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Key Motivation: Low-mass Freeze-out Thermal Relics
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Production rates in MeV-GeV range are
large at accelerators, esp. fixed target!

MeV-GeV thermal relic DM requires new, comparably light mediators to achieve

required annihilation cross-section for freeze-out. .
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Dark Photon Production
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Analogous SM process is irreducible background but allows (Ma',Nobserved) = (Ma',€)
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Mass Hierarchy Determines Search Strategy & Interpretation
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spectrometers: (e.g. APEX, HPS, DarkQuest)
missing mass: (e.g. PADME @ JLab)
missing mass: (e.g. PADME @ JLab); missing E, p’: (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)
searches typically measure/constrain €2 as a function of Ma’
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Mass Hierarchy Determines Search Strategy & Interpretation
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Parameter Space for Mediator Decays to SM
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Parameter Space for Mediator Decays to SM
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Parameter Space for Mediator Decays to SM

Generally, searches are “bump hunts”
for m(I*[-) resonances.
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A’ becomes long lived at small couplings.
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Parameter Space for Mediator Decays to SM

Generally, searches are “bump hunts”
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e- beam + spectrometer:
APEX @ JLab CEBAF (2010-?)
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Resonance search using Hall A High-Resolution Spectrometers,
dark bremsstrahlung production from multi-GeV e- beam

\\\\ Test run in 2010:

proof of concept and technical feasibility
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e- beam + spectrometer:
APEX @ JLab CEBAF (2010-?)
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Resonance search using Hall A High-Resolution Spectrometers,
dark bremsstrahlung production from multi-GeV e- beam
A 2019 Physics Run (Jan. - Mar. 2019)
|5 days at Epeam = 2.2 GeV
Septum High Resolution 10_4 NA64
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e- beam + spectrometer w/ vertexing:
HPS @ JLab CEBAF (2015-?)
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ECal

Compact e*e spectrometer,
immediately downstream of thin
target in multi-GeV beam in Hall B.

* Low-mass, high-rate (>5 MHz/mm?2)

silicon tracker (SVT) allows

vertexing long-lived A'. e

SVT must suppress SM tridents
from target by factor ~107

o Silicon Vertex
* PbWO4 ECal trigger eliminates 10’s M Tracker

MHz scattered single e-.

Short engineering runs in
2015 (1.7 days) and 2016 (5.4 days)




e- beam + spectrometer w/ vertexing:
HPS @ JLab CEBAF (2015-?)

Compact e*e- spectrometer,

immediately downstream of thin

target in multi-GeV beam in Hall B.

* Low-mass, high-rate (>5 MHz/mm?2)
silicon tracker (SVT) allows
vertexing long-lived A'.

SVT must suppress SM tridents
from target by factor ~107

* PbWO4 ECal trigger eliminates 10’s
MHz scattered single e-.

Short engineering runs in
2015 (1.7 days) and 2016 (5.4 days)




e- beam + spectrometer w/ vertexing:
HPS @ JLab CEBAF (2015-?)

Compact e*e spectrometer,
immediately downstream of thin
target in multi-GeV beam in Hall B.

* Low-mass, high-rate (>5 MHz/mm?2)
silicon tracker (SVT) allows
vertexing long-lived A'.

SVT must suppress SM tridents
from target by factor ~107

* PbWO4 ECal trigger eliminates 10’s
MHz scattered single e-.

Short engineering runs in
2015 (1.7 days) and 2016 (5.4 days)

Phys. Rev. D98 (2018),091101
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2015 Displaced Vertex Search arXiv:1812.02169 [hep-ex]

2015 Resonance Search
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No new sensitivity for minimal dark photons, but analyses proved concept in advance of physics runs.

Preparing publication for 2016 A’ results, to be followed by a first result for SIMPs
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e- beam + spectrometer w/ vertexing:

HPS @ JLab CEBAF (2015-?)
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First physics run 6/17 — 9/8/2019 at 4.55 GeV collected ~2 weeks of data.
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Future run plan for rest of approved time is under review by the JLab PAC.



p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

SeaQuest/SpinQuest nuclear physics experiment:
* Fixed target muon spectrometer at FNAL

* Parasitic program of dark photon searches
with addition of displaced vertex muon trigger

 Shallow dump + large boost accesses larger
couplings than previous dump experiments
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p* beam + shallow dump + spectrometer

SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)
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SeaQuest/SpinQuest nuclear physics experiment:
* Fixed target muon spectrometer at FNAL
* Parasitic program of dark photon searches 2lm] S o y o N -
with addition of displaced vertex muon trigger 1 : : : : e I
 Shallow dump + large boost accesses larger - ~
. ) ) N v B & st2  st3 St.4
couplings than previous dump experiments oo o o
KMAG | -
Target ¥} . : 'g ‘
p : : 2
" ' <
5 el 0 ||| ' tHt
107 b kg did ”l .
| i 1> T N E
AN | S ! |
RN 24 1| ==
(O~ N S — sQDQ (1618 POT) 7 ~ New dump & RICH particie ID V“(’P\’
------ DQ (120 POT New Fast tracking ¢
zsi/PQ( 0POT) k | / A Daeruest/
o T e ] LongQuest
----- Mu3e/MMAPS/Belle-II
------ DarkQuest proposal:

1076

T—n

-
e P .
= =

1077E"

-~
~
~~~~~~~~~~~~~
_________
——————————————

A
|
;

LongQuest-| “\,',

8 LSND + SN
107°F

nnonoll n N N L
107" 1
my[GeV]

Adds ECal, improves DAQ/Trigger for operation to
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LongQuest concept:

Extends apparatus to longer baseline to reach yet

smaller couplings



p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

(%)

Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:
arXiv:1801.05805 arXiv:1804.00661 arXiv:1908.07525 arXiv:2008.08108

e dark scalars

* strongly interacting massive particles:
a confining interaction in the dark sector

* inelastic Dark Matter (iDM):
large mass-splittings in dark states, can
explain muon (g-2) anomaly.

* heavy neutral leptons

10



p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:
d

arXiv:1801.05805 arXiv:1804.00661

strongly interacting massive particles:
a confining interaction in the dark sector

inelastic Dark Matter (iDM):
large mass-splittings in dark states, can
explain muon (g-2) anomaly.

heavy neutral leptons
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p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:
arXiv:1801.05805 arXiv:1804.00661 arXiv:1908.07525 arXiv:2008.08108

e dark scalars
- and 3-body decays, m./fr =3

T

1072 —

* strongly interacting massive particles: =

1073 | | 1073
a confining interaction in the dark sector ] .
€ : ] € ]

* inelastic Dark Matter (iDM): 105 | ] o _?

large mass-splittings in dark states, can 106 | ] e PEes

explain muon (g-2) anomaly. ot | B I - (= S O
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heavy neutral leptons

2- and 3-body decays, m,/fr, = 4w
SN < BaBar
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p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:
arXiv:1801.05805 arXiv:1804.00661 arXiv:1908.07525 arXiv:2008.08108

e dark scalars

* strongly interacting massive particles:
a confining interaction in the dark sector

* inelastic Dark Matter (iDM); —————mmy ~ A=04,0,=0.1

large mass-splittings in dark states, can

explain muon (g-2) anomaly. 102 A N

* heavy neutral leptons
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p* beam + shallow dump + spectrometer
SeaQuest/DarkQuest/LongQuest @ FNAL (2017-?)

Like other similar experiments, DarkQuest has broad sensitivity to Dark Sectors:

arXiv:1801.05805 arXiv:1804.00661 arXiv:1908.07525

e dark scalars

* strongly interacting massive particles:
a confining interaction in the dark sector

* inelastic Dark Matter (iDM):
large mass-splittings in dark states, can
explain muon (g-2) anomaly.
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Millicharges @ FNAL

A 7>

~massless vector mediators
give rise to millicharged DM

Argoneut:
* 0.24 ton LAr TPC on NUMI beamline

* 1020 p* @ 120 GeV on graphite target
in 2009-2010

* search for projective two-hit events

new limits in mass range 0.[-5 GeV

FerMINI proposal:

* dedicated plastic scintillator detector,
similar to MilliQan, on NUMI beamline

* searches for triple coincidences

complementary to other experiments at
lower (LDMX) and higher (MilliQan) masses
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Millicharges @ FNAL
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~massless vector mediators FerMINI
: : - g O i
give rise to millicharged DM e JM!.”!
4’10’”‘—“’30’"‘* «———— " Hadon 3m Rock E*m FerMINI Detector

Argoneut:
* 0.24 ton LAr TPC on NUMI beamline

* 1020 p* @ 120 GeV on graphite target
in 2009-2010

* search for projective two-hit events

new limits in mass range 0.1-5 GeV

FerMINI proposal:

* dedicated plastic scintillator detector,
similar to MilliQan, on NUMI beamline

* searches for triple coincidences

complementary to other experiments at
lower (LDMX) and higher (MilliQan) masses

675 m Monitor

Zarko Pavlovic & Yu-Dai Tsai, Fermilab

Long Baseline Neutrino
Facility \g
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https://arxiv.org/abs/1812.03998
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et fixed target:
PADME @ JLab (proposal)
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Reconstruction of mass without

measurement of decay products. -
Sensitive to both visible and invisible — "\ o

target

Fixed-target config Célor'_mfer

EB

Non interact ng] bea}‘n |

decays of on-shell mediators. o A F—>
e
M. = 2me (E+ ~E,(1+ — 02))
2me !
Most components suitable for CEBAF energies Key backgrounds:
o Target Bremsstrhalung 2.y Annihilation 3-y Annihilation
* Calorimeter ECAL ECAL ECAL

* Veto System
DAQ requires changes for CW beam

Reach limited mostly by CM energy ~ \/Ey.om
(at JLab CEBAF /11 GeV = 106 MeV) e e

Beam

High energy positron beams not available yet at |Lab
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et fixed target:
PADME @ JLab (proposal)

Reconstruction of mass without
measurement of decay products.
Sensitive to both visible and invisible
decays of on-shell mediators.

Mrzec = 2me (E+ — E’Y(l T ;j:;e 0’%’))
Most components suitable for CEBAF energies
* Target

* Calorimeter

* Veto System

DAQ requires changes for CW beam

Reach limited mostly by CM energy ~ \/Ey.om
(at JLab CEBAF /11 GeV = 106 MeV)

High energy positron beams not available yet at JLab
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Mass Hierarchy Determines Search Strategy & Interpretation
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Mass Hierarchy Determines Search Strategy & Interpretation
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decay in W< f\/\/\/\/\< )
experiments [T X
Search: for mediators decaying to SM for production of DM

spectrometers: (e.g. APEX, HPS, DarkQuest)
missing mass: (e.g. PADME @ JLab)

missing mass: (e.g. PADME @ JLab); missing E, p’: (e.g. LDMX); beam dumps: (e.g. MiniBoone, BDX)

searches typically measure/constrain €2 as a function of Ma’
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Searches for Production of Light Dark Matter

ol A
bk M\
Want parameter space more natural for DM searches
X e 10—4. .
conservative
5 1076 current constraints
<
A/ B § — i
N A
_ g ‘
X €+ r‘a(%e
2 R
ov X 6204 mx = Y
D4 T m2 strongly disfavored
A X down here!
4 (too much DM)
y = e‘a X > 10 10°
T A
m, [MeV]

Choose conservative values of ap, Ma/M ,for converting (Ma,e) = (M ,,y)
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Beam Dumps

(%)

f—— 10 m ——>4¢— 10 m —

X

Beam Dump Detector

Boosted A" — yjy makes a dark matter beam!

* relatively low rates, few and simple backgrounds

* potential to investigate DM-SM interactions w/ different detector materials

* can often operate parasitically with intense beams using existing facilities

* neutrino program @ FNAL (p* beam dump)
* coherent v-N scattering program @ ORNL, LANL (p* beam dump)

* nuclear physics program @ JLab CEBAF (e- beam dump)
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MiniBoone @ FNAL

o1 A
PN
8 GeV protons on iron dump; 800 ton mineral oil detector .
Target Decay Pipe Beam Dump MiniBooNE Detector
* Improved analysis of 10-month dedicated
beam-dump run in 2013-2014 with 1.9%1020 P —L
protons adds analysis of electron recoils Be| 4.
* Time-of-flight helps distinguish from neutrino : 50 m

backgrounds at higher masses

Demonstrates capabilities of infrastructure for neutrino
. 7l K*—a*+invis.

program to search for light DM 1072
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https://arxiv.org/abs/1807.06137
https://arxiv.org/abs/1807.06137

COHERENT @ Oak Ridge National Lab

Designed to study Coherent Elastic Neutrino Nucleus L
Scattering (CEVNS) wl/ first observation in 2017

Hg TARGET

SHIELDING MONOLITH

* | GeV proton beam on mercury target: suite of

CONCRETE AND GRAVEL

off-axis detectors measure CEVNS N-dependence

E d
I
]l

* Preliminary result for sub-GeV DM in 2017
demonstrated concept

o CEVNS is a key background for DM search:

prompt timing used to reduce backgrounds

Csl NIN Cubes

SANDIA

Nal

Sensitivity study for planned 750 kg LAr detector g,

Prompt CEVNS Delayed CEVNS
4" P Steady-State Bkg
[l Beam Neutrons

3|~ [[JNeutrino Signal
[[JLDM Signal

10° Counts / 610 kg LAr x 3 years
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COHERENT @ Oak Ridge National Lab

Designed to study Coherent Elastic Neutrino Nucleus
Scattering (CEVNS) w/ first observation in 2017

ji? .

2\
i

* | GeV proton beam on mercury target: suite of

(85.13)

off-axis detectors measure CEVNS N-dependence

* Preliminary result for sub-GeV DM in 2017
demonstrated concept

o CEVNS is a key background for DM search:

prompt timing used to reduce backgrounds

BOTTOM
FILL TUBE

SNS proton beam

Sensitivity study for planned 750 kg LAr detector 7’/

Prompt CEVNS Delayed CEVNS

“I” [ Steady-State Bkg
[l Beam Neutrons

3|~ [[JNeutrino Signal
[[JLDM Signal

10° Counts / 610 kg LAr x 3 years

O 50 100 150 200 O 50 100 150 200 ] | 10

—
o
™
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Coherent Captain-Mills (CCM) @ LANL

Designed to study CEVNS and search

for eV-scale sterile neutrinos

* 800 MeV proton beam on tungsten target
* pair of 10-ton LAr detectors

* similar use of timing to reject delayed
backgrounds from neutrons and neutrinos

Good sensitivity if low backgrounds achieved

Flux (Arbitrary Units)

s | |

Beam Pulse 100 nsec, Detector at 20 m

—

o
o)
LI L L O = B L L B L
<
=
o
(]

o
)

0.4

0.2

LI N B A B B | R DL UL LALLM I L L L LN
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1 50 nsec time cut

——— Prompt Speed of Light
——— Pion Decay Neutrinos
——— Muon Decay Neutrinos

[ Neutrons 1-10 MeV
[ Neutrons 10-20 MeV
[—_""] Neutrons 20-50 MeV
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Total Neutrons

lllllllllllllllllll
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“
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Figures from R.Van De Water & P. deNiverville
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Beam Dump eXperiment (BDX) @ JLab CEBAF

Proposal to run parasitic DM detector behind high-
current dump at JLab in new experimental facility

=T Existing Beam Dump & i
Hall A Infrastructure J ==
(Translucent) BTl m

* 2-11 GeV electrons, ~fewx |02!/year ) | e

e Csl detector w/ SiPM readout, cosmic veto

* CW beam: neutrino backgrounds not
reducible with timing

Achieves similar sensitivity to proton beam dumps

Test detector, BDX-HODO deployed in pair of
wells installed verifies expected backgrounds

BDX-MINI, operated in same location collected
2.1x102" EOT from Dec. 2019 - Mar. 2020

broducing first results.

figures from M. Battaglieri
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Beam Dump eXperiment (BDX) @ JLab CEBAF

Proposal to run parasitic DM detector behind high-

current dump at JLab in new experimental facility @ D
e sy
- B Hall(ﬁrmuctm |
« 2-11 GeV electrons, ~fewx |02!/year wsion ]
e Csl detector w/ SiPM readout, cosmic veto = s 4
. < f‘%’ e New BDX Facilitywkw DET:cwR l r
* CW beam: neutrino backgrounds not . (Opague)
redUCIbIe Wlth tlmlng FermionorScalarDM,e'scattering, m, <<my, arp=0.l_
10‘5 @@= >5¢ - -.----.l";
Achieves similar sensitivity to proton beam dumps 3__1,,_;?.--~-"'
10780 - //
Test detector, BDX-HODO deployed in pair of Lol i
wells installed verifies expected backgrounds & _—
10-3}
BDX-MINI, operated in same location collected 1% 1S\ <
2.1x1021 EOT from Dec. 2019 - Mar. 2020 | = iy
,,,,,,,, 3,10 & 20 Events
pr oducmg ﬁrSt results. figures from M. Battaglieri 10-11 " , ,
1 10 10

my [MeV] 9



Beam Dump eXperiment (BDX) @ JLab CEBAF

Proposal to run parasitic DM detector behind high-
current dump at JLab in new experimental facility

* 2-11 GeV electrons, ~fewx |02!/year

e Csl detector w/ SiPM readout, cosmic veto

* CW beam: neutrino backgrounds not
reducible with timing

Achieves similar sensitivity to proton beam dumps

Test detector, BDX-HODO deployed in pair of
wells installed verifies expected backgrounds

BDX-MINI, operated in same location collected
2.1x102! EOT from Dec. 2019 - Mar. 2020

broducing first results.

BDX-MINI ¥

test wells p—

BDX-MINI

o Etot>200 MeV + anti-coinc
E  Eto>100 MeV + anti-coin

[
BaBar

2 4
€ ap (my/my)

y

II]IIIl TTTT IIII

figures from M. Battaglieri
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Beam Dump Limitations

1 A~

sy NUN

jf—— 10 m > 4 10 m —

e Dirt
Detector

Next generation beam dumps cover only

scalar target with expected yields, where B
neutrino backgrounds are already a challenge.

Signal yield scales as ape?

—> reach in y a (#EOT){”? (no background)

—> reach in y o (#HEOT)!# (w/ background)

4
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Reaching all thermal targets convincingly with
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beam dumps looks very difficult.
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How to Discover Something (nearly) Invisible?

Missing energy/momentum technique:

Target
* one electron at a time, to e [— 1

uniquely associate eoyu: With e, . : |
Ei=Ep '——]

Tagger

(only leptons are clean enough)
* look for events with large AE or Ap’

* no other products of reaction
(something invisible produced)

N o €°

ﬁin — ﬁout + ﬁDM

Much better sensitivity than beam dumps with relatively small event yields.
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Missing Energy vs. Missing Momentum

Target/ECAL/HCAL

Missing energy experiments. ..

* have a thick (active) target for higher yields

* have only one signal discriminator

* have no way to probe mediator physics

* are challenged by backgrounds beyond 104
EOT that require e-y particle ID

Event Fraction

(%)

1

signal | Ma = 10-1500 MeV

region
4—

Inclusive Single e-
Background

recoil energy distributions, 4 GeV e on 10% X target
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Missing Energy vs. Missing Momentum

Target/ECAL/HCAL

Missing energy experiments. ..

* have a thick (active) target for higher yields

* have only one signal discriminator

* have no way to probe mediator physics

* are challenged by backgrounds beyond 104

EOT that require e-y particle ID

Event Fraction

(%)

1

signal | Ma = 10-1500 MeV

region
4—

Inclusive Single e-
Background

recoil energy distributions, 4 GeV e on 10% X target
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Missing Energy vs. Missing Momentum

Invisible

Target/ECAL/HCAL

recoil pr distributions, 4 GeV e- on 10% Xy target

Event Fraction / 5 MeV

L 10 MeV

10% X target = 4 MeV smearing

100 MeV
200 MeV
500 MeV

1000 MeV

1500 MeV

0 100 200 300 400 500

Electron I?TI [MeV]

Target
e [~
i |

E:=Fp !—-1
Tagger

Invisible

Tracker

ECAL/HCAL

Missing momentum experiments. ..

* also have Apr as a signal discriminator

* have Apr as a signal identifier, sensitive to ma’

e have tracking for e-y particle ID so that no

irreducible backgrounds beyond 1016 EOT.

* include a missing energy experiment: thin-target
missing momentum experiments can also
perform a missing energy analysis
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The LDMX Experiment at SLAC

=
7

missing momentum experiment for =10'¢ e-

HPS-like compact layout, tracking from HPS, ECal
from CMS upgrade and HCal from Mu2e

planned operation in End Station A at SLAC using
LCLS-Il drive beam delivered through the Sector
30 Transfer Line (Linac to End Station A).

In addition to missing momentum, also sensitivity
to visible signatures with thin target and hermetic
forward acceptance.

S30XL

Beam Kickers ESA

BSY dump
LCLS-Il SCRF Linac
Soft X-Ray FEL

Hard X-Ray FEL

LCLS-Il will send ~2.5% 102! electrons/year to the dump: other opportunites?
23



The LDMX Experiment at SLAC

missing momentum experiment for =10'¢ e-

HPS-like compact layout, tracking from HPS, ECal
from CMS upgrade and HCal from Mu2e

planned operation in End Station A at SLAC using HCal

LCLS-Il drive beam delivered through the Sector
30 Transfer Line (Linac to End Station A).

In addition to missing momentum, also sensitivity
to visible signatures with thin target and hermetic
forward acceptance.

S30XL

Beam Kickers ESA

BSY dump
LCLS-Il SCRF Linac
Soft X-Ray FEL

Hard X-Ray FEL

LCLS-Il will send ~2.5% 102! electrons/year to the dump: other opportunites?
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LDMX Sensitivity to A’-mediated Freeze-out DM

Key backgrounds are e- + low multiplicity:
e” — e +hardy
+ —_
y > H H
y — hadrons
(and direct electro-nuclear analogues)

After ~2 years of operation with 4 GeV beam, 49 n:'

LCLS-Il upgrade to 8 GeV for Phase Il

Phase IlI? A larger detector, operating at even
higher energies (e.g. CERN eSPS at 16 GeV)
would extend reach at high masses.

Possibility of operation with a muon beam at
FNAL (M3) also being studied

Ultimate goal is exploration of entire thermal
DM parameter space from MeV-GeV, where
complementarity with Belle-ll is important.

1.000

0.9951!!

BDT discriminator valu
o
(o]
(00]
(@]

L]
- —— - — - - - - - -
L]

ot~ .

ECal photo nuclear (2 1 x 1014 EoT) %

bl * 3K WP i

50 100 150 200

arXiv:1912.05535 [physics.ins-det]

250
Maximum photoelectrons in an HCal module

LDMX Slmulatlon

=
o
W

;;I
o
N

Signal Rate (Arbitrary Units)

=
o
=

10°

24


https://arxiv.org/abs/1912.05535
https://arxiv.org/abs/1912.05535

LDMX Sensitivity to A’-mediated Freeze-out DM

[ 7 g \ 2
Key backgrounds are e- + low multiplicity:
e” — e +hardy
+ —_
Yy KU H
y — hadrons 108 Extended LDMX Sensitivity ) .

(and direct electro-nuclear analogues)

After ~2 years of operation with 4 GeV beam,
LCLS-Il upgrade to 8 GeV for Phase Il

Phase IlI? A larger detector, operating at even
higher energies (e.g. CERN eSPS at 16 GeV)
would extend reach at high masses.

Possibility of operation with a muon beam at
FNAL (M3) also being studied

Ultimate goal is exploration of entire thermal
DM parameter space from MeV-GeV, where
complementarity with Belle-ll is important.

ap=0.5,my=3 m,

107 N - = [Nz 2l A -

I 10-10} LDMX Phase I @ 4 GeV a3

E< C

-11

E><
~ 10_12

=

S m— | VX 4 101 EOT (4 GeV) on 10% W (ue=1,1 yp)
N\U = Extended: 1.6 10'S EOT (8 GeV) on 40% Al (ue=2.2 yr)

[ [— [
S S S
— — —
wn £ N w

LLL
i
.

: LDMX Phase II @ 8 GeV
1016 ArXiv:1808.05219 [hep-ex] T
1 10 102 10°
m, [MeV]
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LDMX Sensitivity to A’-mediated Freeze-out DM

Key backgrounds are e- + low multiplicity: Long Baseline Neutrino . NuMI-MINOS
Facility \ Beam (120 GeV)
(60-120 GeV) *, Beam (8 GeV)

e” — e +hardy
+ —_
y = utu
y — hadrons
(and direct electro-nuclear analogues)

10s GeV

Main Injector ' =—4 muons (DC)
(120 GeV) .

Recycler

After ~2 years of operation with 4 GeV beam, 8 GeV)

LCLS-Il upgrade to 8 GeV for Phase Il

. 1076} ;o
Phase IlI? A larger detector, operating at even
. . 1077¢ i
higher energies (e.g. CERN eSPS at 16 GeV) .
. 1078; ! pE
would extend reach at high masses. S I
2 107 A4
E 10710 at‘ée\s - / '
of of° . . ~ \‘ g /’
Possibility of operation with a muon beamat g o
FNAL (M3) also being studied S
N -12 4 3
w 10 ,,—,v" M* Muon
[l N —m===="",¢" Missing Momentum
> 10—13 //,*
Ultimate goal is exploration of entire thermal -
DM parameter space from MeV-GeV, where .| /__,/MLDMXD?WOH
. . . e " issi tu
complementarity with Belle-ll is important. Lo-18” A
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LDMX Beyond A’-mediated Freeze-out DM

Sensitive to a broader set of scenarios:
arXiv:1807.01730 [hep-ph]

 other mediators

* Strongly Interacting Massive Particles (SIMPs):
a confining interaction in the dark sector

* millicharged particles:
arise from ~massless dark photons and
thrust into spotlight by EDGES anomaly

* Axion-like particles (ALPs):
new pseudo-scalars can have either/both
photon and electron couplings

* inelastic Dark Matter (iDM):
large mass-splittings in dark states, both visible
and invisible signatures

* freeze-in DM, etc... new ideas?

(%)


https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/1807.01730

LDMX Beyond A’-mediated Freeze-out DM

B-L, my =3my, ap=0.5

Sensitive to a broader set of scenarios: e

arXiv:1807.01730 [hep-ph] '

2 4
y = €pL” ap (my/my)

2 4
€pse” @p (my/my)

y =

Strongly Interacting Massive Particles (SIMPs): e
my [GeV] my [GeV]
a confining interaction in the dark sector %

millicharged particles:
arise from ~massless dark photons and
thrust into spotlight by EDGES anomaly

2 4
Y= €y ap (my/my)

y = ep® ap (my/my)t

thermal target
L L L |

Axion-like particles (ALPs): :
new pseudo-scalars can have either/both E E |
photon and electron couplings 'y | ol
inelastic Dark Matter (iDM): m - m[c,w -
large mass-splittings in dark states, both visible - B/ v/
and invisible signatures Lo A A E : /
freeze-in DM, etc... new ideas? - :



https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/1807.01730

LDMX Beyond A’-mediated Freeze-out DM

Sensitive to a broader set of scenarios:

arXiv:1807.01730 [hep-ph]

other mediators

Strongly Interacting Massive Particles (SIMPS): cfp- 10-2 -

a confining interaction in the dark sector

millicharged particles:
arise from ~massless dark photons and 104 F
thrust into spotlight by EDGES anomaly € :

Axion-like particles (ALPs):
new pseudo-scalars can have either/both
photon and electron couplings

-7
inelastic Dark Matter (iDM): 10
large mass-splittings in dark states, both visible
and invisible signatures

freeze-in DM, etc... new ideas?

(%)
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LDMX Beyond A’-mediated Freeze-out DM

(%)

Sensitive to a broader set of scenarios:
arXiv:1807.01730 [hep-ph]

other mediators

Millicharged Fermion

* Strongly Interacting Massive Particles (SIMPs):

a confining interaction in the dark sector

* millicharged particles: =———————————p

arise from ~massless dark photons and

thrust into spotlight by EDGES anomaly 2
So
O

* Axion-like particles (ALPs):
new pseudo-scalars can have either/both

photon and electron couplings

* inelastic Dark Matter (iDM):
large mass-splittings in dark states, both visible m, [MeV]

and invisible signatures

* freeze-in DM, etc... new ideas?
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LDMX Beyond A’-mediated Freeze-out DM

Sensitive to a broader set of scenarios:
arXiv:1807.01730 [hep-ph]

 other mediators

* Strongly Interacting Massive Particles (SIMPs):
a confining interaction in the dark sector

* millicharged particles:
arise from ~massless dark photons and
thrust into spotlight by EDGES anomaly

* Axion-like particles (ALPs): =—————————>p>
new pseudo-scalars can have either/both
photon and electron couplings

* inelastic Dark Matter (iDM):
large mass-splittings in dark states, both visible
and invisible signatures

* freeze-in DM, etc... new ideas?
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Axion-like Particle (v coupling)

1072 ¢
F LEP
I E121
1073 E
E BaBar
1074 L X 4
E Sal \\\\ \"“\\fl /\4\_ ;’);E
1016 EOT
10—5 L ) LN
1072 107" 10°
mg [GeV]
Axion-like Particle (e coupling)
ol
10 E (g- 2)¢ Babar 3
Tl — “rz=---__Belle II__4
E~ B4l T
—2
077" Omsay
E LDMX \
10-3
E El E
ot | 10*° EOT 1
1072 1071
mg [GeV]

GeV/A,

GeV/A,

Axion-like Particle (y coupling)

1072 ¢
E LEP
r El141
107°% ¢
BaBar
\F: :s,
1074 L LN .
F A \%“,“f;‘«\-i)’—nﬁé
vCal 10'® EOT
107° . L . LN
1072 107" 10°
mg [GeV]
Axion-like Particle (e coupling)
0
10 Babar 3
107 E T “Tzso--o__Belle I1_
E E141 N R
-2
10 Or say
STEIEES
107°%
£ E137 E
ot L 10" EOT 1
1072 10!
mg [GeV]

25


https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/1807.01730

LDMX Beyond A’-mediated Freeze-out DM

ol As
b M\
Sensitive to a broader set of scenarios:
arXiv:1807.01730 [hep-ph]
* other mediators
* Strongly Interacting Massive Particles (SIMPs): Fermionic iDM, m, = 3m1, A = 0.1 my, ap = 0.1
a confining interaction in the dark sector 1077 g—— A AR W KR
10-8 W \| j
* millicharged particles: _ 107 iy W
arise from ~massless dark photons and g 1070 g e dums i WL ,/fl/,ég;év‘:%“
thrust into spotlight by EDGES anomaly g 13_: A . '_//
Q
« Axion-like particles (ALPs): o 107"
new pseudo-scalars can have either/both 5 10:1:
photon and electron couplings 18—16 thermal target)
10—17, Lol Lol Lol T
* inelastic Dark Matter (iDM): =——————————————p = 10 1072 107! I
large mass-splittings in dark states, both visible my [GeV]

and invisible signatures

* freeze-in DM, etc... new ideas?
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LDMX Beyond A’-mediated Freeze-out DM

(%)

Sensitive to a broader set of scenarios:
arXiv:1807.01730 [hep-ph]

other mediators

* Strongly Interacting Massive Particles (SIMPs):
a confining interaction in the dark sector

* millicharged particles:
arise from ~massless dark photons and
thrust into spotlight by EDGES anomaly

Low—Reheat Freeze—In, m ,, =15 Try, m, =10 keV

T T TT] T T
BaBar (vis.)

* Axion-like particles (ALPs):
new pseudo-scalars can have either/both

107k

BBN+CMB -

photon and electron couplings -
1074¢

€

* inelastic Dark Matter (iDM):

large mass-splittings in dark states, both visible 105

and invisible signatures

e freeze-in DM, etc... new ideqs? =y 0O
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Summary

1 A

S
Fixed target experiments continue to play an important role in searches for new
vector mediators and dark matter in the MeV-GeV mass range.

An active US program in visible mediator searches begun almost a decade ago is
being joined by many new proposals to search for MeV-GeV dark matter. A number
of these efforts leveraging existing infrastructure are already underway, and new
facilities are being developed to enable the next generation of searches.

These experiments can explore the simplest thermal freeze-out DM scenarios in

the MeV-GeV range over the next ten years in combination with e"e™ colliders.

Completing the picture for secluded DM and other models with visible searches
will be a longer, more piecemeal process, and new ideas are still needed.

The Snowmass process underway in the US should generate many new ideas and
bring future plans into focus, much as the European Strategy update has in Europe.
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Missing Momentum Backgrounds
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Thermal Targets - Accelerators and Direct Detection

Scalar Elastic DM, A" Mediator, ma = 3m,, ap =0.5 Majorana DM, A" Mediator, ma = 3m,, ap =0.5
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Resonance Effects
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LDMX has good sensitivity even for finely tuned mass ratio.
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LDMX: Using Pr to Eliminate Backgrounds
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Robustnhess of Accelerator Reach
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e- beam + spectrometer:
Darklight at JLab (2022?)

Darklight ca. 2017

First proposed to run at JLab LERF:
* 5 mA, 100 MeV e

* ~1019/cm2 H; gas target

]_0'9 A HPS,,Vte‘,teX,, S
complete reconstruction of final state -
allows sensitivity to invisible decays also 107 [ — s @ 220v | N

10_1116' 10° | 107 - - 10°

A’ mass (GeV)



e- beam + spectrometer:
Darklight at JLab (2022?)

Darklight 2020

First proposed to run at JLab LERF:
* 5 mA, 100 MeV e

* ~1019/cm2 H; gas target

LLLLLLLLLLLLL

Motivated by various challenges and N\
focus on |7 MeV observation a
simpler proposal has emerged:

a low-energy two-arm spectrometer

to operate using the CEBAF injector (6= Dyorfered
@ 45 MeV beam energy. 06

107° e

5th, force (5Be)

Proposed to JLab PAC this summer:
decision deferred with questions
regarding background estimates.
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