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This LOI presents two complementary approaches to search for
light dark matter with a multl-GeV energy positron beam. Light
dark matter Is 3 new compelling hypothests that identifies dark
matter with new sub-GeV “hidden sector” states, neutral under
standard model Inferactions and coupling to ordinary matter
through a new force. A ccelerator-based searches at the Intensity
frontier are uniquely sulted to explore the dark sector.

Using 3 high-Intensity and high-energy positron beam, and ex-
plolting a novel light dark matter production mechanism—
positron annihllation on atomic electrons—the proposed exper-
Iments will be able to explore new reglons In the light dark mat-
ter parameder space, confirming or constraining the hypothess.

Introduction

In recent years, a novel hypothesis for the nature of dark
mater (DM) has been introduced. It predicts the existence
of light dark matter (LDM) particles, with sub-GeV mass,
ineracting with standard model (SM) states through a new
force. The simplest such model predicts LDM particles (de-
noted y) with masses below | GeV, charged under a new
force and interacting with SM particles via the exchange of
a light spin-1 boson, usually referred to as a “heavy photon™
or “dark photon™ (A”) (1-3). This picture allows for an en-
tire new “dark sector” containing its own particlkes and in-
teractions and is further compatible with the well-motivated
hypothesis of DM thermal origin (4).  This hypothesis as-
sumes that, in the early Universe, DM and SM abundances
reached thermal equilibrium through an annihilation mecha-
nism. The present DM density, deduced from astrophysical
measurements, is thus a relic mmnant of its primordial abun-
dance (4). The thermal origin hypothesis provides a relation
between the currently observed DM density and the model
parameters, esulting in a clear, predictive target for discov-
ery or falsification (5).

This constraint, within the minimal A" model, is valid for ev-
ery DM and mediator variation up to order-one factors, pro-
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annihilation; (<) resonamt A" production in < ¥ <~ annihixson.

vided that mpy < mameD.

Dark sector searches with positron beams on
fixed targets

LDM particles can be produced in collisions of electrons or
positrons of several GeV with a fixed target by the processes
depicted in Fig. |, with the final state A” decaying to a Y'Y
pair. Forexperiments withelectron beams, diagram (a), anal-
ogous to ordinary photon bremsstrahlung, is the dominant
process. However, for thick-target setups (where positrons
are produced as secondanes from the developing electromag-
netic shower), it has been recently shown that diagrams (b)
and (c) actually give non-negligible contributions to select
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Light Dark Matter

* Experimental limits
Light Dark Matter with a (almost) weak interaction (hew force!)

* Direct Detection is difficult

OE_ * Low mass elastic scattering on heavy nuclei produces small recoil

S * eV-range recoil requires a different detection technology

% * Directionality may help to go behind existing limits at large masses

T

@

s Accelerators-based DM search

8 covers an unexplored mass region extending the reach - High intensity
outside the classical DM hunting territory - Moderate energy

0.010 0.100 1
Dark Matter Mass [GeV/c?]

| MeV | GeV Mz 10 TeV

WIMPs

Dark Sector or Hidden Sector (DM not directly charged under SM interactions)

Can be explored at accelerators!
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Dark Photon Sighatures

Vector mediated Light Dark Matter

* Vector-Portal: DM-SM interaction mediated by U(l) gauge-
boson (dark photon or A’) couples to electric charge secluded direct annihilation

) :
oU X Q) : v X €°ap

A’ interaction scenarios

f—f

- Secluded: no constraints by cosmology for accelerator based z
experiments. Any € allowed 4

- Visible decay: final state contains SM particles
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- Invisible decay:A’ decays to Dark Sector invisible particles - L
visible invisible
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Light Dark Matter @ JLab

Fixed target vs. collider
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JLAB positron beam

* Positron beam of high energy (up to |1 GeV), high
current (le+~0.5-1uA), high polarisation (Pe+~60%) )

Physics Motivations

Interference { « Two-photon physics

The Letter-of-intent to PAC4S was followed in FY20 by the
e @JLab White Paper [arXiv:2007.15081), and two DVCS
proposals to PACAS (conditionally approved - C2)

More proposols 1o come

High Pol
Low Yield

The PWG was created in 2017 after JPosl7 (nternational
Workshop on Physics with Positrons at Jefferson Lab) to
promote the physics case of positron beams at JLab. It
now gathers about 250 physicists from 80 institutions
supporting an ambitious experimental program.

Positron longitudinal polarization (%)
Yield scales with Beam Power

—
— @11 ]
N -
Topical EPJ A Issue

about ¢'®JLcb
¢ proposals to PACAS O

1
- Emax=7, 123,

e+ energy

Physics Generalized parton distributions

* Neutral and charged current DIS

SF" whin + Charm production
unctions .
« Weak neutral-current coupling
Standard * Dark photon search

Mode/ Tests * Right-handed W-bosons

» Leptoquarks, leptogluons

From JLab PAC48 Report:

“The Committee sees great physics potential in a positron program.We encourage a vigorous effort
to explore the technical feasibility of providing positron beams, and we are looking forward to

receiving further proposals in this area. Clearly, it is difficult at the present stage to predict the
characteristics of positron beams that will be achievable.”

wenll @l oo

DVCS Bethe-Heitler (BH)
| 1
2 The experimental determination of GPDs require a large
o(eN — eNy) = + N set of observables mvolvmg unpolaflzed and polaryzed
lepton beams together with unpolarized and polarized
o o o targets.
‘ , * DVCS on the proton with NPS in Hall C intends to
The comparison of lepton beams of opposite charges measure cross sections with unpolarized e* beam.
8||OWS tO Unlque'v dlSCntangl(.‘ ‘hc dlffcfcnt (on[u({p(‘ysun C Muhoz Comoacho
components of the cross section and offers an * DVCS on the proton with CLAS12 intends to measure
unambiguous access to the distribution of forces inside unpolarized and polarized beam charge
the nucleon.

Light Dark Matter search with positrons
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A’ Production mechanisms - et

The Weizsacker-Williams approximation (A’-strahlung)

* The incoming electron ‘see’ a fast-moving cloud of effective photons to scatter from

Photons are almost on-shell (low Q2) — transverse photons ~ e- Yrea scattering

Same treatment as the regular bremstrahlung
Regularisations occurs in the case of interest Ma >> Me..

Effective photon flux X is critical, accounting for nuclear effect using FF

Ma= 100 MeV
* NON-RESONANT

annihilation

Ma= 20 MeV
| '

1\ - /’:MA: 50 MeV

e A’ along (e*e”

direction e Two-body process

e A’ forward-peaked
along et direction

e RESONANT * Ba = Er = mia/2me
annihilation

* Known and used
* Collider (missing mass experiments)

I2,/4 * Thin target experiments (visible decay)
— A’
7T Tpenk (Vs —mas)?2+T%, /4’ ete- =y y = upy
=> BABAR, BELLE, KLOE, CLEO
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Fixed-target config calorimeter

- _15__,_
‘P\‘Q}E".'.‘.‘L_..,... .

— Noninteractin

E.. = 500 MeV INE ° Eer =550 MeV
EOT ~ 10!> - [0'é year-! « EOT ~ 1013 -
E.. = 5.3 GeV JLab . E - || Gev
EOT ~ 107 - 10'8year!  (future) * EOT ~ [0'8-

: li«

B e

' Diamond active target 100 um thickness: position,

Missing mass search:
* Independent of A’ decay mechanism
* Bump hunt (monophoton@collider)
* Need a positron beam

* Limited Ma’ accessible
| GeV beam: Ma < 3| MeV
5 GeV beam: Ma < 71 MeV

|04 year-!

10!° year-!

~
o -

2

et from-LNF LINAC 550MeV, multiplicity ~ 20k e+/bunch, bunch 250 ns, frequency 49 z.

size and intensity of incoming beam

Dipole magnet of 0.45 T to deflect charged particles out calorimeter

Plastic scintillators veto system high energy e+ veto to detect charged partlcles bent by magnet

D >
"_p

Electromagnetic calorimeter (ECAL) composed of 616 BGO crystals .

Small angle calorimeter (SAC) composed of 25 PbF2 crystals

Already collected 5 10!2 POT (expected 10!3 POT)
Next runs focused on XI7

7

e
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,\

Invisibly Decaying Dark Photon

PADME@BTY

Belle I1/(20 fb')

LDMX /

7 10?
m [MeV]

Charged particle
detectors

Active target

— small angle
calorimeter

Calorimeter

—Dlpole magnet
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JPOS@JLAB

* Reusable PADME components: target, calorimeter and veto
* New DAQ suitable for a CWV beam is necessary

Main limitation: limited energy in the CM ~ sqrt(Epeam)
High energy positron beams are not (yet) available
The highest energy at JLab (~1 1 GeV) Max Ma' ~ 106 MeV

* Active beam-dump experiment (d la NA64 but with positron!)

* Clear signal (peak!) due to the annihilation: Ma’ = Sqrt(2 me Emiss)
* Missing energy exp (et Z = e+ Z’ A’ with A’ = invisible)

* || e+ beam, low current

* Active target (calorimeter)

* Exclusion plots based on 1013 POT

* Detector: ECAL to measure e+ and an HCAL as a veto

8 Light Dark Matter search with positrons

y= czn‘,)(m\/mw)“‘

y = e ap(m,/ma)’
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BABAR

A" Mediator, my = 3m,,

im.\mps

JLAB e” thin target

BABAR

10

m, [MeV]

Mediator, m4 = 3m,, ap = 0.5
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This LOI presents two complementary approaches to search for

light dark matter with a multl-GeV energy positron beam. Light
dark matter Is a new compelling hypothesis that identifies dark

matter with new sub-GeV “hidden sector™ states, neutral under
standard model Inferactions and coupling o ordinary matter
through a new force. A ccelerator-based searches at the Intensity
frontier are uniquely sulted to explore the dark sector.

Using a high-Intensity and high-energy positron beam, and e-
ploiting 2 novel light dark matfer production mechanism—
positron annihliation on atomic electrons—the proposed exper-
Iments will be able toexplore new reglons In the light dark mat-
ter parameder space, confirming or constralning the hypothesis.

Introduction

In recent years, a novel hypothesis for the nature of dark
matier (DM) has been introduced. It predicts the existence
of light dark matter (LDM) particles, with sub-GeV mass,
interacting with standard model (SM) states through a new
force. The simplest such model predicts LDM particles (de-
noted x) with masses below | GeV, charged under a new
force and interacting with SM particles via the exchange of
a light spin-1 boson, usually referred to as a “heavy photon™
or “dark photon™ (A”) (1-3). This picture allows for an en-
tire new “dark sector” containing its own particks and in-
teractions and is further compatible with the well-motivated
hypothesis of DM thermal origin (4). This hypothesis as-
sumes that. in the early Universe, DM and SM abundances
reached thermal equilibrium through an annihilation mecha-
nism. The present DM density, deduced from astrophysical
measurements, is thus a relic mmnant of its primordial abun-
dance (4). The thermal origin hypothesis provides a relation
between the currently observed DM density and the model
parameders, msulting in a clear, predictive target for discov-
ery or falsification (5).

This constraint, within the minimal A" model, is valid for ev-
ery DM and mediator variation up to order-one factors, pro-

Fig. 1. Thrao diforent A’ procuction modss In fheed-Sarget iapton boam axperk-
monts: (a) A’-stratung In <~ /< | nudkeon scatiering. (b) A’-shkng et e
annihilation; () resonant A’ production In < ¥ <~ annitixion.

vided that mpy < mamen.

Dark sector searches with positron beams on
fixed targets

LDM particles can be produced in collisions of electrons or
positrons of several GeV with a fixed target by the processes
depicted in Fig. 1, with the final state A’ decaying to a XY
pair. Forexperiments withelkectron beams, diagram (a), anal-
ogous to ordinary photon bremsstrahlung, is the dominant
process. However, for thick-target setups (where positrons
are produced as secondanies from the developing electromag-
netic shower), it has been recently shown that diagrams (b)
and () actually give non-negligible contributions to select

Main processes that result in a single gamma hitting the ECal:

Bremsstrhalung

o~
v

>» B
-

10—4-

10_5:

10—7,

2-y Annihilation 3-y Annihilation

108

TTarget Tavge[
Beam Beam

Light Dark Matter search with positrons

Reusable PADME components:

* Target - PADME carbon target can be installed at CEBAF
* Calorimeter - PADME Ecal meets all requirements of the
experiment (energy resolution, angular resolution, size)

* Veto System - technology and front-end electronics from

PADME veto can be reused
New equipment:
* DAQ system - suitable for a CW beam

* Main limitation: limited energy in the CM ~ sqrt(Epeam)
» High energy positron beams are not (yet) available
* The highest energy at JLab (~1| GeV) Max Ma' ~ 106 MeV

Invisibly Decaying Dark Photon A4' - yy

DarkLight

Belle 11

| =10 nA
I =100 nA

L.Marsicano, M.Raggi
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EXTENDED EXPERIMENTAL SCHEDULE - PLANNING AHEAD

Experimental Hall A FY-2022 FY-2023 FY-2024 FY-2025 FY-2026 FY-2027 FY-2028
SBS Form Factors (GMN) 0
SBS Nucleon Form Factors (GEN)  E— |
SBS Nucleon Form Factors (GEP) and (GEN Recoil Polarization)  —
SBS Deep Inelastic Experiments (Tagged DIS or SIDIS)
MOLLER engineering run E—

MOLLER

MOLLER installation | ] 1 99 CO m p I eted

experiments to-
HPS -low energies [l date (21 fU"; 23

electrons forneutrinos [l B

3D Imaging - polarized H & D ———— ] —| M N
Nuclear Experiments - Hadronization + Color Transparency - ———] pa rtl a I I n 1 2 G ev
3D Imaging - protons & nuclei [ N
3D Imaging - proton ] e ra)
3D Imaging - deuteron R R
Polarized & Tagged EMC Effect [————— [ ——]

3D Imaging - transverse polarized Y = —
SIDIS with three-body nuclei [——]

Experimental Hall C 57.3 experimen‘l

Pion Form Factor &DVvMP [__] [J =N remaining
CaFe, x > 1 quarks & Light-Nuclei EMC Effect ] ]
LAD = Bound Neutron Structure —]
L/T Separations in SIDIS ]
NPS - DVCS scaling & SIDIS Basic Cross Sections [
NPS - Wide-Angle Compton Scattering: Cross Sections and Polarization s
NPS - Timelikge (omth)on Scatteringgwith Transverse Polarized Target ] o 8 yea rs at o 30
Tensor Polarized Deuterium - Spin Structure () [

Transversely Polarized Proton: Compton Scattering — Wee kS/ yea r (afte r
Experimental Hall D PACSO)

eta Primakoff Experiment [l
Nuclear Photoproduction = [
Pion Polarizability e =
Rare Eta Decay & GlueX Phase Il (w. DIRC) e = e =
K_Long — —— ] e )

High Energy GDH Sum Rule Measurement .
K_Long beam installation [ ]

Experimental Hall B

»n

Other

CEBAF Improvement Plan —
Scheduled Accelerator Down [-———]

CAL 2022 CAL 2023 CAL 2024 CAL 2025 CAL 2026 CAL 2027 CAL 2028
Jefferson Lab

JPOS@JLAB
,)_/’
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VACUUM, 2HO02:
- PUMP-SET

VACUUM BOX
66810-03200 - COLD-CATHODE
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HPS DIPOLE MAGNET
X-OFFSET: 3.490 +.039

BELLOWS, FORMED:

r_i.ﬁ_QE__ﬁ_B_iiL_

BELLOWS, WELDED:

FRASCATI

Under study: S S
JPOS-ThinTarget@Hall-B = /=,

e The first interaction with PADME
Group is currently committed to
concluding data analysis focusing on [ L

XI17

e LOI for PACS51 due by end of May 23
(PAC meeting ~July ’23) may be too
early
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