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Introduction

* One of the DM candidates is thermal DM, i.e., DM is thermalized with SM patrticles in the early universe
[attractive features]

- Freeze-out mechanism can yield DM abundance = DM-SM reaction cross section can be large

- Viable DM mass range is limited = Thermal mass window (~1 MeV to ~100 TeV)

Target of experiment

~1 MeV ~1 GeV ~100 TeV
Effective number of DM annihilation cross section
relativistic species violates unitarity

Thermal DM scenario provides target of experiment
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Sub-GeV dark matter

~ 1 MeV ~1 GeV ~100 TeV

DM mass scale

Sub-GeV Target of collider and direct detection experiments

% High center of mass energy, and nucleon recoil detection threshold

- Sub-GeV DM is also a DM candidate but is feebly coupled with SM particles

- Benchmark model: & D eeA JE\  — gpA,(i7,y" yy + H.c.) A" Darkphoton, y, ,: Pseudo-Dirac DM, J%, : SM EM current

DM annihilation cross section for m, +m, < my

1 )
A . 2 2,2 *
ce (oV), X ylm, with y = €“gp, (m)ﬁ/mA,)
SM

For a fixed (ov), . y becomes smaller(feebly coupled) when m, gets smaller

Hight intensity experiments are needed to search for Sub-GeV DM
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DM search at beam dump experiment

- Beam dump experiments are high-intensity experiments and are sensitive to Sub-GeV DM

- three components of beam dump experiment:

Beam particle Beam dump(fixed-target) Detector
e.g., electron, proton, and muon

Detect signature of DM
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Target
(nucleon, electron, etc)

DM may be produced

[Goal of beam dump experiment]

To detect DM signatures produced by beam-target collision
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Key features of beam dump experiment (1)

[Center of mass energy]

_ 2 2
\/E — \/mbeam T Myarget T 2Ebeammtarget

where My, is mass of beam particle, my,,...; is mass of target particle, and £y, is beam energy

- Center of mass energy is smaller than collider energy scale, but Sub-GeV DM productions are

kKinematically allowed

EX. Beam = electron (my.,,, = 0.5 MeV), target = nucleon (Mygrger = 1 GeV), Epepy = 10 GeV

_ 2 2 N
\/E — \/mbeam T Myaroet T 2Ebeammtarget ~ 5 GeV

Boosted Sub-GeV DM can be produced in beam dump

% This feature is determined only by beam and target properties
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Key features of beam dump experiment (2)

- Beam dump experiment is high luminosity frontier

(# of produced DM) = (DM production cross section [L2])
Integrated luminosity

x|(Beam flux [T-1])x (Operation time [T]) x (# density of target [L-3]) x (Track length [L])

Beam particle Beam dump (fixed-target)

(Track length)= — + — + —

Ex. Target = Iron, # of injected proton beam = 1070

(Proton luminosity) ~ 90 ab~! for track length of 10 cm(nuclear collision length)

% Luminosity becomes higher for thick targets

Beam dump experiment has high luminosity and is sensitive to feeble coupling DM

% This feature is determined only by beam and target properties
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Three detection approaches

- Center of mass energy and luminosity are determined by beam and target = How about detector?

Beam dump  Esy and pgy

Detector
Beam particle SM

Ebeam and P beam

Beam particle _—~ Excited DM DM E%:):\E/I
Target
(nucleon, electron, etc) SM SM SM
% SM particles are detected SM: electron, nucleon, etc
2. Visible decay signal 1. Recoil signal
e.g., E137, LSND, CHARM, BDX, e.g., E137, LDND, MiniBooNE,

PIP2-BD, SeaQuest(proposed), etc CCM120,

BDX, PIP2-BD, DUNE, CCM200,
SHIP, ILC-BDX(proposed), etc

Beam dump experiments are divided into three classes of experiments
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- Typical setup:
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Recoll and visible decay processes
- Typical setup:
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Benchmark model: &£ D € - eA Jr, . — gpA,(ix,7" ¥, + H . c.) A" Dark photon, 1, ,: Pseudo-Dirac DM, JE;, : SM EM current
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(DI\/I outside this pink region cannot reach deteotor)
Beam dump )(1 . / Detector

- Typical setup:
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Atomic electron Nucl €e
HeIeUs SM: electron, nucleon, etc
Bremsstrahlung process  Pair-annihilation process Vector meson decay SM particle recoil Visible decay

- # of detected DM (signal events): Acceptance

~ (# of produced DM) x|(Probability DM reaches detector) x (Probability DM is detected)

=« (height of detector)?

o 2
x (length b/w beam dump and detector)-2 (Length of detector)x(ce)

« (Beam flux)x(ee)”

High flux beam, near* and large detectors are suited for recolil and visible decay search

% Detector cannot be too near because large beam dump or shield is needed to reduce beam-induced BG
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- Large beam dump or shield is needed to remove beam-induced particles, e.qg., Jl'i, ,ui, K
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Beam dump Detector

Beam particle
— —>
=+ =+
-, u—, K
Target

(nucleon, electron, etc)

- Large beam dump or shield is needed to remove beam-induced particles, e.qg., Jl'i, ,ui, K

- neutrinos are produced by decay of 7™, y™,... in beam dump Ex. 77 - put +uv, pt >0, et +u,..



Background events in recoll and visible decay search

Beam dump Detector

o SM SM n,p p.n n |
| arlge t SM: electron, nucleon, etc Quasi-elastic Neutral pion 77
(nucleon, electron, etc) Elastic scattering scattering production

BG of recoil events

- Large beam dump or shield is needed to remove beam-induced particles, e.qg., Jl'i, ,ui, K

- neutrinos are produced by decay of 7™, y™,... in beam dump Ex. 77 - put +uv, pt >0, et +u,..



Background events in recoll and visible decay search

Detector

n,p p.n

Quasi-elastic
scattering

Neutral pion p
production

Beam dump
Beam
., Eem. _\.-------{-==
U
Beam particle K
n A 2 SM SM
Target ’ _
Neutral kaon SM: electron, nucleon, etc
(nucleon, electron, etc) oroduction Elastic scattering
BG of visible

decay events

- Large beam dump or shield is needed to remove beam-induced particles, e.qg., JZ'i, ,ui, K

- neutrinos are produced by decay of T, ,ui,... iINn beam dump

BG of recoil events

Ex. 7" > uT+uv, ut >0, +tet +u,..
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- neutrinos are produced by decay of 7™, y™,... in beam dump Ex. 77 - put +uv, pt >0, et +u,..

Beam-induced neutrino can be main background events



Background events in recoll and visible decay search

Beam
., HE L\ .------
1%
Beam particle K
n ALY SM SM n, p p, n n |
Target Neutral kaon SM: electron, nucleon, etc Quasi-elastic Neutral pion 77
(nucleon, electron, etc) oroduction Elastic scattering scattering production
BG of visible

BG of recoil events
decay events

- Large beam dump or shield is needed to remove beam-induced particles, e.qg., Jl'i, ,ui, K

- neutrinos are produced by decay of 7™, y™,... in beam dump Ex. 77 - put +uv, pt >0, et +u,..

-7, ,ui are absorbed or decay at rest by large beam dump = neutrino flux is reduced

Beam-induced neutrino can be main background events
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thin target Tracker = EM and Hadron calorimeter

Missing energy: Missing momentum:

EDM = Ebeam_ Ee— PpoM = Poeam™ Pe-

Ex. bremsstrahlung process Ex. bremsstrahlung process

% Energy transfer to nucleus is modest in Bremsstrahlung process % Target is thin to reconstruct final state electron

- # of missing events:
J Acceptance

~ (# of produced DM) x|(Probability DM reaches detector) x (Probability DM is detected)
~ 1
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Ex. bremsstrahlung process Ex. bremsstrahlung process

% Energy transfer to nucleus is modest in Bremsstrahlung process % Target is thin to reconstruct final state electron
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~ 1

% not proportional to (ee)” in contrast to recoil and visible search
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thin target Tracker = EM and Hadron calorimeter

Missing energy: Missing momentum:

EDM = Ebeam_ Ee— PpoM = Poeam™ Pe-

Ex. bremsstrahlung process Ex. bremsstrahlung process

% Energy transfer to nucleus is modest in Bremsstrahlung process % Target is thin to reconstruct final state electron

- # of missing events:
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~ (# of produced DM) x|(Probability DM reaches detector) x (Probability DM is detected)
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% not proportional to (ee)” in contrast to recoil and visible search
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Missing energyymomentum signal processes

Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thin target Tracker = EM and Hadron calorimeter

Missing energy: Missing momentum:

EDM = Ebeam_ Ee— PpoM = Poeam™ Pe-

Ex. bremsstrahlung process

Ex. bremsstrahlung process

% Energy transfer to nucleus is modest in Bremsstrahlung process % Target is thin to reconstruct final state electron

- # of missing events:

Acceptance
~ (# of produced DM) x|(Probability DM reaches detector) x (Probability DM is detected)
« (Beam flux)x(ce)’ ~ T

% not proportional to (ee)” in contrast to recoil and visible search

Acceptance is good, but the continuous beam(small flux) is needed to reconstruct SM
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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Background events in missing energy/momentum search

Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker = EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam
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educible by tracker in front of target
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
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educible by tracker in front of target
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = F

- Photo-nuclear reaction and muon production

educible by tracker in front of target
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = Reducible by tracker in front of target

- Photo-nuclear reaction and muon production

% Here, single electron events are assumed to be selected as signal events to remove BG events
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:
Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = Reducible by tracker in front of target

- Photo-nuclear reaction and muon production = Reducible by calorimeter and tracker behind target

% Here, single electron events are assumed to be selected as signal events to remove BG events
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = Reducible by tracker in front of target

- Photo-nuclear reaction and muon production = Reducible by calorimeter and tracker behind target

- Neutrino background, e.g., neutrino trident process(eN — evvN)

% Here, single electron events are assumed to be selected as signal events to remove BG events
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Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker EM and hadron calorimeter, i.e., active target Tracker Thintarget Tracker EM and Hadron calorimeter
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e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = Reducible by tracker in front of target

- Photo-nuclear reaction and muon production = Reducible by calorimeter and tracker behind target

- Neutrino background, e.g., neutrino trident process(eN — evvN) = Irreducible but it’s negligible

% Here, single electron events are assumed to be selected as signal events to remove BG events



Background events in missing energy/momentum search

Missing energy search, e.g., NAG4: Missing momentum search, e.g., LDMX:

Tracker Thintarget Tracker EM and Hadron calorimeter

Tracker EM and hadron calorimeter, i.e., active target

Muon pair productions  Photonuclear reaction

Muon pair productions  Photonuclear reaction

e Potential BG events:

- Mistakenly tagged initial beam, e.g., incident lower energy beam = Reducible by tracker in front of target

- Photo-nuclear reaction and muon production = Reducible by calorimeter and tracker behind target

- Neutrino background, e.g., neutrino trident process(eN — evvN) = Irreducible but it’s negligible

Less than one predicted BG event in both NA64 and LDMX

% Here, single electron events are assumed to be selected as signal events to remove BG events
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Excluded regions by beam dump experiments

* Benchmark model: & D e - eA J% — gpA,(iry*xy + H.c.) A" Dark photon, y; ,: Pseudo-Dirac DM
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% Boosted DM productions in the beam dump are unaffected much by the spin of the DM or the Lorentz structure of its interactions



Sensitivity of future beam dump experiments
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% Boosted DM productions in the beam dump are unaffected much by the spin of the DM or the Lorentz structure of its interactions



Summary

- The beam dump(fixed target) experiment is experiment sensitive to

- Several factors determine the sensitivity of the beam dump experiment (fixed target), e.qg.,

beam flux, beam energy, beam particle, acceptance, detection approach,...

- There are many experiments, but these are not simply competitions to achieve the same physics

EX. - dump experiments are suited to NP search

- dump experiments are suited to NP search

- LDMX is highly sensitive to the DM production process, but it is not sensitive to the DM detection process in
contrast to recoil and visible decay searches. s LDMX is missing momentum search

= |f a positive DM signal is observed, model distinction would be possible

- The beam dump(fixed target) experiment may play a significant role in searching for Sub-GeV DM

models involving



Sensitivity of beam dump experiments
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Continuous beam

- The continuous beam doesn’t have beam bunches, which makes the trigger easier

bunch bunch train .+

RIS I <2

bunch pbunch bunch

spill

Continuous beam ¢« * .

l.e., N0 bunch
e.g. NA64

IS needed for the missing signature search

% The missing signature search experiments are not conducted much because of this
severe beam condition.



Beam unrelated background

 Beam-unrelated background: cosmic muons

- deep underground location of detector _
cosmic ray

- time window based on pulsed beam

muon veto

T deep underground

Detector

. |

bunches bunches
— —

Signal event arises from this time window

- directionality of signal events

- muon veto

Beam-unrelated background events are reducible



Pseudo-Dirac DM mass eigenstates
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Pseudo-Dirac DM kinetic term
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