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Is present-day dark matter a relic
from the hot early universe?
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Thermal-relic dark matter: a predictive ‘

e predicts a minimum interaction strength
o experimental sensitivity target

DM-electron scattering cross section
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e predicts a minimum interaction strength
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e constrains the ~90 orders of mag. DM
mass range

DM-electron scattering cross section

“WIMPs” Q, > Qpum
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Thermal-relic dark matter: a predictive

e predicts a minimum interaction strength
o experimental sensitivity target
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e predicts a minimum interaction strength
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2.0 2.5

RS

AT W

______
—~

e constrains the ~90 orders of mag. DM
mass range

-
-
-
-
-
-
-
-
-
-
-
o ———

“an
tea,
LRy
.t
e

"
P
wr"
.........

-
-~ =
-

Dark matter-nucleon cross section [cm?]

—

o
'S
(0]

.
PN
.
P
.
.
.
.t
.
.
.
o
‘‘‘‘‘
! .
~ - _a®
-— .
.
.

0 .
------

-------

Xe neutrinao

—
o
|

'S

\O

10! 102
Dark matter mass [GeV/c?]

Gradient of Xe discovery limit, n = —(dInc/dIn MT) ™}

-
-

.t
.
.
.

.

o
PR
.

.
- RS
.
-
.
.

.t
.
.



https://arxiv.org/abs/1808.05219

TeVPA 2023

LK Bryngemark

VX

L/

e predicts a minimum interaction strength

O

O

I https://arxiv.org/abs/1808.05219 §

Thermal-relic dark matter: a predictive model

Gradient of Xe discovery limit, n = —(dInc/dIn MT) ™}

1.5 2.0 2.5

experimental sensitivity target

constrains the ~90 orders of mag. DM

mass range
light mediator: requires non-SM force/dark sector

-
-

-
' -
. L ol -

S — -
-
~ -
________

er- iyt

...
............
ot AP Le
_____

.t
ot

et
P
we®
.........

- 2 .t
-~ - - .
—— .t
.
.

Dark matter-nucleon cross section [cm?]

.
P
.
P
.
.
.
.
.
.
.
.
>
! .
- - e
-— .
.
.

0 .
-----

.......

Xe neutrino fog
49
10! 102
Dark matter mass [GeV/c?]


https://arxiv.org/abs/1808.05219

TeVPA 2023

LK Bryngemark

AV
IIX_

Vi

Thermal-relic dark matter: a predictive O

e predicts a minimum interaction strength
o experimental sensitivity target

e constrains the ~90 orders of mag. DM

mass range
o light mediator: requires non-SM force/dark sector

o not very constrained by experiments

DM-electron scattering cross section

“WIMPs” Q, > Qpwm
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How can we probe this open
parameter space?
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Sub-GeV dark sector mediator: dark photons

“Simplest” possible dark sector extension is U(1)
dark QED + kinetic mixing (&) = a feeble interaction with SM matter

indirect detection
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Reduces sensitivity to spin and velocity suppression effects

sub-GeV thermal prediction targets line up within reach at accelerators

DM-electron scattering cross section
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5 LESA Snowmass 2021 contribution

LCLS-2 beam at SLAC:

LCLS-Il SCRF Linac

e clectron beam for photon science

o divert unused low-multiplicity bunches via Linac
to End Station A (LESA)

e upgrade: 4—8 GeV beam energy
e low current

o measure each incoming and outgoing electron

— existing LCLS e fast repetition rate
— existing ESA

_ LESA o expect 37.1 MHz bunch frequency
o and ~104 electrons on target in 1-2 years

S30XL/LESA

ESA
Beam Kickers
BSY dump

Hard X-Ray FEL
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LDMX: a fixed-target missing momentum experiment

LDMX focuses on escaping dark matter:

e massive dark photon (A’) bremsstrahlung in thin target

e strategy: make all SM backgrounds appear in detector
o veto everything but low-activity events

e agnostic when it comes to (invisible) fate of the A’
o notice that initial electron energy goes missing


https://link.springer.com/article/10.1007/JHEP04(2020)003
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Current status: prototype beam tests
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Event selection/vetoes for invisible DM

Goal: no background from ~104 electrons on target

First handle: recoiling electron

e Count incoming electrons, measure in Ecal, calculate missing energy
e trigger if consistent with one electron losing significant energy

e veto if number of outgoing tracks > incoming tracks

e veto if no soft recoil electron track

DM signal

Exploit high-granularity Ecal features

e BDT trained to reject photonuclear events in Ecal
e MIP tracking powerful on sparse events

Veto on Hcal activity

e allow no activity above detector noise
e deep enough to tease out even single neutrons

BDT Discriminator Value

o ECal Muon Conversion
a ECal PN
— BDT Score Threshold

0 100 200 300 400 500 O 100 200 300
Maximum Photo-electrons Maximum Photo-electrons

LDMX Simulation
g, 2 IS
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New result! Impact on sensitivity going from 4 to
8 GeV beam (and final dataset size)
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New result! Impact on sensitivity going from 4 to
8 GeV beam (and final dataset size)
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e Same sensitivity as 4 GeV at low
masses
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New result! Impact on sensitivity going from 4 to
8 GeV beam (and final dataset size)

LDMX Simulation
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e Same sensitivity as 4 GeV at low
masses

e Increased reach at higher masses
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New result! Impact on sensitivity going from 4 to
8 GeV beam (and final dataset size)
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Same sensitivity as 4 GeV at low
masses

Increased reach at higher masses

Background uncertainty reduced at

higher mass using p information —

great advantage of missing
momentum experiment!
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8 GeV beam (and final dataset size)
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Same sensitivity as 4 GeV at low
masses

Increased reach at higher masses

Background uncertainty reduced at
higher mass using p information —

great advantage of missing
momentum experiment!
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Increased reach at higher masses

Background uncertainty reduced at

higher mass using p information —

great advantage of missing
momentum experiment!
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A rich physics potential

S Interpret missing
L ; momentum measurements

Secluded DM models, millicharge
particles, invisibly decaying dark photons
or mesons, axion-like particles, ...

Minimal Dark Photon

ike Particle (e coupling)

SIMPs

2- and 3-body decays, m,/f, = 4w

) BaBar
10

T scatt.

Belle-11

ma: [GeV]

|and spin-1 DM models (submitted to JCAP), https://arxiv.ore,
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A rich physics potentia

Secluded DM models, millicharge Displaced visibly decaying dark photons,
particles, invisibly decaying dark photons axion-like or long-lived particles, inelastic
or mesons, axion-like particles, ... dark matter, ...
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Searching for DM with an electron
beam at the GeV scale 1s a well-
motivated and worthwhile effort.

e LDMX can conclusively probe the stable matter mass range for DM
of thermal origin, and has a broad physics potential beyond this goal

e Simulation and hardware understanding rapidly maturing — design
is being finalized

e can reach required background rejection — confirmed in new 8 GeV sensitivity
study submitted to JHEP!

o prototype beam tests performed at CERN, paper in preparation
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bing invisible meson decays

: LDMX Simulation
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LLDMX Snowmass 2021 contribution
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Trigger scintillators:

e Trigger-level electron
counting, input to missing-
energy trigger

e 3 arrays of horizontal
scintillating bars, positioned
along incoming beam

TeVPA 2023

e Tag beam electrons (momentum and impact parameter), offline

e 7 double-sided silicon strip modules, 100 mrad stereo angle

o 10 cm apart, along incoming beam trajectory

o vertically oriented strips for optimal momentum resolution
23
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After target: recoil tracker, Ecal and Hcal

Recoil tracker:
e optimized for momentum resolution and acceptance at 1-2 GeV

Electromagnetic calorimeter (based on CMS HGCal

upgrade).
e high-granularity, capable of MIP tracking

40 X, Si-W calorimeter, radiation hard

Hadronic calorimeter (adapted from Mu2e cosmic ray veto).

on all sides and behind Ecal for wide and deep
coverage

sampling calorimeter, steel absorber, 17A deep
readout in scintillator bars of alterna’g}ng xX/y
orientation

L1:5.1%

L2 :8.5Xo

A.Martelli on behalf of CMS, arXiv:1708.08234

L3 :11.9%

L4 :

. - [}
N _
SISl = ’ i
9 N
. |
N
N
U \ N N
\\ \
N\ N |
\\ ) -

1NN

i

)



https://arxiv.org/abs/1708.08234

LDMX Preliminary 1.3B Events
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Event selection/vetoes
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Goal: no background from ~104 electrons on
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Y Eoy = 2.8GeV

First handle: recoiling electron

O trigger on Ecal E < 1. 5 GeV (le); Reconstructed Energy in ECAL [MeV]
e select recoil electron momentum < 1.2 GeV LDMX simtion
e veto if number of outgoing tracks > incoming tracks
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o Single track with p < 1.2GeV 2 x 107 |2.34 x 10% | 3.1 x 10* | 1.5 x 10°
Is,‘ ECal BDT (> 0.99) 9.4 x 10° |1.32 x 10° <1 <1
.:5 25 HCal max PE < 5 <1 10 ‘ <1 <1

ECal MIP tracks = 0 <1 <1 } <1 <1
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Goal: no background from ~104 electrons on
target

First handle: recoiling electron down to 10¢

e trigger on Ecal E < 1.5 GeV (1e);
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{  Exploit high-granularity Ecal features downto 10:
% e BDT trained to reject photonuclear events in Ecal
= e MIP tracking powerful on sparse events
Veto on Hcal activity
¢ e allow only a few photoelectrons
é,a e deep enough to tease out even single neutrons
=
X
=
. 25

LDMX Preliminary 1.3B Events

Event Rate
o 9
D N —h

—h
<
(o))

f‘
,F_ﬁ-z E.\ = Total Energy Going PN
//. —=a— All Events
KA — — Epy<50MeV
/11 ---- 50MeV < E, < 1.2GeV
(RVARE 1.2GeV < E < 2.8GeV
. Epy = 2.8GeV

—h
<
(00}

1000 1500 2000 2500 3000 3500 4000

Reconstructed Energy in ECAL [MeV]

L DMX Simulation

0.001 GeV
0.01 GeV
0.1 GeV

1 GeV

I m 1

mA|
- mA|
— mAl

0.002 0.004 0.006 0.008 0.01
e(background)

Muon conversion
EoT equivalent 4 < 2.1 x 10 2.4 x 10%°
Total events simulated 8.8 x 10 60 x 10T 6.27 x 10% | 8 x 10
Trigger, ECal total energy < 1.5 GeV|} 1 x 10° |[2.63 x 10° ‘ 1.6 x 10" | 1.6 x 10°
Single track with p < 1.2GeV 2 x 107 |2.34 x 10% | 3.1 x 10* | 1.5 x 10°

e
ECal BDT (> 0.99) 0.4 x 10° |1.32 x 10° <1 <1
HCal max PE < 5 <1 10 ‘ <1 <1

ECal MIP tracks = 0 <1 <1 } <1 <1



Event selection/vetoes

Goal: no background from ~104 electrons on
target

First handle: recoiling electron down to 10¢

e trigger on Ecal E < 1.5 GeV (1e);
e select recoil electron momentum < 1.2 GeV
e veto if number of outgoing tracks > incoming tracks

{  Exploit high-granularity Ecal features downto 10:
% e BDT trained to reject photonuclear events in Ecal
= e MIP tracking powerful on sparse events
Veto on Hcal activity
¢ e allow only a few photoelectrons
é,a e deep enough to tease out even single neutrons
=
X
=
. 25

LDMX Preliminary 1.3B Events

Event Rate
o 9
D N —h

—h
<
(o))

f‘
,F_ﬁ-z E.\ = Total Energy Going PN
//. —=a— All Events
KA — — Epy<50MeV
/11 ---- 50MeV < E, < 1.2GeV
(RVARE 1.2GeV < E < 2.8GeV
. Epy = 2.8GeV

—h
<
(00}

1000 1500 2000 2500 3000 3500 4000

Reconstructed Energy in ECAL [MeV]

L DMX Simulation

0.001 GeV
0.01 GeV
0.1 GeV

1 GeV

I m 1

mA|
- mA|
— mAl

0.002 0.004 0.006 0.008 0.01
e(background)

Muon conversion
EoT equivalent 4 < 2.1 x 10 2.4 x 10%°
Total events simulated 8.8 x 10 60 x 10T 6.27 x 10% | 8 x 10
Trigger, ECal total energy < 1.5 GeV|} 1 x 10° |[2.63 x 10° ‘ 1.6 x 10" | 1.6 x 10°
Single track with p < 1.2GeV 2 x 107 |2.34 x 10% | 3.1 x 10* | 1.5 x 10°

e
ECal BDT (> 0.99) 0.4 x 10° |1.32 x 10° <1 <1

HCal max PE < 5 <1 10 ‘ < 1 < 1

ECal MIP tracks = 0 o<1 <1 } <1 <1



Event selection/vetoes

Goal: no background from ~104 electrons on
target

First handle: recoiling electron down to 10¢

e trigger on Ecal E < 1.5 GeV (1e);
e select recoil electron momentum < 1.2 GeV
e veto if number of outgoing tracks > incoming tracks

{  Exploit high-granularity Ecal features downto 10:
% e BDT trained to reject photonuclear events in Ecal
= e MIP tracking powerful on sparse events
Veto on Hcal activity
¢ e allow only a few photoelectrons
é,a e deep enough to tease out even single neutrons
=
X
=
. 25

LDMX Preliminary 1.3B Events

Event Rate
=

—
<
N

107°

—h
<
(00}

,I:_y‘l- Eq-y = Total Energy Going PN
) /. —=— All Events
: — — Epy<50MeV
- - 50MeV <Ep < 1.2GeV
1.2GeV < E; < 2.8GeV
Epy = 2.8GeV

1000 1500 2000 2500 3000 3500 4000
Reconstructed Energy in ECAL [MeV]

LDMX S/mulatlon

0.001 GeV
0.01 GeV

0.1 GeV

1

m
mAI
m

m GeV

down to <1!
0.002 0.004 0.006 0.008 0.01
e(background)

Photo-nuclear Muon conversion

EoT oquivalent AT (21052 < 10 [2.4 10"

Total events simulated 88 x () 1.60 x 10°1| 6.27 x 10% | 8 x 1010

Trigger, ECal total energy < 1.5 GeV|] 1 % 10% [2.63 x 10%| 1.6 x 10" | 1.6 x 103

)
(
Single track with p < 1.2 GeV 2x107 1234 x10%| 3.1 x10* | 1.5 x 10®
ECal BDT (> 0.99) 9.4 x 10° |1.32 x 10° <1 <1

HCal max PE < 5 l < 1 10 | < 1 < 1

ECal MIP tracks = 0 <1 | <1 | <1 | <1



TeVPA 2023

LK Bryngemark

VX

L/

Electronuclear measurements at 4 and 8 GeV
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Curves show LDMX acceptance, color scale represents
event rate for DIS events in DUNE, indicating the relevant
phase space
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CERN East Area: Tg beamline

e PS protons — East Area

e Beam via North Target to T9: e, U, 7

e Beamline’s configuration isolates
final particle species from secondary
beam

e ~1k particles/spill
e Particle ID: Cherenkov detectors

e Maximum intensity: Few million
particles/spill

28 CERN test beam, March-April 2022



Prototype in the beam area
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Prototype subdetectors

TeVPA 2023

Hadronic calorimeter scintillator bars layer

Inset: Fibre optic cable pokes through bare scintillator bar

LK Bryngemark

N\

VIX

Bwm/

Trigger scintillator prototype

) Inset: Aluminium-coated bare scintillator bar array in its 3D-printed holder

CERN test beam, March-April 2022



rigger scintillator (T'S) prototype

First steel absorber layer
of the hadronic calorimeter

N TS plastlc scintillator
—’——— encased in black tape
il S for light tightness

TS readout electronics

-

TeVPA 2023

o Gantry to adjust
position of TS in beamspot

LK Bryngemark

N

VIX

Bwm/

A
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2023
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TS: Single photoelectron spectrum

LDMX 2022

Gain calibration

e Integrated charge/event for each TS
channel

e Peaks
e 1st: System pedestal

e Additional: integer numbers of Si

photomultiplier pixels firing 1
0O 200 400 600 800 10001200140016001800

Total event charge [{C]

32 CERN test beam, March-April 2022



TS: Plastic MIP response

4 GeV electron beam

e Amplitude: Sum of charge measured
over several time samples

e Normalized to 1 photoelectron
equivalent

TeVPA 2023

e Most probable value of channel’s
response to MIP = 82 photoelectrons

e Model: Landau + Gaussian
convolution

LK Bryngemark
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LDMX 2022

—e— Data

|| Simulation
— Fit

Landau®Gaussian MPV: 82.4+0.5
Fit ¥2/NDF = 69.7/59 = 1.18

150 200 250 300
Integrated Charge [PE]

CERN test beam, March-April 2022



Hadronic calorimeter (HCal) prototype

19 alternating layers, usually* Al cover « scintillator bars  steel absorber plate

e 6 HGCRoc boards (384 total channels; 64 per board) required for readout

HDMI cable

Readout manifold

s Scintillator bars
= with readout
H
Steel absorber
'ﬁ o o
= Aluminium cover
=
g Example: Section of a vertical layer of the HCal
N
—
':J: 1 First HCal layer is steel absorber, then scintillator bars

34 CERN test beam, March-April 2022
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HCal: MIP response

4 GeV Muons LDMX 2022

0.25 After track-like cut on layers 1 & 15
(MIP¢q>0.9)

- Strip 6, Layer 7

4 GeV muon beam

e Sum of ADC counts in a single layer and
strip of HCal prototype

Y. ADC counts

N _
MIPeq — Measured value for 1 MIP

e Require MIP-like signature in entrance
& exit of HCal

5
Number of MIP equivalents
35 CERN test beam, March-April 2022
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>

Beam & HCal orientation

MIP candidate

Sequential, crisp
signature in HCal

Pion candidate

MIP-like deposits
followed by cloud
in HCal

mm  Apparent particle trajectory
Bl Hit candidates

mm  Apparent particle trajectory
Bl Hit candidates

CERN test beam, March-April 2022

Vertical axis [mm]

Vertical axis [mm]



Varying mass ratio

my/m, variation, Majorana DM, ap = 0.5 my /m, variation, ap = 0.5

BabBar

beam dumps

TeVPA 2023

Expressed in €2, thermal curves move, Expressed in y, thermal curves stay,
accelerator line stays accelerator lines tilt

LK Bryngemark

L/
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Varying coupling

ap variation, my = 3m,

)
~~
s
~~
> Bottom: parameter space in the y vs. m, plane where the solid curves are identical to those shown in
E Fig. 5/(with ap = 0.5), but the dotted curves show how the constraints and projections vary for the choice
A ap = 1073, For fixed values of y, a smaller ap requires a larger €2 (i.e. larger mediator coupling), which
N - makes that parameter point easier to constrain. Hence, accelerator sensitivity generally improves in the y
S o~ vs. m, plane for smaller ap. Note that the thermal freeze-out curves in this plane are identical for both
g W values of ap shown here because the thermal abundance scales with y.
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Expected sensitivity: visible signatures (example)

2- and 3-body decays, m,/f, = 4x

T scatt.

Example displaced decay model:
Strongly Interacting Massive Particles (SIMPs)

e slightly more complicated (indirect) DM depletion
mechanism

e A’ decays to hidden sector pions

e delayed lepton pair production

o — or with
displaced decay activity
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https://arxiv.org/pdf/1801.05805.pdf
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BDT output, and input distributions for key ECal
variables at 4 and 8 GeV

LDMX Simulation LDMX Simulation LDMX Simulation

a) 8 GeV Photo-nuclear 8 GeV Photo-nuclear
— 8GeV, my =1MeV — 8GeV, my =1 MeV

- 4 GeV Photo-nuclear 4 GeV Photo-nuclear
) ~= 4GeV,my =1MeV —— 4GeV,my =1MeV

I L

p—
-
o

- Photo-nuclear

—_— TN A’ = 1000 MeV

-= MMA' = 100 MeV
mar = 10 MeV

Event Fraction
Event Fraction

0 2000 4000 6000 8000 10000 1000 2000 3000 4000 5000 6000

Total energy deposited [MeV] Total isolated energy [MeV]
LDMX Simulation Internal LDMX Simulation Internal

c) 8 GeV Photo-nuclear 8 GeV Photo-nuclear
— SGCV,mA/=1MCV — 8GeV,mA/=1MeV
4 GeV Photo-nuclear 4 GeV Photo-nuclear

- = 4GeV,my =1MeV —= 4 GeV, my =1MeV

=
e
05
3]
S
~
<3
s
=
)
>
=

Event Fraction
Event Fraction

° o R ' ' 40 60 80 160 12
BDT Discriminator Value i Transverse shower RMS [mm]

Photonuclear interactions
Signal process
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Simulation cuttlow at 4 and 8 GeV

Photo-nuclear Muon conversion

EoT equivalent

Photo-nuclear Muon conversion

Target-area| ECal |Target-area| ECal
EoT Equivalent 2.00 x 10'4]2.00 x 10'|2.00 x 104 |2.00 x 104

Total events simulated 8.8 x 10! Trigger (front ECal energy < 3160 MeV)| 7.57 x 107 | 4.43 x 10% | 2.37 x 107 | 8.12 x 10°

Trigger, ECal total energy < 1.5 GeV| 1 x 10° [2.63 x 108 | 1.6 x 107
Single track with p < 1.2GeV 2 x 107 [2.34 x 108 | 3.1 x 10*
ECal BDT (> 0.99) 9.4 x 10° |1.32 x 10° <1
HCal max PE < 5 <1 10 ’ <1
ECal MIP tracks = 0 <1 ‘ <1 | <1

Total ECal energy < 3160 MeV 2.73 x 107 | 7.27 x 107 | 1.76 x 107 | 6.06 x 107
Single track with p < 2400 MeV/c 3.03 x 10°% | 6.64 x 107 | 5.32 x 10* | 5.69 x 107
ECal BDT (85% eff. m4 = 1 MeV) 1.50 x 10°

HCal max PE < & <1

ECal MIP tracks =0 <1

4-GeV beam energy 8-GeV beam energy
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GeV-scale electron beam at SLAC

Baar Soft X-ray Experimental EXlStI ng

g Undulator Halls
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FIG. 14: LDMX sensitivity to the freeze-in scenario with a heavy dark photon and low-reheat temperature.
The projected reach of LDMX is shown as the solid red (dashed-dotted red) line for a tungsten (aluminum)
target and a 8 (16) GeV beam. The correct relic abundance is obtained along the black contours for different
choices of ap. The gray shaded regions are excluded by the BaBar resonance search [19] and by cosmo-
logical constraints on low reheating temperatures [139]. We also show the projected sensitivity of the Belle
IT monophoton search (blue dot-dashed) as computed by rescaling the 20 fb~! background study up to 50
ab~! assuming statistics limitation only [1, 87].
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LDMX: a fixed-target missing momentum experiment

LDMX focuses on escaping dark matter:

e massive dark photon (A’) bremsstrahlung in thin target

e agnostic when it comes to (invisible) fate of the A’
o notice that energy goes missing

e strategy: make “all” SM backgrounds appear in detector
o veto everything but low-activity events



https://link.springer.com/article/10.1007/JHEP04(2020)003
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What do we need from Dark Matter to produce it
with a ~GeV electron beam?

e Hasto be light

e In the mass range of known stable particles — can’t be a classical WIMP

e Has to interact through some other mediator

e Not too feeble to ever happen

® Rate should respect present DM relic abundance, unitarity, ...

And from us: a suitable beam and detection strategy
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