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Dark Matter (DM) vs Baryonic Matter (BM)

Compelling astrophysical indications about DM existence

* How much DM w.r.t. BM?

\! ~

4 { * Does DM participate to non-gravitational interactions!?
- 3 * Is DM a new particle?

: ."--M‘q
7% Diffuse Gas

* Constraint on DM mass and interactions

- should be ‘dark’ (no em interaction)
- should weakly interact with SM particles
- should provide the correct relic abundance
85% | DARK MATTER - should be compatible with CMB power spectrum
... assuming that the gravity is not modified
and DM undergoes to other interactions

* We can use what we know about standard model particles to build a DM theory

Use the SM as an example: SM = U(l)em X SU(2)weak X SU(3)strong

Particles, interactions and symmetries

| PAeles: Two options:
Known particles quarks, leptons
& new force- * New matter interacting trough the same forces
carriers Force-carriers: * New matter interacting through new forces

gluons, y,W, Z, graviton (?), Higgs, ...
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Exploring the WIMP’s option
* Experimental limits Slow-moving cosmological weakly interacting massive particles

* DM detection by measuring the (heavy) nucleus recoil
* Constraints on the interaction strength from the DM Direct Detection limits

* Scattering through Z boson (0~10-3cm?): ruled out
* Approaching limits for scattering through the Higgs (0~10-4cm?)
* Close to irreducible neutrino background
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* No signal observed in Direct Detection
o L . , & ; e .
o * Experiments have (almost) no sensitivity to (light) DM (<I GeV)

A MSSM: Pure Higgsino
10—49 & MSSM: A funne
# MSSM: Bino-stop coannihilation
50 W MSSM: Bino-squark coar

W
2
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WIMP Mass [GeV/c?]

Direct Detection

| MeV | GeV Mz 10 TeV

WIMPs

WIMPs paradigm is not the only option

(keeping the DM thermal origin) :
Light Dark Light Dark Matter (<TeV) naturally New

Matter introduces light mediators interaction

(O V) ~ g2park g2sM M2pM/M*mediator
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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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Experimental techniques

«@lao

Dark Matter Production
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[Thrust 1]

E

Fixed target vs. collider

Missing Momentum Beam Dump

" undetected
- dark
matter
particles

Detector

Visible Force Carrier

Detector

unstable unstable

dark sector dark sector :

particle particle

Detector Fixed Target e+te- colliders

Process

Luminosity

Cross-Section

* high backgrounds
* limited A’ mass

* low backgrounds
* higher A’ mass

*1/Ma' .vs.|/Ebeam
*Coherent scattering from Nucleus (~Z2)

Dark Sector searches at the intensity frontier M.Battaglieri - INFN



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

) s ¢
oU X Q) : v X €°ap

A’ interaction scenarios

- Secluded: no constraints by cosmology for accelerator based
experiments. Any € allowed
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- Visible decay: final state contains SM particles

o

(a)

- Invisible decay:A’ decays to Dark Sector invisible particles - L
visible invisible
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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 annihifation
.2 .’) ‘)
oU X Qp oV X €ap oV X €°ap

s

BDX,
BDX-MINI
JPOS

A’ interaction scenarios

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

- Visible decay: final state contains SM particles
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(a)

- Invisible decay:A’ decays to Dark Sector invisible particles visible invisible
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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)
(T A’

r = Opeak 7~ __ 95 , 19 /a1 °
Pek (Vs —man)2 +T%,/4 ete- =y y = uuy

D.Domenici talk! -» BABAR, BELLE, KLOE, CLEO
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Luminosity x 1020/cm?/s

Jefferson Lab
The intensity frontier
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cryomodules

ep facilities

Enhance equipment
in existing halls

= *)Primary Beam: Electrons

* Beam Energy: 12 GeV

* 10>A>0.1 fm

* nucleon — quark transition

* baryon and meson excited states

0 H1/ZEUS

* coincidence experiments
* Four simultaneous beams
* Independent E and |

Dark Sector searches at the intensity frontier

add Hall D
(and beam line)

Upgrade magnets
and power supplies

20 cryomodules

Beam Power: IMW

Beam Current: 90 pA

Max Pass energy: 2.2 GeV
Max Enery Hall A-C: 10.9 GeV
Max Energy Hall D: 12 GeV

*100% Duty Factor (cw) Beam > Polarization

* spin degrees of freedom
* weak neutral currents
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Hall A

* Can we reveal a novel landscape of nucleon substructure through 3D imaging at the
femtometer scale?

* What is the relation between short-range N-N correlations, the partonic structure of
nuclei, and the nature of the nuclear force?

» Can we discover evidence for physics beyond the standard model of particle physics?

12 GeV experimental program is in full swing

* 33 experiments completed out of 91 approved
* ~8 years of physics ahead (~30 weeks/year)

Future * Higher Energy
opportunities * Higher luminosity
at CEBAF * Positron beam

Hall B
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APEX: A-Prime EXperiment

e- fixed target experiment installed in HALL A searching for dark photon visible decay

Events /(0.05)
g

* Dark photon searched as a narrow resonance in ete- mass over a smooth QED background

m "\ 3/2
E) (narrow)

190

* Two High Resolution Spectrometers (HRSs) in
coincidence to measure events with an e- in one
arm and e+ in the other

e Standard HRS detector stack in both arms:
Scintillators: SO and S2(timing), VDC (tracking),
Cherenkov and Calorimeters (PID)

« 2010 test run: E,=2.2 GeV@ 150 uA on Ta foil

* Entire run in 2019: over 100x statistics

Electron, P =E0/2

Positron, P =E0/2

10.1103/PhysRevLett.107.191804
on Il Dark Sector searches at the intensity frontier

210

220

230 240
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'- Heavy Photon Search @ JLab

I _ HEAVY PHOTON

SEARCH visible decay
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180 200 220 240 260

¢*e” mass (MeV)

1) Bump Hunting (BH)
Narrow e+e-resonance over a QED background
w sood mass resolution: Ga'mass~| MeV

2) Secondary decay vertex (vertexing)
Detached vertex from few mm to tens cm
w sood spacial resolution: Gvertex~ | mMm

Heavy photon signatures
in HPS

BH + Vertexing = enhanced
experimental reach

Dark Sector searches at the intensity frontier

Movers /Target Si Vertex Tracker | ECal

Silicon Vertex
Tracker

sensor planes
W target ~ and DAQ

SVT measures trajectories of electrons to
reconstruct e“e” mass and vertex position.

EM
Calorimeter

ECal identifies ¢"¢ pairs with precision
timing to reject single ¢ backgrounds.
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'- Heavy Photon Search @n JLab

I _ HEAVY PHOTON

SEARCH visible decay
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180 200 220 240 260

¢*e” mass (MeV)

1) Bump Hunting (BH)
Narrow e+e-resonance over a QED background
w sood mass resolution: Ga'mass~| MeV

2) Secondary decay vertex (vertexing)
Detached vertex from few mm to tens cm
w sood spacial resolution: Gvertex~ | mMm

Heavy photon signatures

in HPS TV e 4 Weeks @ 1.1 GeV
| w— 4 Weeks @ 2.2 GeV
| — 4 Weeks @ 4.4 GeV
. TEEN 2015 Engineering Run - 1.7 PAC Days
BH + Vertexing = enhanced s 202 101
experimental reach A’ mass (GeV)

Dark Sector searches at the intensity frontier

Movers Target SiVertex Tracker

ECal
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X17 search at JLab

e Search for the
X117 in ete-
invariant mass

* Presented to JLab
PAC 49 in Aug
21 and granted a
C2 approval

Search for Hidden Sector New Particles in the 3 - 60 MeV Mass Range

= New (hidden) particle in MeV-scale mass range
in forward electroproduction reactions from a heavy A solid target.

e+Ta—e+ty*+Ta—e'+X+Ta",
X—e'e
or X —vyy

(with tracking)
(without tracking)

Mass range: [3 <+ 60] MeV

= Target: Tantalum (;:Ta'®') film, thickness: 1 um, 2.5x10r.l.
density: 16.69 g/cm?
N(Ta) = 0.56x10*'? atoms/cm?

Experimental method:
v “bump hunting” in the invariant mass spectrum over the

beam background.
v' direct detection of decay particles (e*e-) and scattered e

Detection criteria: Halo blockers

* scattered electron is in the PbWOj4 acceptance with =
Ee = [ 30MeV to 0,7xEbeam];

* decay e and e* are in the PbWO4 within energy:
[0.03 — 0.8xEbeam]

* Target to PbWO4 distance L=7.5 m beam energy
optimized for Ec = 2.2 GeV and 3.3 GeV

Beam time request

Time [days]

Setup checkout, tests and calibration 4.0

Production at 2.2 GeV @ 50 nA 20.0

Production at 3.3 GeV @ 100 nA 30.0

Energy change 0.5

No target background sampling at 2.2 & 3.3 GeV 55
Total 60.0

Search sensitivity

Background | Signal Counts | Lowest lowest

Counts | (5.0 Significance) | e e

30 days of 3.3 GeV at 100 nA
from 20 days at 2.2 GeV

combined with signal ‘

22.02M 23.48k 6.86E-09 5.94E-09
3.60M | 9.50k | 9.83E-09 8.51E-09
3.06M | 8.76k | 2.60E-08 2.25E-08
408M | 10.11k |'5.71E-08 4.94E-08

438M | 10.48k | 8.37E-08 7.24E-08

Experimental Setup (Side View)

GEM GEM
plane 1 plane 2

Retractable extension pipe
Ta foil to PRad target chamber
target

bellows bellows

Dark Sector searches at the intensity frontier

Million Counts / 0.2 MeV

Proposal submitted to JLab PAC49

Sensitivity Example for €2 =10 ©
100.0 nA x 30.0 days @ 3.3 GeV

Background

My =50MeV, £=1.0x10"°
My =17.0MeV,e?=1.0x10"°
My = 30.0 MeV, e?=1.0x10"°
My = 40.0 MeV, e =1.0x 10"°
My = 50.0 MeV, e2=1.0x10"%

20 30 40 50
Invariant Mass (MeV)

Expected reach

ARAA |

Pre-2021 |
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X117 search at JLab

- N
=
AN

Proposal submitted to JLab PAC49

o — e e e =

. N
=
)

= New (hidden) particle in Me! ] 11 _ VN 1 bnsitivity Example for €2 = 10 4
Search for the in forward electroproductior ' Fu,teo il i 100.0 nA x 30.0 days @ 3.3 GeV

i + - - e Emm Background
X I 7 N S S : el/lq p n B My =5.0MeV,e?=10x10"°
. . e'+Ta—>e'+y* +Ta- : . My = 17.0 MeV, €2 =1.0 x 10
Invariant mass Y AN i B My = 30.0 MeV, £ =1.0x10"°
B My = 40.0 MeV, €7 =1.0 x 10~°
B My =50.0MeV,e?=1.0x10"% |

Presented to JLab Mass range: [3 < 60] MeV : _ ~ Belle-lIl

PAC 49 in Aug | , _ 5ab™"
= Target: Tantalum (;;3Ta'® ~

Invariant Mass (MeV)

21 and granted a density: 16.69 7 : IO T

C2 approval N(Ta) = 0.56x10

Experimental method:
Presented to JLab v" “bump hunting” in the

PAC 50 in Aug beam background. | 3\ LHCb i
2022 and granted v" direct detection of dec | | \ N\ i
A rate ( full Detection criteria: ~ Orsay/E137/C RM i ” | -
approval) * scattered electron is in the| Y | Pre-2021

Ee = [ 30MeV to 0,7XEbean] 10_11 [ Al s A= | AR | ‘ N |
. d - and e* are in the Pb . 3 =
00s- 0B 1073 1072 101 1 58 o

* Target to PbWO4 distance

optimized for E. = 2.2 GeV Map [G eV]

To be scheduled
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The BDX experiment
Two step process
l) An electron radiates an A’ and the A’ promptly decays to a X (DM) pair
Il) The X (in-)elastically scatters on a e/nucleon in the detector producing a visible recoil (GeV)

PhysRevD.88.114015 E.lzaguirre,G.Krnjaic, PSchuster, N.Toro \
High intensity Beam-dump concretefiron stiging it ¥ X detection™,

e beam A /
pememmm—— g Beamalump s g»,

I CEMEN? U
# ector
Iscattg red X

2 ‘ - T —
.. . € : elastic on electrons
A’ yield: Ny x — ,
m kY
N2
. ape
% cross-section: Oye X —5—
m4,
(X g )54
Number of events: N, o« —
' T
A

e Intense electron beam Inelastic on nuclei

o ~ few GeV range energy

Experimental signature in the detector: X-electron — EM shower ~GeV energy

16 Dark Sector searches at the intensity frontier
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BDX @ JLab

‘Drilled shaft’: large hole in the ground

Approved by JLab 2018 PAC with max rate (A) Size: 0’ (d) x 30' (deep)

Possibly 2 (or 3) in a row 2’-3’ apart

Waiting to be scheduled

* High energy beam available: | | GeV

* The highest available electron beam
current: ~65 uA

Y| The highest integrated charge: |022
EOT (41 weeks)

* Drilled shaft downstream of Hall-A BD

* BDX detector (recycling BaBar Csl
and/or PANDA PbWO4 crystals) R SO

* Expected to run in parallel to the L = = %%ﬁ%%g S
Moeller experiment (2026-2029) = e R R e e e

(I) Pseudo-Dirac Fermion Relic lj’
(IT) Majorana Relic BDX detector
(III) Scalar Relic BDX deteCtOI":
X beam !‘.

BDX prototype to
asses cosmic bg

AL

EMCalorimeter + Veto

* 8 modules 10x10 crystals each

* 800 Csl(TI) crystals (BaBar) ‘ \

* Negotiating with PANDA to loan
~3k ECal PbWO crystals

Accumulating 1022 EOT in ~2y BDX

° 2 1
sensitivity is 10-100 times better ﬁ’f:"m 'H:IT:ma:S\t/lvsl‘_I:Tb M
than existing limits on LDM el 2l & [
BaBar Csl(Tl) crystal i D ”
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BDX-MINI @JLab

BDX-MINI: pilot experiment to prove the
validity and feasibility of the BDX experiment

Installed in March 2019

Run form Dec 2019 to Aug 2020

Collected 4e21 EOT (40% BDX!) in ~4 months (+ cosmics)
* Good detector performance with high duty factor

M.Battaglieri et al. _Phys. Rev.D 106,07201 |

MiniBooNE /

/

III

Al w

(1T)

BDX-MINI

Elevalion [m]

* Two wells dug for bg muon tests
* Epeam=2.2 GeV, no muons
* Limited reach but first physics result!

Well-1  Well-2

Distance [m)

!()!IER_DN - = =Fermionic LDM
) Scalar LDM

y = e ap(my/ma)*

* 44 PbWO4 PANDA/FT-
Cal crystals (~1% BDX
active volume)

* 6x6 mm2 SiPM readout

*2 active plastic
scintillator vetos:
cylindrical and octagonal
(8 sipm each) + 2x lids +
Passive W shielding

M.Battaglieri et al. EPJC (2021) 81: 164

18 Dark Sector searches at the intensity frontier M.Battaglieri - INFN

(I} Pseudo-Dirac Fermion Relic
(IT) Majorana Relic
(IIT) Scalar Relic

10° 102
my [MeV]

* Data-taking completed, analysis completed
* Results provide exclusion limits similar to the best
existing experimnts (E137, NA64, BaBar, ...)
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https://arxiv.org/abs/2208.01387

MBDX @ JLab * Muon beam dump experiment to probe the

visible decay into ete-(Yyy)
Probing muon-philic forces with secondary muon beam « Same infrastructure requested by BDX

L N B B A
7

BaBar

N

/
N

Detector

' ' BDX (sec. u)

”
7

;
\

\ \Beam direction

.
oooooooooooooooo ':cc'o;--ooloooo--c-ooo

L lllllll

SN 1987A

-1
* A sizable flux of high energy muons produced in the dump by the e- beam: 10
* |1 GeV (22 GeV) e- hitting Hall-A beam dump: 3 108 /s (~2 109 u/s) mg [GeV]
* Use the secondary muon beam to produce exotic particles (g-2 anomaly)

L. Marsicano et al., PRD 98, 115022 (2018)
el @l oo 19
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Future: JPOS@JLAB

e* annihilation on fixed (thick) target
invisible

* Missing energy experiment with a positron beam

* Active beam-dump experiment (a 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)

* || GeV e+ beam, low current

* Active target (calorimeter)

* Exclusion plots based on 10!3 POT

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

-‘-
~—
~
<
™~
~
~
\
-
~
~
~
—
™
-~
-~
'
™
b
-

E.Voutier talk!

M. Battaglieri et al., Eur. Phys. J. A 57, 253 (2021)
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New physics perspectives at Jlab

with secondary beams

« CEBAF-JLAB provides the highest intensity 10 GeV electron beam in the word

* High-intensity secondary beams are produced in the dump
 LDM (if it exists)
* Muon
* Neutrino

13BDX @ JLab

Probing muon-philic forces with secondary muon beam

Muon beam
* muons are mainly produced by Bethe-Heitler radiative process MAGNET
* high-intensity beam (up |08 }J./S) TAGGING TRACKER

* Bremsstrahlung-like E spectrum, focused and compact muon beam _ LS b
1

Muon XvsY

X2/ ndf 6.642e+04 /61
Constl 9.962e-08 + 1.245¢-10
Const2 —1.493e-08 + 1.885e-11

RECOIL
TRACKER

Fixed-target, missing-momentum experiment to probe invisibly
decaying particles (similar to M3 proposed at Fermilab)
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vBDX @ JLab

Detecting CEVNS at JLab

scattered
o neutrino
4

7’
’

~8000 CEVNS events

e Im3 Csl
° |y

Neutrino beam —— = : Bbson Moooh e EDety, =10 keV
* Mainly produced by Ttand d decays (3V) ¥ | ' 1 S

* high-intensity beam (up 10'8 v/y/m?2)

* Decay-At-Rest energy spectrum(off-axis)

—

o
-
@

Detector 1

DAR rieutrino

e

o
A
~

Flux(nu/Mev)

Er_th(keV)

=
o

Projected vBDX sensitivity to Ow
sin20w=0.209+0.072_ o4

1 llllllll 1 lllllll[ LI

Neutron/EOT

vqb (Proposed)

s 3OO SO OO OPSOUT: SOTNU bpeeu U OUOTRIOE ST TSRS AR Wyl

Ijecay on flight o

. 2
Sin“8y
o
n
w
(6}

100 150 200

Enu(MeV)

CEvVNS (Coherent Elastic nu-Nucleus Scattering)

* Low-energy neutrinos (<100 MeV) coherent scatter on nucleus |

* Cross-section scales as N2 '-h-w»m-m-“w-m‘szm s adaii ol
* The largest xsec for Ey < 100 MeV Z (cm) Gl ol el el il il
* First detected in 2017 on Csl by COHERENT (~134 events) #1010 fot o 10° 10" 10* 107

* Neut bacl d (beam-related and
* Low recoil energy due to kinematics O(10 keV) coes,:q::sr)] inilcu(jgcd)L:: Vé;:(nler:ci gt (q)[GeV]
(NFN @12 22
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Opportunities with 20+ GeV CEBAF: BSM physics

Beyond hadronic physics with
Searching for Light Dark Matter in BDX secondary beams at 24 GeV
e Extension of the current LDM searches at 24 GeV

* Unique sensitivity to LDM scenarios (inelastic LDM)
* Complementarity to the current program

Muon beam

* More focused beam, up to 10! /s with
energy up to 14 GeV

* Flux larger than CERN’s M2 beam line

(En>100GeV ~2x107 p/s)

/

Neutrino beam

* up to 2x10'8 nu/year/m3, with Decay-
At-Rest Energy spectrum

Particles/EOT

e-@ 10 GeV e- @ 20 GeV
v flux: 1E8 v flux: 2E8
v/m?/year vim?/year

BDX Q24

Csl (1m?) 8000 ~15000
[thr : 10 keV]
LAr (1m?3) 2500 ~4500
[thr: 10 keV]

M.Battaglieri - INFN

m,, [MeV]
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Conclusions

* The existence of Dark Matter is a compelling reason to investigate new forces and matter over a broad
range of mass

* Accelerator-based (Light)DM search provides a unique feature of distinguishing DM signal from any other
cosmic anomalies or effects

* An extensive program to explore the Dark Sector making use of the high-intensity ~10GeV electron
beam available at Jefferson Lab is in full swing

* A new generation of dedicated and optimized experiments at high-intensity frontier will test the relic
(light) dark matter scenario

* A high-intensity positron beam available in the near future at Jefferson Lab will optimize LDM searches via
annihilation

* Other high-intensity muon and neutrino secondary beams will complement the current program

* Discovery or decisive tests of the simplest scenarios will possible in the next 5-10 years!
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