l L1l 11 11 i L1l | 111 I?\ 111 L1 11
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M, (MeV)
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Electron dumps experiments

B : ¢ ¢ ¢ LWU -‘\‘rol L sh L dec N \
Xperimen arge . 7 Nobs Noso
s . [GeV] electrons Coulomb  [m] [m] o TP
E141 [47] W 9 2x10®*  0.32mC  0.12 85 12650 3419
E137 [48] Al 20 1.87x102%° 30 C 179 204 0 3
E774 [49] W 275 5.2x10° 0.83 nC 0.3 2 02 18
KEK [39] W 2.5 1.69x10'7 27 mC 2.4 0D 0 3
Orsay [40] W 1.6 2x100% 3.2 mC 1 2 0 3
1
102 By S. Andreas =
- 3
1073 ~ ~:
200 cm R PADME 3
Diamonflbeam lOW"" ~ \ ~ dump 1017 ﬂ_
'"°""°'\ ~. N 750MeV e” 2
< F e & ]
Vacuum chamber bl ¥ X T T L ~—l——{J 10-3 3 s \‘ 3
ectron : \}\ - :
nv:'to IO_GT = E
100 cm . -I\; } g ‘I :
= EK B > 1
PADME DUMP M _E137_ -7 3
10~° 1071
INFN m, [GeV]
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High intensity

]HI II TTITTTTIITITT T H]HII]H

l
|L1 'm' g 0w o gy e

16/02:05 17,0205 18/02.05 QL"O 20/02:05 2102:05 22/02:.05 2302.05 "'40"‘ T-‘f 205 26/02.05 27/02:05 28/02:05
Runid (day/™:m)

SHTTIT

Radioprotection limit:
<n> = 3.125x10%° particles/s

Bunch Time profile

beam 10ns

Typical charge to damping ring:
<> >1 nC/pulse for e~
<> 0.7-0.8 nC/pulse for e*

But...
< Much higher charge on positron converter
< 8A (12 A) from gun cathode

A few measurements on the maximum LINAC charge,
driven by beam-dump experiments requirements

L’esperimento PADME per la ricerca di dark mediators




Bunch charge vs. length

-
o

E=725 MeV

charge [nC)
C = N W s Oy Y

0 2 40 increasing pulse length

Pulse lenght [ns)

+30% x3 - x5
Decreasing grid stopping potential Increasing gun pulse height

4

7

6

charge [nC]
= W

charge [nC]

w

120 130 140 150 160 170 180 190
Grid potential [V]

370 420 470 520
Gun pulse [V]
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How many electrons on target?

* Let’s compute how many eot/y” for 10 nC/pulse so we can scale easily
with the charge available from the LINAC
— 10nC=103%/1.6x101° = 6.25%x10%°
— At 49 Hz (1 pulse to spectrometer line) = 3x10%% e/s

 Standard year = 1 y*= 120 days at 100% efficiency (107 s)
* 3.175x10%° eot/y"

— Considering measurements at 725 MeV, 40 ns, in the present LINAC
configuration and quite conservative assumptions

— Further extension of the pulse to 150 ns seems feasible with the present RF
configuration, and should bring us to =100 nC, i.e. 3x102° eot/y"
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LINAC beam dump

L’esperimento PADME per la ricerca di dark mediators




DHPTTO2

LINAC beam dump

DHPTTO1 Q

DR pumps hall

L’esperimento PADME per la ricerca di dark mediators

A new thin vacuum chamber for

DHPTTO1 with a double/exit
< Exactly the same design of
DHPTTO2

A straight vacuum pipe to the
inside of the cavity

dump experiments




PADME dump toy Monte Carlo

Try to evaluate driving design parameters for the PADME dump
Toy MC includes:

— Production cross section calculated by MADgraph

| 2
('Lf'-r . - N , . | m_,
J 5’(1‘3\21‘,5!{ E(E.,myp,Z,A) 41— I,I_,
“e
-d p .2 ’ 2
1—r.+3= (1- 1'¢)‘m.f, (1 — xe)zemZ,
5 } 74 - 73

dze deos @

Scale by decay length acceptance

Scale by electron acceptance in the detector using kinematical distribution
from a toy MC

* Distribution have been compared with MADGraph for several M|

Not yet implemented in depth production of the A’

.
N E NN
A
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PADME dump main parameters

Acceptance as function of MU

+10cmat 1m E = 1000 MeV
E = 1200 MeV

e'e acceplance

B e
U boson mass [MeV)

Decay into the
dump

2
e M, MeV

[ CD'JCI HIICIHILVU T AWVIVIL PCI 1a II\.CIL:a dl darl\ Hnicuiawvi o




10
107
10°®
107

10°°
1077
10"
10712
10"
104
107"°

/7 1-10%9 1.2 GeV electrons; 20 cm aperture at 50 cm from 8 cm W dump

IN
C

Dump comparison

Zero BG hypothesis, in depth production to be refined, not yet a sensitivity plot

108 |

..................

....................
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1016 E i ] N N S U S N B N N

2
10 10 M. (MeV)
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BDX @ LNF
—f— - A. Celentano, talk at “ What Next LNF”

X < Same acceptance limit at 100 MeV coming from

Beam I)mnp Detector

low beam energy

" BDX@LNF
Electron scattering

- IIIHHI\I FTITH

| | Proton scattering

t 3 ‘ 102 10°
10 10\, (Mev) M,. (MeV)

Beam energy 1.2 GeV (e")
Csl detector 60x60x225 cm?3 built with cr
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BTF upgrade

Decays to lepton pairs Decays to invisible
: I ]. l [ ,] L l ......... . E | ol N 1EE I T T TT1
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Add 4 sections + 2 SLED-ed klystrons

4 Acc. Sections
2 SLEDs

2 Power Stations
Waveguides + accessories
Vacuum - Diagn. - Magnetics -

Cooling -Controls efc ...

45 MW

55 MW 3OLMW
I h—
P.C 77 MeV 57 MeV 26.5 MV/m

+320 MeV:
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Add 4 sections + 4 SLED-ed klystrons

45 MW

ssuw oMW
==

77 MeV 57 MeV

45 MW 45 MW 45 MW 45 MW

26.5 MVim

+320 MeV:

Reach:
Add two more SLED-ed klystrons and

1250 MeV electrons

LN SRt . ORIGINAL RF LAYouT  SPlit power only in two sections
instead of four
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“Low cost” energy upgrade

forward
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Test of positron beam

E,=510 MeV electrons, Q=1 nC

E=447 MeV=88% E,, N=~2000 positrons
10 ns bunch width

BTF target at 1.7 x,

=0.8 mm (2 mm FWHM)

Dominated by multiple scattering on 0.5 mm Be window + 20 cm of air Finestra
Can be pushed down to 0.6-0.7 mm (with Be window) Berillio
Can be further improved operating in vacuum

Dominated by momentum spread, TB2 slits (before selecting dipole) + TB4 (after)
Can be improved by using an optimized (thinner) target and by closing the slits

A thinner target also allows to run closer to the primary energy
FITPIX

15%15 mm?

la ricerca di d:




PADME project plans

Project has been presented as a “What Next” Project in INFN CSN1
— The project has received positive comments form CSN1 referees
— Proposal for R&D financing will be discussed in the next CSN1 meeting
Proto collaboration formed including
— LNF, Romel, Lecce and Sofia university

6 weeks test beam time asked at DA®NE BTF in 2015
Study the prototype of BGO calorimeter solution (L3 crystals)
Test diamond target prototypes
Study the maximum beam current per bunch and beam spot size

Optimize beam characteristics for PADME operation bunch length, number of particle per
bunch, background, beam positioning stability

Interesting synergy with BDX project identified (BDX at LNF?)
Many item still to be covered!
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PADME Signal and backgrounds

Our signal:
One photon in the calorimeter
No positron in the veto

Kinematics matching a
missing ma.ss within defined
constraints

We need to fight the backgrounds: one photon + something else, typically one
or more photons going undetected




