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What the universe made of?

???Dark Sector???
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= Standard model only includes <20% of the matter in the

unlve rse 26.8% Dark
=  We only know dark matter interact gravitationally
e 68.3% Dark -
= Many open questions Energy ¢.9% Ordinary

=  What is dark Matter made of?
= How dark matter interact, if it does, with SM particles?
= Does one or more new dark force exist?
/) = How complex is the dark sector spectrum?
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Dark photon model

???Dark Sector???
If there is a new force in the dark sector we need a new
particle with guantum numbers of the new force and of
one of the SM forces. These particle is called “portal”

Dark

The simplest hidden sector model just introduces one extra [
U(1) gauge symmetry and a corresponding gauge boson:
the “dark photon” or A’

This scenario is natural in many SM extensions and in
particular in some classes of string theories L~ gapbypU.

The model become popular for its capability of reconciling A
experimental value with theory prediction for (g-2)u S
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A’ production and decays

= A’can be produced in e* collision on target by:
=  Bremsstrahlung: e*N ->e*NA’
= Annihilation: efe™> YA’
= Meson decays

Bremsstrahlung Annihilation

= |f no dark matter candidate lighter than the A’
boson exists:

= A’'>e'e’, utu, hadrons, “visible” decays

= For M,<210 MeV A’ only decays to e*e”™ with
BR(e+e_)=1 Meson decays
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= If any dark matter particle  with 2M, <M, exists o \\/\L/ T adrons |
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= A’ will dominantly decay into pure DM ol |
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=  BR(l+l-) suppressed by factor &2
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Dark photons searches

Minibone
@ Fermilab ] ] ]

Cornell Phenix @ RHIC

=

BaBar @ PEP-II JLAB: APEX
HPS, Darklight
BDX

Al @ MAMI
WASA @ COSY
HADES @ GSI

u 5 Magix @ MESA

ATLAS, CMS @ LHC

ALICE @ LHC k| OF2 @ DAFNE
P-348 @SPS pADME @ BTF
SHIP @ SPS
NA48/2 @ SPS
Mu3e @ PSI
NA62 @ SPS

Legenda:

Publishing

Approved
Proposals

VEPP-1II

Belle @ KEKB
Bellell @ superKEKB

Many active experiments in the field with several different techniques
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Status of ‘‘visible’” and ‘‘invisible” A’ searches

1074

Hidden Photon = invisible (my > 2 m,)
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La banda favorita da (g—2)M e praticamente tutta esclusa
NA48/2, nell’ipotesi che A’ decada in SM leptons

Invece lo spazio dei parametri escluso ammettendo che il dark
photon possa decadere in particelle del settore oscuro
(M, <M,./2) & molto ridotto

Ancora molto spazio dei parametri da esplorare m,<1 GeV
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The PADME approach

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

= A’ decays to e*e” (visible decays assumption) and thus BR(A'>e*e™) =1

= A’ couples with the same strength to all SM fermions (kinetic mixing)

In the most general scenario:

= A’ can decay to dark sector particles x with mX<MA,/2 = BR(A'>e*e™ <<1)

= Dump and meson decay experiment results suppressed by &2

= A’ can even be stable (M,=0 or M,<2m,)

PADME aims at detecting A’ produced in e*e” annihilation and decaying into any final state
by searching for missing mass in efe™>YyA’, A’y process

= No assumption on the A’ decays products PADME serches fore"e™— vy + M.,

=  Only minimal assumption: A’ couples to leptons

= PADME will limit the coupling of any new light particle produced in e*e™ collisions:
scalars (h’), vectors (A’) or pseudoscalars (ALP)
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PADME invisible technique

calorimeter electron veto spectrometer
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high energy
positron veto

Search for the process: e+e- - YA’ on target e™ at rest electrons
(5000 550 MeV e*)/bunch on a 100 um diamond target with 50 bunch/s
= Collect 1x10*3 e* on target in one-two year of data taking period at BTF
Measure in the E,, the Ey and 0y angle wrt to beam direction
Compute the M, ;> = (P4._+ P4y, - P, )

= P4 =(0,0,0,m,) and P4, =(0,0,P sQrt(Pgesm> + M,2))

beam Beam?
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DADONE Beam Test Facility (BTF)

NIM A 515 (2003) 524—542
| Maximum beam energy (E,.,,)[MeV] 750 MeV 550 MeV
Linac energy spread [Ap/p] 0.5% 1% ‘h”m”fmf | KL.‘-“"’ z;;;s:
Typical Charge [nC] 2nC 0.85nC [~'~’J_ !2/7 4”,
Bunch length [ns] 1.5 -40 \ L EAR ‘.‘4\4'
— 1 U
Linac Repetition rate 1-50 Hz 1-50 Hz gm0 N5 o
Typical emittance [mm mrad] 1 ~1.5
Beam spot o [mm)] <1l mm
Beam divergence 1-1.5 mrad g_”_
= Able to provide electrons and positrons .
= Duty cylcle 50*%40 ns= 2x107 s QJ
work in progress to reach 160 ns ideas for 480 ns
= Request submitted for energy upgrade to reach ~1GeV. %L
" The accessible M, region is limited by E, ., o

= (0-22 MeV can be explored with 550 MeV e* beam
/j = Upto~30 MeV with 1 GeV positrons

IN-N
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PADME at DAFNE BTF

R TR R e ~ Splitting of the present BTF line need
| B]“F/ | / = Could be realized in early 2017
— | | r /) = Dedicated line for PADME in the present
—\M experimental hall
T Limits to the experiment dimention
SR % 7 Foine "= No more than 4m in between target and Ecal
! A NN = |fdistance shorter than 3 meter additional
= ? 2 optics could be installed to improve beam
e ﬁ quality
o __o @ ) T
J I o
0:00a 0? &j &
0ol lL=aaf) | B
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The PADME experiment

Beam: 103-10* e+ on target per 40 ns bunch, at 50 bunch/s (103-10% e+/year)

Main detector components:
= Active target, thin: 50-100um diamond (Time, Ne-, beam position and spot size)
= Scintillating veto ~1m length
= Conventional magnet, B=0.6T but large gap for gaining acceptance
= Cylindrical BGO crystal EM calorimeter

Measures: time, energy and direction of photons
Compute the Mmiss® = (P%e™ + P4, - P*)?

P4, =(0,0,0,m_) and P% .. =(0,0,550,sqrt(550% + m_?))
Veto additional charged particles and photons

19/04/16 M. Raggi, PADME IAXO meeting




PADME detector

Main detector components

1. Active target: 50-100um Diamond
(time, Ne-, position and beam spot size)
Magnet, B=0.6T with large gap
Scintillating Charged particle veto inside the magnet ~1m
Cylindrical EM calorimeter made of BGO
Smal angle veto (SAC)
High energy positron veto
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PADME detector status

ECALQTOtPMT
i Entries 39023
10t * Not saturated Mean 8963
E ¢ 0.3cm from position (0;0) RMS 2138
10°E
10%E
i Signal
10
1 lm
LIl
0 5000 10000 15000 20000
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PADME ECal

Parameter: p MP X5 R}y dE"/dz A7  Tdecay Amax n* Relative Hygro- d(LY)/dT

ie?

Units:  g/em® °C em cm MeViem cm ns nm output’ scopic: %/°Ct
Nal(T1) 3.67 651 2.59 4.13 4.8 429 245 410  1.85 100 ves —0.2
BGO 7.13 1050 1.12 2.23 9.0 22.8 300 480  2.15 21 no —O.QI
BaFy 4.89 1280 2.03 3.10 6.5 30.7 650° 300° 1.50 36° no -1.9°%
0.9/ 220/ 4.1/ 0.1/

CsI(T1) 4.51 621 1.86 3.57 5.6 393 1220 550 1.79 165 slight 0.4
CsI(pure) 4.51 621 1.86 3.57 5.6 39.3 30° 420° 1.95 3.6° slight -14

6/ 310/ 1.1f
PbWO; 83 1123 0.89 2.00 10.1 207 30° 425° 220 0.3° no -25
10f  420f 0.077f
LSO(Ce) 7.40 2050 1.14 207 9.6 209 40 402 182 85 no 0.2
LaBry(Ce) 5.29 788 1.88 2.85 69 304 20 35 1.9 130 yes 0.2

= Cylindrical shape: radius 300 mm, depth of 220 mm

" Inner hole 60-80 mm radius

= 656 crystals 20x20x220 mm?3
" Material BGO: high LY, high p, small X, and RM, long t.,,, (free form L3 calorimeter)
= Expected performance:

= o(E)/E =1.1%/VE @ 0.4%/E ©1.2% superB calorimeter test at BTF
[NIM A 718 (2013) 107-109]

o(0) ~ 1-2 mrad
q Angular acceptance (20 — 75) mrad

IN EN
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PADME backgrounds A’

Signal e*e™->yA’ BG SM annihilation e*e™->yy BG SM Brems.: e*N->e*Ny
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Background estimates

Data M2
%104:_.M2- no cuts 2 -
s E miss by E
2 - V2., cuts 3 3505 Total n
) € 3001 e'e” »>vyvyy
107 = o C L
= 2 250 - .
C o C
2 200 .
102 o -
2 1501 .
E = [ " n
> 100 "
10 - ]
50F -
0:. I L I B AN P A AP A P B
2 4 6 8 10 12 14 16 18 20
0 100 200 300 400 500 600 A' Mass [MeV]
M:ies (MeV)
= BG sources are: ete vy, e+e-—>vy(y), e+tN->e+Ny, Pile up
= Pile up contribution is important but rejected by the maximum cluster energy cut and
IleissZ'
= Veto inefficiency at high missing mass (E(e+)= E(e+)beam)
= New Veto detector introduced to reject residual BG
= New sensitivity estimate ongoing
IN-N
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PADME-invisible decay sensitivity

L] rryTm

-9

Loidiiiil i il

Based on 2.5x10%° fully GEANT4 simulated
550MeV e+ on target events

= Number of BG events is extrapolated to 1x1013
electrons on target

Using N(A"y)=s(Ngg)
d enhancement factor 8(M,) = o(A’ y)/o(yy)
with £=1

r((;+("“ — L“Y“, ) ;\’-((./'"‘; ) ;‘1('('(","’, ) i v
- = — — % =0
I'(ete = vy) N(vy) Acc(Ux)

/ !/

PADME 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

6ADME can explore in a model-independent way \
the favourite by (g-2), band up to M?,,=2m.E,,

10°

10%
M,.(GeV/c?)

19/04/16
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E,,=550 MeV: M,. < 23.7 MeV/c?
E,.=750 MeV: M, < 27.7 MeV/c?

\Ee+=1 GeV: M,, < 32 MeV/c? )
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PADME schedule

Title Effort 5Q2 2015Q3 2015Q4 2016Q1 2016Q2 2016Q3 2016Q4 2017Q1 2017Q2 2017Q3 2017Q4 2018Q1 )
v 1) Ecal PMT solution 3y 1l . v
* 1.1) Mechanics design ly 4mo
* 1.2) Mechanics construction Smo _
v 1.3) Ecal Construction ly 6mo v
* 1.3.1) Crystal recovery 3mo [ ]
* 1,3.2) Crystals cutting a... 3mo [ A—
+ 1.3.3) Photosensor choice ’
+ 1.3.4) Crystals calibration 1y ———————
+ 1.4) Cal Assembly 6mo 2w ——
* 1.5) Ecal Commissioning 2mo -
¥ 2) Vacuum 11mo o L J
* 2.1) Executive Project 6mo { J
* 2.2) Construction 3mo (d
* 2.3) Commissioning 2mo _
v 3) Diamond target 2y 9mo v —
* 3.1) R&D + Prototype 1y Imo ¥
* 3.2) Construction 6mo O —
* 3.3) Support design 6mo 1w 4d —
* 3.4) Mechanincs construction 6mo 2d e ———)
* 3.5) Commissioning 2mo —
¥ 4) Magnet ly 8mo 4d v _
* 4.1) Refurbishing 2mo 3w 4d (D CERN magnet division
* 4.2) Delivery to LNF 1w ‘
* 4.3) Field mapping 6mo — Servizio misure magnetiche LNF
* 4.4) Support design 6mo C——
* 4.5) Support construction 4mo ( ‘, — )
* 4.6) Commissioning 1mo ( i
¥ 5) Positron Veto 2y 5mo v _
* 5.1) Electronic design 9mo
* 5.2) Design and R&D 1y (Y sofia PH
+ 5.3) Construction 6mo L —
* 5.4) commissioning 2mo -

Technical run in late 2017 and first physics run in 2018 are foreseen

IN-N
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ALPs landscape

107" .
LEP
1072 4
107° .
L o0 E
[0
O,
- M‘C‘”
S E
---------------- 107° E
__________ SN1987a
1077 .
: < -8 PRI MR MR N L
axion CDM 1010,4 10',3 10',2 10',1 100
ADMX-HF ma [GeV]
ADMX

Intermediate string scale

falGeV]
10* 108 102 10 10 10° 10% 107 10° 10° 10* 10° 10> 10! 1

posi--inflation PQ transition = Hot-DM / CMB / BBN

-12 -10 -8 -6 —4 -2 0 2 4 6 pre-inflation PQ transition -Telescope / EBL
-
Log Mass [eV] (natural values) SN1987A

Cold DM Globular Clusters (ga,)
WD cooling hint - White Dwarfs (gge)

i
/j ADMXI :ADMX—II

107 107 10 10~* 103 102 10°* 1 10 10> 10® 10* 10° 10° 107

19/04/16 M. Raggi, PADME MaleV]



Primakoff

Y X,
Z Z

ALP physics at PADME

PADME can search for invisible
decaying or long living ALP by
searching for

1y + M? . final states

miISsS

Bremsstrahlung In the visible final state a->yy

X
oo
eXe
/,
Z Z
Annihilation

f +

&y;—rev D 38 11 1998

all production mechanisms
can be explored extending the
mass range in the region of
~100MeV

The observables at PADME
will be: eyy or yyy

ALP decay to photons 7

Limits on ALPs coupling to photons

10-1 - e ——
1072

1073

1074

105 ion of mterest for PADME
ﬁ SLAC 137 :

1076
SN1987a

Gay [GeV']

107

e | MR | s el M

10~% 1073 1072 10~ 109
m, [GeV]

arXiv:1512.03069




ALPs background at PADME

MC invariant mass for yy in time in the
PADME Ecal (~1e10 e+).

o Even without any selection PADME is
almost background free for masses

- >40-50MeV

10

1

L1 L1 |
120

140
Massa(yy)

1 1 | 1 1 1 I 1 1 1 | 1
0 20 40 60 80 100

* Main backgrounds: e*e vy, efe™yy(y)
= M(yy) limited to ~24 MeV being the electron at rest
= Higher mass background events come from pileup of multiple bremsstrahlung
oming from different primary positrons
INN
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Conclusions

= The PADME construction phase is just starting
= Magnete delivered at LNF in December
» First diamond target tests (20x20mm? e 50um di spessore)
= First Ecal test beam with just 3x3 crystal matrix
= Approval status
" Project has been endorsed by both LNF scientific committee and INFN CSN1
= Crystals from L3 collaborations obtained
= 2016 budget secured in INFN CSN1 by “What Next” program
= Expected to take data already during 2018
= PADME can search for ALPs in the range from ~0.1 to 100 MeV
= Sensitivity studies required to asses the real potential and to optimise the
detector and beam is needed




NA62 experiment at CERN

Already running to search for K*>ntvv
= Aims to a 10% measurement in 2 years of data taking

=% * Running until 2018
migy " Different dark sector searches possible

= A’, ALPs, Heavy neutral leptons

= Closing the beam dump system can be used as
dump experiment with ~10%? pps on target per
effective second

N

270 m

v

Veto for y’s and u’s
Beam pipe

Hadron Beam nt Identificatjon

800 MHz
Protons CHANTI ¢
400 GeV \ \ s | w
Kaon identification %
\ In CEDAR GT/ Iy {
RICH LKR MUV
Be Target Vacuum tube J STRAW f
p<10-° bar CHOD

Fiducial Region 65m

Tracker




ALPs search at NA62

Primakov production in p-N interactions ALP-y coupling [GeV-'] ——
p ¥1.3 x 10'* POT (~1 day)
2 %39 x 10" POT (~1 month)
a
>
& 10
z 3
o

-2
NAG62 projections

1

10-
JHEP 1602 (2016) 018 | ALP mass [GeV]

= NAG62 can be used as dump experiment to produce ALPs through Primakov effect

= ALPs could fly in the decay region for proper lifetime values

= Decay of ALPs into two photons can be detected in NA62 LKr electromagnetic calorimeter
= Few hours run collected in 2015 to understand backgrounds

»
INFN
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Spare slides
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The simplest dark sector model

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

= Two type of interactions with SM particles should be considered

As in QED, this new force will generate new interactions of the type: e

R NP L TR

C ~ .(] ( 1 f la ‘ l ‘," L ’ l 11
"

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

= |n the most general case gf can be different in between leptons and quarks and can even be 0O for
quarks. [P. Fayet, Phys. Lett. B 675, 267 (2009), arXiv:1408.4256]

The coupling constant and the charges can be generated effectively through the kinetic
mixing between the QED and the new U(1) gauge bosons

€ HQED gy ! A
Ezni.r — —3}7/11/ Elnrk /\/\NV\N\‘\/\/VW\/\’

= In this case g is just proportional to electric charge and it is equal for both quarks and leptons.

)
N




Muon g-2 SM discrepancy

g-2 in the standard model

JN 09 (e*e™-based)
-299+65 —e—

DHMZ 10 (1-based)

-195+54 F—a—
DHMZ 10 (e*¢")
—287+49 —e—

had

HLMNT 11 (e*e")

~261+49 —e—i H H
iy —— About 30 discrepancy between theory and experiment
R e S (3.60, if taking into account only e+e-—hadrons)
exX| X10_11 e, . . . .
- Additional diagram with dark photon exchange can fix
g-2 and A’ the discrepancy (with sub GeV A’ masses)
- Contribution to g-2 from dark photon
agark photon __ %€2F(WZV/”I7ZM) ’ (17)
S 13 where F(x) = fol 22(1 — 2)?/[(1 — 2)? + 22z] dz. For values of
e~ 1-2-1072 and my ~ 10-100 MeV, the dark photon, which
, was originally motivated by cosmology, can provide a viable
- ) A solution to the muon g — 2 discrepancy. Searches for the dark
IN-N
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Dark matter where to search

= Without introducing a new force in SM:  U(1),+SU(2) e +SU(3)strong
= Dark matter can’t be strong interacting (scattering cross section too high)

= Cannot be electrically charge it would not be dark!
® |t can be weakly interacting and massive!

= The WIMP has all the characteristics needed to solve the dark matter problem...

= But more than 20 years of unsuccessful attempt to detect WIMPs
= Strong constraints from the LHC and direct searches at masses up to 1TeV

<E10'28 A1"L/|IS””W — T n
90% CL -
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3 o i — Xenon b CL o
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Si0%F T—— - i s 3
% Geaoziootoa-c pny Qupplpugeibupuy iy Ay A---% s E
210k 2
=10 \ E
= o =
10'44 ————————— - =
spin-independent -;

10-46 | | | 3

1

IN

)
N

10°

10?
WIMP mass m, [GeV]

10

N

E F
5,107
S 10%E
..'3 -39E
© 107E

—10%

5[
E Spin Dependent

il

|

\ce
CMS, 90% CL, 8 TeV, 19.7 fb™!

Gv Y 0@y Q)

Axial-vector operator
AZ

WIMP-nucleon cross section [ci

| | sl

10 10? 10°
M, [GeV]

10737

10738
10*3‘*"'-

1040},
107411
107421 "

10743
1074}
1074
10746}
10 47
10748}
1074}

10750

Svoug \
Be e, s \\\ \
Neutrinos 8

TR

Neutrinos

10

N

100
WIMP Mass [GeV/c?)

What about introducing a new dark force?
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Enectali Figueroa-Feliciano
Astroparticle Physics / June 2014
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