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What is the Dark Matter made of?
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Thermal Dark Matter Window |
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Thermal Dark Matter Window

Mppy

2 hermal"equilibriumbefweén DM
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Thermal Dark Matter Window .
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-Resonant or asymmetric: .-
The status 0.--Sub GeVdark.matter ’ :

g T | k. JCAP01(2025)053 \
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Global Fits

Simplistic: overlay 95% regions

e L o =
- (o)) oo o
1 | 1

Model parameter y
o
N

95% confidence
exclusion bound:
rate at which the true
parameter values are

0.0
0

\ excluded is limited
to 5%
£
.0 0.5 1.0
Model parameter x

GAMBIT arXiv:2012.09874
PLANCK 2025 | Taylor R. Gray 12



Global Fits

The intersection,
Error rate =1 — 0.95"

Simplistic: overlay 95% regions

1.0
> 0.8-
9
QEJ 0.6 - 95% confidence
g exclusion bound:
204 - rate at which the true
3 N parameter values are
§ 0.2 N\ excluded is limited

to 5%
0.0 —£
0.0 0.5 1.0

Model parameter x

GAMBIT arXiv:2012.09874
PLANCK 2025 | Taylor R. Gray 13



Global Fits

Simplistic: overlay 95% regions

1.0
0.8 -
9
)
% 0.6
The intersection, =
Error rate =1 — 0.95" %‘ 0.4 -
3
s 0.2

Ex: 5 experiments
e errorrate = 1 — 0.95°> =23% 0.0

 falsely reporting 95% C.L. 0

95% confidence
exclusion bound:
rate at which the true
parameter values are

\ excluded is limited
to 5%
£
.0 0.5 1.0
Model parameter x

GAMBIT arXiv:2012.09874
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Global Fits

Simplistic: overlay 95% regions  Composite likelihood function,

1 .0 Litotal = Lpop X Lip X Lcolider X -
> 0.8 - Better: combine likelihoods —21In L
| - . 1
o 18
S
£ 0.6- . 0.8 y
. . m S
The intersection, < £ 0.6- 12
Error rate =1 — 0.95" %‘ 0.4 1 e 10
S 0.2 N S 4o :2
Ex: 5 experiments =" >
e errorrate = 1 — 0.95° = 23% 0.00 0 0 0.00 ) "y 0 0
° 1 0 . . . . .
falsely reporting 95% C.L. Model parame1 Model parameter x

GAMBIT arXiv:2012.09874
PLANCK 2025 | Taylor R. Gray 15
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Global Fits of sub-GeV DM

osmological Constraints

Relic Density (freeze-out)
Qpumopsh? < 0.120 + 0.001

Planck 2018 results. VI. Cosmological parameters

full-component DM OR sub-component DM

PLANCK 2025 | Taylor R. Gray 17



Global Fits of sub-GeV DM

Cosmological Constraints

Relic Density (freeze-out)
Qpumopsh? < 0.120 + 0.001

Planck 2018 results. VI. Cosmological parameters

full-component DM OR sub-component DM

Exotic Energy Injection
DM DM — SM SM

constrained by CMB measurements
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Global Fits of sub-GeV DM

Cosmological Constraints

Relic Density (freeze-out)
Qpmopsh? < 0.120 4 0.001

Planck 2018 results. VI. Cosmological parameters

full-component DM OR sub-component DM Bl g B ang Nucleo SyntheSiS
DM DM—SM SM

Exotic Energy Injection « Alters Nopr = 2.99 £ 0.17
DM DM — SM SM « Light element abundances

constrained by CMB measurements

PLANCK 2025 | Taylor R. Gray 19



Global Fits of sub-GeV DM

Astrophysical Constraints

X-Rays arXiv:2303.08854

e~y — e~y (Inverse Compton Scattering)

up-scatter the low energy photons of the ambient light

Jordan Koechler

PLANCK 2025 | Taylor R. Gray
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Global Fits of sub-GeV DM ,?,;1}}35 éﬁffé

Astrophysical Constraints

.r. =
\% 1l galaxy offset

DM DM — e+e—;,u+li_;7'[+7'[_ o s bclusteiasurvwal rate ._._‘- S

Jordan Koechler



Global Fits of sub-GeV DM

Laboratory Experiment Constraints

Accelerators

...more on this later

Monophoton searches
ete” - yA A" - XX

* BaBar
Fixed Targets

Dark photon production
A" - DM

e LSND
e Mini-BooNE

* NA64

mpu [GeV)

PLANCK 2025 | Taylor R. Gray
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Global FltS Of Sllb-GeV DM Direct Detection arxiv:2210.07305

Laborato ry E_xper’im ent Constraints obscura software for direct DM searches via nuclear
and electron recoils

Accelerators + XENONIT

Monophoton searches ...more on this later « SENSE]

ete” - yA A" - XX e CRESST-III

 BaBar » and more..

Fixed Targets I i .

Dark photon production | Y & —

A" > DM

« LSND

 Mini-BooNE

c NA64

103 102 10! 100
mpn [G(‘\"]

PLANCK 2025 | Taylor R. Gray 23



Sub-GeV DM Models

Benchmark models with a A" mediator



Sub-GeV DM Models

Benchmark models with a A" mediator

Complex Scalar DM
Ly = |0M¢|2 — mppmlpl* + igDMA’H[d)*(au(p*)(p]

NOT subject to indirect detection and energy injection

e (0V)pmpm—smsu ~ V2 (p-wave dominant)
e s-wave forbidden



Sub-GeV DM Models

Benchmark models with a A" mediator

Complex Scalar DM Dirac Fermion DM
Ly = |aﬂqb|2 —miylo|? + igpuA™*[d*(8,0")B] Ly =g — mpp) + gouA' Yy,
NOT subject to indirect detection and energy injection subject .to strong indirect detection and energy injection
e (0V)pmpm—smsu ~ V2 (p-wave dominant) constraints

. 0 .
« s-wave forbidden * (oV)pmpm—smsu ~ V" (s-wave dominant)



Sub-GeV DM Models

Benchmark models with a A" mediator

Complex Scalar DM Dirac Fermion DM
Ly = |an15|2 —miylo|? + igpuA™*[d*(8,0")B] Ly =g — mpp) + gouA' Yy,
NOT subject to indirect detection and energy injection subject .to strong indirect detection and energy injection
e (0V)pmpm—smsu ~ V2 (p-wave dominant) constraints

. 0 .
« s-wave forbidden * (oV)pmpm—smsu ~ V" (s-wave dominant)

How to evade indirect detection constraints?

m2,—4mby,

4 <1

1. Resonance enhancement: e =

DM~ Npyp
. DM > O

2. Assymetric: n = e

Qpprh?

<1
Q-DM,obsh2

3. Sub-component: f =
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Global Fits of
sub-GeV DM:

Frequentist analysis 107
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Global Fits of
sub-GeV DM:

Frequentist analysis

N

Dirac DM subject to strong
constraints from CMB and X-ray

observations
* Requires tuning of my/mpy
— Relax with asymmetry

EI ||||||| I ||||||| | ||||||| | IIE

- NAG64 BaBar =

1073 & e
SR B 911_91_1__\ -

—a L _:
10""EBBN
107> & \> =
107 % S =
- Relic Density 3

10=° e Form =
- ermion =

u Asymrrlletric DM | | R

102 10~1 1
TN A [GGV]
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Global Fits of
sub-GeV DM:

Frequentist analysis 107
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Fixed Target Experiments

visible signatures beam dumps

) e+’ e~ detection of DM
e P m—l S detector A
— e
e 1 e_/N e"/N
missing energy or A’ production
momentum e~ 75 Kl
B 7"0’77 f ::
e A
XT
(a) w0, n Decay
Azt X
Teea
P M :)C
LDMX D e 57 > p

PLANCK 2025 | Taylor R. Gray (b) Proton Bremsstrahlung 31




Missing Momentum Experiment
such as LDMX

ordinary bremsstrahlung dark bremsstrahlung

.z

Einar Elen PLANCK 2025 | Taylor R. Gray 32



Missing Momentum Experiment

- Dark object has mass

such as LDMX
Electron Recoil Energy Distributions, E, > 50 MeV
: 1
- How does eA — eA + y differ I
from eA —_ eA - /Y )? Electron maintaing most of
Be,O\M e_V\e_f‘y
DM Bremss‘trahluna
. Key difference: T e, 5 ——
Beam eneﬁ/ é ackgroun
s
|5
3

- Fundamentally different
kinematics, regardless of model

Einar Elen PLANCK 2025 | Taylor R. Gray 33



Missing Momentum Experiment
such as LDMX

Electron |P7| Distributions, 50 MeV < E, < 1.2 GeV, pz>0

- How does eA — eA + y differ —_ DM Bremsstranlung
]crom e A — e A + %x— Electron receives transverse

momentum kick

. SM Bremss‘tra\hlung o 107! 100 MeV
. Key difference: - = L 200 eV
Electron continues with swmall ey 500 MeV
scattering omgle_ 8 .:.t e
| g ‘- 1000 MeV
Dark object has mass S s L 1500 Mev
g
8a]

Fundamentally different
kinematics, regardless of model

1073

0 100 200 300 400 500
Electron IT’TI [MeV]

Einar Elen PLANCK 2025 | Taylor R. Gray 34



Standard Kinetic Mixing:

Ly =—eQsfY'fA,

[
=

Event Fraction / 5MeV
S

1073

0 100

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

| 10 MeV

DM Bremsstmhlung

Electron receives transverse
momentum kick

100 MeV

1. 200 MeV
* 500 MeV
' t. 1000 MeV

1500 MeV

200 400

300
Electron |T’T| [MeV]

500




Standard Kinetic Mixing:

Ly =—eQsfY'fA,

+ other interactions?

[
=

Event Fraction / 5MeV

1073

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

| 10 MeV

[u—
=
N

DM Bremsstmhlung

Electron receives transverse
momentum kick

100 MeV

1. 200 MeV
* 500 MeV
’ ll 1000 MeV

1500 MeV

400 500

300

100 200

Electron |I_57| [MeV]
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Production of Dark Photons through Higher
Electromagnetic Moments at LDMX:

Simulations and Model Discrimination In collaboration with:

Riccardo Catena and Thomas Jerkvall

Lag =—leeQsfA" fA, |~ ipsd, (for f) Al +ds0, (fo"4° f) A,
by (00, () — 0, (1)) 4]
+lays [0°0, (F¥*7°F) — 00 (FV*Y°f)] AL |

T. Rizzo arXiv:2106.11150

* ordinary kinetic mixing (KM)
* magnetic dipole (M)
* electric dipole (E)

* anapole moment (A)

PLANCK 2025 | Taylor R. Gray 37



Kinematic
Distributions at

counts

LDMX

my = 0.1 GeV my = 0.5 GeV my = 1.0 GeV

e 3 groups

counts

* Characterized by overall cross
section size and momentum
dependence in Lorentz
structures of models

0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5

PLANCK 2025 | Taylor R. Gray 38



—— KM, ma = 1.00 GeV
— M, mar = 0.75 GeV

Degeneracy
between mass
and model

counts

 In addition to mass reconstruction
— DP model reconstruction?

* Break degeneracy between groups
with both E, and |pr|g

4 0.0 0.5 1.0 1.5

PLANCK 2025 | Taylor R. Gray 39



LDMX phase Il
projected
exclusion
bounds

-
o - —— Q) DM,obsh?
aieaa - LDMX
10—17 e 2221 . g go-g gog-g'l A qo: on o g gu.. gl A .
102 101 10°
m A [GeV]

PLANCK 2025 | Taylor R. Gray 40



e i oA g ] ) 4 = iy E : .:_,f’* TR 1 T / ; ; i \ o
. s - - . e 'T»_ . iy . o i _*.. - i | 3 2 ™ . o R | 3 1 = = IS ST 4 » -

= Frequentist and Bayesian of 2 sub-GeV DM models using
GAMBIT

* Fermionic DM
= Preferred region is resonant freeze-out

-~ Aid

ey /77 oryer pooyIesI] 9[goid

o
o

= Or, introduce asymmetry
" Scalar DM Asymietric DM

= Weak indirect detection constraints

= Subject to constraints from fixed target/collider experiments

Y m Extending the theoretical landscape of fixed target experiments

DP model

* Model dependent signatures at LDMX
= Degeneracy between my, and model

e

Thank you for listening : )
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Light Dark Matter
eXperiment (LDMX)

* Future fixed target missing
momentum exp

o 2025: LESA delivers beam to LDMX
allowing 4x10'* EOT

« 2027: 10'° EOT

e ¢~ Incident on a thin tungsten
target

» Charged particle tracker and
calorimeters to measure DM
signature

» Recoil electron pT accompanied by
absence of other particle activity

e e e’
e~ X e~ X e_ 5 e
X a0 %
Z Z Z i
(a) (b) (

il
:E \ Z - €, fm %
: suiil I
E T :§ I
- /f By /f \ ~ \ j i |
1.5T dipole
AR e
tTagéer . T_ri?ﬁ/etr tT\hin Recoil El4agnetic H;\tiroiic
racker cintillator  target  tracker Calorimeter Calorimeter

c)

STATUS

testing properties of the beam upstream
late 2025 - preparing vertical slice test
2026 -- begin construction (approx 3 years)

1 T T I I I I

43
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LDMX

a future fixed target experiment

v
—~
~
~
ey
Tay
~
o —
Q Belle 11
S P
I o
[l ST \
> W
1 10 102 103
PLANCK 2025 | Taylor R. Gray My [MGV] 44



Beam Dumps (Electron and Proton)

p, W resonance

i. Mesons from proton beam - 1000 e -
nucleon target interactions 2 100] /
L 7T0,77 - yA", A" > yx ”E 10} — 71 Decay
é 1 | n Decay
= 0.100! o ] Bremsstrahlung
ii. Proton/electron dark % ol — Parton
w ~_ 1 — Total
bremsstrahlung R B N W o
. 0.0 0.4 0.6 0.8 1.0
L pN - pNA’ -
v(GeV)
ii. resonant vector meson mixing y
g X M RRRY.
. . 70, n . P > P
iii. Direct production through v, 57
parton level processes X' p—> —r
(a) 70, n Decay (b) Proton Bremsstrahlung

i. relevantformgy,, > 1 GeV
PLANCK 2025 | Taylor R. Gray 45



Dark moment models

Diagrams with loops of portal matter (PM) fields
* PM fields: set of fields carrying both SM and dark charges, vector-like fermions

* Consider a group G under which PM fields occur in the same representation
G becomes broken at some scale > U(1)D
 New massive gauge bosons

* Which generate new loop diagrams/interactions

PLANCK 2025 | Taylor R. Gray 46



Dark magnetic dipole model:

V
Wi f»y{fﬁ:%\%»f

Y

* Dark SU(2)xU(1), fully broken
* We have PM fermion fields (F) and new gauge bosons (I#/;)

« Masses at or above TeV scale to evade LHC

* SM and PM fermion fields in doublet rep. of SU(2) -> carrying same quantum numbers

PLANCK 2025 | Taylor R. Gray 47



Global Fits of
sub-GeV DM:

Bayesian analysis

Asymmetric full component Dirac fermion DM

* Fine tuning 1s penalized

* Highly asymmetric 1s preferred
* Relaxes other constraints

9pM

€R mpum [GeV]

nommpm [eV]

W posterior

G RS
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e
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GAMBIT Priors

Table 1. List of model parameters and their ranges. For frequentist scans, the prior is only used to
determine the sampling strategy. Our scans also include several nuisance parameters as discussed in
the text. The likelihoods that we consider are presented in section 3 and summarized in appendix E.

Parameter name Symbol Unit Range Prior
Kinetic mixing K — 107,102 logarithmic
Dark sector coupling JDM — 1072, \/4r] logarithmic
Asymmetry parameter 7py — 0, 1077 GeV /mpml| linear
Dark matter mass MpM MeV  [1,1000] logarithmic
Dark photon mass ma MeV  [2,6000] with m 4 > 2mpy  logarithmic
or
Resonance parameter  €g - [107°,8] logarithmic

PLANCK 2025 | Taylor R. Gray
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Samplers

Frequentist:
arXiv:1705.07959

Bayesian: PolyChord

arXiv:1502.01856

 Differential evolution sampler * Nested sampling algorithm
* Profile likelihood * Posterior distribution of parameters
* (Computationally more expensive) given the prior

PLANCK 2025 | Taylor R. Gray 50



