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A NEW FRONTIER

Over the last few years, a strong science case for moving
beyond WIMPs has been established

Workshop and Community Report:
arXiv: 1707.04591

Light hidden-sector dark matter

a key area of focus

Dark Sector Candidates, Anomalies, and Search Techniques

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report
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FIRST STEPS BEYOND WIMPS

Thermal origin is a simple and compelling idea for
the origin of dark matter

Vicinity of the weak-scale remains well-motivated

No need to toss out all of the nice and simple
features ot WIMPs

* Thermal Origin
e Standard Model-like Mass
e Standard Model forces
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FIRST STEPS BEYOND WIMPS

* Thermal Origin
e Standard Model-like Mass
e Standard Model-like forces

“WIMP-like” dark matter, just not charged under
SU(2) weak. Interacts via some other mediator —
hidden (or dark) sector dark matter!



WIMP & THERMAL LDM EXPERIMENTAL EFFORT:
PHENOMENOLOGY SIMILARITIES

+ other modes

Experimental strategies similar to WIMP program, but new challenges
and opportunities arise from the lower mass scales



THERMAL LDM MODELS

Low-energy phenomenology depends on
DM spin (fermion or scalar)
e Mass structure (U(1)p—preserving, U(1)p—breaking, or both)

Particle Type

charged, elastic

Dark Matter Current

elastic

axially coupled

Inelastic

Different Low-Energy Phenomenology!

Model Mass terms J5 scattering o o« |Annilhilation ov oc|CMB-viable?
Fermion DM - Dlirect Annihilation

Majoran UQ), Wk s W v* p-wave o v° Y

Dig U(1)p-inv. Wy 1 s-wave o v" N
Pse\ido-Dyggac (1)p-inv. & /U(1)p R 27, in. forbidden “| kin. forbidden Y
Scaldr DM \QiNct Annihilation

Compex U(1)p-inv. " 0" — 0" d" 1 p-wave o v° Y
Pse\dd-complex -inv. & /U(1)p| ¢r0" b — ¢8" L | kin. forbidden | kin. forbidden ° Y

Like neutralino WIMP

Like sneutrino or Dirac neutrino WIMP




Dark-Matter-Electron
Scattering

New dedicated experiments aim to see
electron recoils at lower energy than
typical backgrounds (radiogenic, etc)

e.g. SENSEI:
1-100g detector made from low-noise
skipper CCDs
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Dark-Matter-Electron
Scattering: Limitations
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107 Dark matter halo is
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Dark-Matter Production I

4+ Remedy: make relativistic dark matter! In
fact, there are already powerful constraints on

such production from experiments >30 years
ago "
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+ Similarly, accelerator neutrino experiments are
also Dark Matter factories e




Dark-Matter Production 1
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Dark-Matter Production 1

s Beam Dump Sensitivity
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Dark-Matter Production 1

o Beam Dump Sensitivity
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Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

— gives signal yieldxy; low irreducible background

r - o N )
Missing Mass (e"e" colliders) Missing Energy/Momentum
= full kinematic reconstruction (e fixed target)
e " = partial kinematic reconstruction

BaBar @ SLAC

Belle I

lower mass



Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

— gives signal yieldxy; low irreducible background

g Missing Mass (e"e™ colliders) A

= full kinematic reconstruction

€




Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

Colliders:
Rate ~ y#/Ecm?

y (interaction strength)

- DM Mass (MeV) 14




Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

104 . LHC

1072 - LEP

Colliders:
Rate ~ y#/Ecw?

MiniBoone

y (interaction strength)

DM Mass (MeV) 14




Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

Colliders:
Rate ~ y#/Ecw?

Fixed target:

Rate ~ y Neme2/mpm?
(add’l form factor
penalty @ high
masses)

y (interaction strength)

DM Mass (MeV) 14




Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

104 LHC
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Colliders: et
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ACCELERATOR EXPERIMENTS HAVE CORNERED THERMAL LDM

Assuming thermal abundance to fix €

Pseudo—Dirac Thermal DM Majorana Thermal DM

10F 4 10F
mA-=3 mpMm mA-=3 mpMm /i'\]J
X
AV
i ~ {TeV Landau pole

4

1 | | \\\\\i\o | | 102 | | 103

npm (MGV) mpm (M@V)

Remaining 1-3 orders of magnitude represent some of the

best motivated parameter space. An amazing opportunity!
15



Dark-Matter Production II

+ To beat this scaling, must detect dark matter
production via kinematics of visible final states

— need signal yieldxy and low background

4 . I )
Missing Mass (e"e" colliders) Missing Energy/Momentum
= full kinematic reconstruction (e fixed target)
NG a = partial kinematic reconstruction
€e
- /
et ~ 1|A

~0.1 — 10 GeV Dark Matter MeV-GeV Dark Matter
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Kinematics of New-Particle
Production in Electron Beams

~

Low-energy nucleus typically not
measurable

E(A? = Ebeam E(e) < Ebeam

E = beam energy

\_

Eso=E

pr(A’) ~ pr(e) ~ my

€ softand wide—angle/

Most of beam energy carried away by invisible particles
Recoll electron kinematics opposite of typical bremsstrahlung-



Kinematics of New-Particle

Production in Electron Beams
4 ~ N\
y DM E(A9:Ebeam E(e) < Ebeam

Ml pr(d)~pre) s B

\_ Nucleus y

recoil distributions, 4 GeV ¢ on 10% X, target

Electron Recoil Energy Distributions, E, > 50 MeV

e +y

e +HA'
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Kinematics of New-Particle

Production in Electron Beams
4 B N\
y DM E(A9:Ebeam E(e) < Ebeam
Ml pr(d)~pre) s B

/
recoil distributions, 4 GeV ¢ on 10% X, target

Electron Recoil Energy Distributions, E, > 50 MeV

\_ Nucleus

e +7 Recoil energy —
high-efficiency signal
T region with ~30x
background rejection

e +HA'

Event Fraction

region
E.<1.2 GeV

E,. [GeV]
18




Kinematics of New-Particle
Production in Electron Beams

Event Fraction

4 _ )
e

\_ Nucleus

DM
DM

/

E(A9 ~ Ebeam E(e) < Epeam
pr(4) ~ pr(e) ~ ma

recoil distributions, 4 GeV ¢ on 10% X, target

Electron Recoil Energy Distributions, E, > 50 MeV
1

a few evients 1016 events!!

region
Ee.<1.2 GeV

Recoil energy —
high-efficiency signal
region with ~30x
background rejection
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Kinematics of New-Particle

Production in Electron Beams
4 B N\
y DM E(AyzEbeam E(e) < Ebeam
Ml pr(d)~pre) s B

Nucleus
\_ /
recoil distributions, 4 GeV ¢~ on 10% X, target —|NOT TO SCALE
1 Electron R?COH Energy Distributions, £, > 50 MeV Electron |Py| Distributions, 50 MeV < E, < 1.2 GeV, p;>0
a few evients 1076 events!! I

ey \

ma = 10-1500 MeV

Event Fraction/ S McV

Event Fraction

region
E.<1.2 GeV

h)
500

0 100 200 300 400
Electron |P7| [MeV]
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How to Identify These Events?

E

Target
4+ Electron beam impinging on target

DM




How to Identify These Events?

Recaoll
Tragker

£ >J<
Target \‘DM

4+ Electron beam impinging on target

4+ Measure recoiling low-energy-fraction electron & its pr
— Forward tracking in (small) B-field

21



How to Identify These Events?

Recoil Calorimeter

Tracker

/" 6
f J<

—=DM

Target

4+ Electron beam impinging on target ~one at a time
4+ Measure recoiling low-energy-fraction electron & its pr

— Forward tracking in (small) B-field

+ Reject events with visible particles carrying remaining

energy
— Deep, highly segmented calorimeter

22



How to Identify These Events?

Recaoll

Tagging T"?E.ker

Tracker
ATEREE <
| |

Calorimeter

Il

Target

7
=

\

—=DM

4+ Electron beam impinging on target

4+ Measure recoiling low-energy-fraction electron & its pr
— Forward tracking in (small) B-field

+ Reject events with visible particles carrying remaining

energy

— Deep, highly segmented calorimeter

+ Positively identify high-energy incident electron
— (High-B-field) tracking upstream of target

23



Backgrounds!

Incoming trivial

outgoing  relative rate
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Backgrounds!

Incoming trivial

outgoing  relative rate

\ 4

€

e
+hard ~y

\ 4

Current focus: design
studies for “Phase I”’ with

\ 4

v — hadrons

+ —
4 104 electrons > YT HEp
. , Yp—Tn
Yn — nnn
Studies are approaching

|0'* events with no background.
Accurate simulation of rare
brocesses is the biggest challenge.
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Backgrounds!

incoming trivial outgoing  relative rate
e

Phase | bunch rate is ~40 MHz... LHC timing! | | '*°

(high rate low bkg has been done before!) :8;

. 10°3

Current focus: design ~kHz Trigger level —— Ho—f |4
studies for “Phase I” with 105
4 |10'# electrons 10-6
ECAL only veto 10-7

108

10-°
Studies are approaching 10-10
|0'* events with no background. 10-!!
Accurate simulation of rare ECAL+HCAL veto | ¥ 1012
processes is the biggest challenge. 1013
In reserve: 1014
~10-1000 (mass dgpendent) 1015
v backgr¢ rejection from recoil v Y1016

momentum tracking

W*



Backgrounds!

incoming trivial

outgoing  relative rate

\ 4

&

€

\ 4

Nuclear Physics — measurements of
photo-nuclear and electro-nuclear

\ 4

+hard ~y

v — hadrons

scattering to study nucleon final state - Y= pt T
interactions is of value to the US neutrino . _ yp—Tn
program Yn — nan
Actively looking at what LDMX can .
contribute ™., increasingly rare

Collaborators welcome!
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3L )4 Ligcht Dark Matter

\ A
eXperiment
Phase | Detector Concept and Collaboration

’. A h NATIONAL

ACCELERATOR

a-hﬁé LABORATORY

IVERSITY OF MINNESOTA

Fermilab
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eXperiment
Phase | Detector Concept and Collaboration

Tracking technology from Heavy Photon Search
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3L )4 Light Dark Matter

\ A
eXperiment
Phase | Detector Concept and C'o\llabQ[ation
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3L P4 Licht Dark Matter

eXperiment
Phase | Detector Concept and Collaboration

Trigger: Low energy deposition in
ECAL + hits in scintillator pad near

\\ = 3 Segmented

N —c s 1B B Scintillator

{ > 1 ESR Film
\ f LL -

- ' \\\. S ol Full-plane

\J v / [

J Scintillator |

|  SiPM Array
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2hY pd Licht Dark Matter

eXperiment
Phase | Detector Concept and Collaboration

Wes L
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Hadronic calorimeter technology from CMS upgrade
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1Y )4 Licht Dark Matter

\ A VARN
eXperiment
Phase | Detector Concept and Collaboration

Phase || may require more granularity and faster detectors
(for pileup mitigation) + new trigger =
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Backgrounds!

Electron |Pr| Distributions, 50 MeV < E, < 1.2 GeV, pz >0

Designing for zero background

without cutting on recoil pt— if

unexpected events are seen, it serves
as additional kinematic discriminator

100 e between signal and inefficient
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Targets for Thermal Relic DM

LDMX Sensitivity

10—4 i LHC |
1075 - LEP | &~ /
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-6 | | & / ,
10 ’15 // &/
10~7 | Phase I: 4 10!* @ 4 GeV [~ X
10-8 0.1-0.3 X target 118 'S )y

|~ Belle Il missing

mass search —

10-13 223 Ho D g ﬁf)r:plementary
14 < s> Phase II: 10'® @ 8 GeV Igh-mass
18_15 / 2 0.1-0.3 Xy target sensitivity
10-16% L[] L T
1 10 102 10°
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‘|Unique potential to reach all thermal DM milestones
at masses below ~100 MeV
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OVERLAPPING WITH SUPERNOVAE
CONSTRAINTS AT VERY SMALL COUPLING

See upcoming paper by Stanford and Berkeley groups. Contact Peter Graham

Targets for Thermal Relic DM
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Light DM production increases supernovae cooling —> Upper bound on coupling



OVERLAPPING WITH SUPERNOVAE
CONSTRAINTS AT VERY SMALL COUPLING

See upcoming paper by Stanford and Berkeley groups. Contact Peter Graham

Targets for Thermal Relic DM
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Sub-dominant halo of semi-relativistic light DM produced in SN explosions. Future (large-
scale) nuclear target direct detection experiments will have sensitivity.



CONCLUSIONS

Accelerator experiments are at the forefront of light
DM (and dark sectors more generally) exploration

Excellent discovery opportunities!

Powerful lessons about dark matter (sectors) can be
derived from high sensitivity measurements of

missing momentum in electron-nuclear scattering
— LDMX
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DASEL Beamline @ SLAC

Low-current but “continuous” multi-GeV beam needed for
LDMX can be delivered parasitically!

DASEL
Beamline

DASEL Kicker

End Station A

Existing

SLAC Linac

— existing LCLS
— existing ESA
— DASEL proposal
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DASEL Beamline @ SLAC

Low-current but “continuous” multi-GeV beam needed for
LDMX can be delivered parasitically!

A multi-GeV, CW electron beam Experimental Facilities
parasitic to LCLS-II « Small upgrades to ESA systems

DASEL Beamline connecting to ESA line

Laser system to fill “unused”
Y « 3 dipoles & 14 quads (all refurbished)

buckets with electrons for DASEL

‘l‘ DASEL v

FEL and DASEL Beam Kickers 0T 7 N 70N TN 11T
bunches from RF gun > ESA

LCLS-Il SCRF Linac

I\ / ‘ ‘ > BSY dump
// ‘ ‘ > Soft X-Ray FEL
‘ ‘ > Hard X-Ray FEL

DASEL kicker/septum system /
downstream of FEL kickers to FEL Kicler

eliminate interference - i
. I [
« Based on LCLS-II design S M e

«— ' “21ns
. 150 ns ~600 ns ’ 36

1.1 us

LCLS-Il beamlines

FEL Kicker
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