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These observations tell us only about the macroscopic
properties of DM. How can we probe the microscopic

properties i.e. mass, non-gravitational interactions?’
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Ultralight DM

What even 1s DM?

Light DM WIMPs
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Theories of
Dark Matter
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Adapted from C. O’Hare - DarkMatterLandscape

and Tongvan Lin arXiv:1904.07915



https://github.com/cajohare/HowToMakeAPlot/blob/main/code/DarkMatterLandscape.ipynb
https://arxiv.org/abs/1904.07915

Weakly Interacting Massive Particles

e Traditional idea - DM 1s a thermal relic

e Direct detection bounds are becoming

very constraining. Push to smaller
couplings. How to get beyond the

neutrino floor?

e Alternative: go to lower masses where

there are weaker bounds

Direct Detection Bounds
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http://www.apple.com
https://github.com/cajohare/NeutrinoFog

Light Dark Matter and Dark Sectors

—-— 1OO1TeV Visible Mediator Dark

1014 Sector Sector

e Lee-Weinberg bound — light thermal

€

DM requires new light mediators 1.Dark Photon: — eF*™F,, VVIVWWVWWV
€
o Light mediators must be SM singlets —  2.Dark Higgs: el|h |2 K \2 s =
portal models _,_f_i_
N 1%

e Dark sectors = DM + mediator +
other SM singlet particles



Non-Thermal DM Candidates

*‘% PROMISES TO
“CLEAN UP”
YOUR STRONG
CP PROBLEM!

*

omposite/Heavy DM

COMPOSITE DARK MATTER
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https://arxiv.org/pdf/2102.12143.pdf
https://cajohare.github.io/AxionLimits/docs/dp.html

(Y
)
_— O

N

W

T G S W
o O o O

p—
-]
I

N Gl

o N

g S |y
o O O O
N

f—
(@]

o
o

—
—

o
o

—

N

p—

Kinetic mixing
(@»)

[
W

o
-

—

W

[
o

—
@)}

Ot
N

T g Vi |
o O O O
p—
o)

FExperimental Results

N

mHz Hz kHz MHz GHz THz eV keV
Crab
nebula

— 1 I\\ I 1

- FIPs 2020 Report arXiv:2102.12143 JCHARM

E 106 L .. ISHP _
E 108 |- -
% O'Y?g\g\\) -

DPDM Hell 5 \

Reionisaon (U0 10710 /Fo rce ' %V\ —
E V ~ |

_ Dark —

iDark photon Halo 1012 |- =) | PN

E DM

3 P h tBlack hole B N
jm OBETYance https//ca 10714 b _

UBLLLLLL JUALLLL! SLLALLL! DALY ALY BUALLLLL ULLLLL! EULALLIL ULALLY ALY BUAALLLL [ )
AT A6 A5 AR A A2 Ay A0 9 % T _6 -
107407107107 407107407107 10 40 10 40 - 6 Dark nggS
Dark photon 0" [__| : | . | . | . | | | .
109 102 104 106 108 1010

mg [eV]


https://cajohare.github.io/AxionLimits/docs/dp.html
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Kinetic mixing
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Next steps?

e No dark matter signal has been observed. Where do we go from here?
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Next steps?

e No dark matter signal has been observed. Where do we go from here?

L.
2.

Mazimally Optimistic option: We need to build all the experiments.

Mazximally Pessimistic option: dark matter has no non-gravitational

lnt eraCt 1011S. Estimated event rates with various detector configurations

The Windchime Project:
Gravitational Detection of Dark

Matter in the Laboratory

events/year

Small window where this could work so
we better hope that DM has this mass!

1022 1023 |
my [GeV]



Next steps?

e No dark matter signal has been observed. Where do we go from here?

1. Mazximally Optimistic option: We need to build all the experiments.

2. Maximally Pessimastic option: dark matter has no non-gravitational

Interactions.

3. Searches for DM assume that DM interacts with visible stuff (e.g.

photons, electrons, protons).

Mediator Dark

Sector



Sterile Neutrino Dark Matter

e keV-scale singlet fermion that mixes only

KA'TRIN

Wlth the SM HGUtrinOS 10~ reach
. 1, X rays
vy =v,cos0+ v, sind 109
2 D 5
. . . (SI::] 1 O— 10 i Ode,SOn~ Wi ?
o Sterile neutrino produced via Dodelson- 2 . droy, -
Widrow Mechanism o-12
10"
e Indirect detection via one-loop decay 10~ 14 - o U
: : 1 2 10 50
—_ - —
vy — v,y with X-ray line at £ = my/2 e

SvDM is almost completely excluded.
Can we save Dodelson-Widrow?



A Neutrinophilic Scalar Mediator

e Schematically, the sterile neutrino relic abundance is
Q ~ I x sin®(26)
e IfI'=1Yy, , then a large angle is required - X-ray constraints.

o Smaller mixing angle by increasing the interaction rate? Yes! Introduce a scalar

field ¢ of mass my, that mediates new self interactions among SM neutrinos.

| v(p1) v(ps)
LD Shaptarsé + huc. E———
v(p2) v4(p4)

Larger rate than the weak interactions keeps SM neutrinos in contact
for a longer period of time to build up the DM abundance!



sin®26

10~ 14 BM2

A Neutrinophilic Scalar Mediator

New production mode — don’t have to live on DW line!

Any point in this parameter space can be

mapped to a curve in the 4 vs m, plane

K :
ATRIN reach overproduction

<
o
dwarfs

underproduction
] "
10 107 10°

my (keV)
BM1 : my = TkeV, sin®(20) =7 x 107

BM2 : my = 21keV, sin®(20) = 1.4 x 10715

0.01

Sterile v

BM?2

Sterile v
BM1

0.1

100



10~ 14| BM2

sin®26

A Neutrinophilic Scalar Mediator

New production mode — don’t have to live on DW line!

Any point in this parameter space can be

mapped to a curve in the 4 vs m, plane

ATRIN reach overproduction

<
o
dwarfs

underproduction
] "
10 107 10°

my (keV)
BM1 : my = TkeV, sin®(20) =7 x 107

BM2 : my = 21keV, sin®(20) = 1.4 x 10715

0.01

3 How to probe :
this parameter
space”?
' Sterile v Sterile v
. BM2 BM1 |
o
0.1 10

100



The Mono-neutrino Signature

e Unique signature due to the neutrinophilic nature of the mediator: incoming
neutrino radiates a scalar particle and then converts to a muon via CC
interactions. K. J. Kelly and Y. Zhang arXiv:1901.01259

p

s e Observable: Missing transverse

s momentum carried away by ¢

e Similar in spirit to mono-X searches at the LHC,

N missing transverse momentum technique @
W LDMX /DarkLight

e High energy/intensity neutrino
environments are excellent to probe this

signature!


https://arxiv.org/pdf/1901.01259.pdf

LHC Forward Physics Facility

e A proposal to explore SM and BSM physics in the far forward region of
LHC detectors

N
. deflected charged \8\0\0
PP-CcollisIon particles \V
RRAR—" FPF Detector
..... & ®®<>-
| HC magnets 100m rock Credit: Felix Kling
e Flux of high energy neutrinos can be used to probe
our model! ~ s
=
o Advantages of LHC neutrinos: = 10 e
. . . ﬁg N ) _I_I _‘
e High energy neutrinos can probe higher scalar % _— T -
= 10%) e ="
masses g |= - 5
= =
e Neutrino scattering is DIS — smaller uncertainties 1’ _l

10 50 100 500 1000 5000 1o
E, (GeV)



Em; S [GGV]

Analysis Strategy

e Relevant observables:

o Missing transverse momentum pg

e Total energy of all visible final states E, .

VIS

o Highest transverse momentum of visible final state objects p7“*

K.J. Kelly, F. Kling, DT, Y. Zhang arXiv:2111.05868

me — 1 GeV
(@ S/(S+ B)

800
m¢ =3 Ge\/

S/(S + B) Cut and Count

600 157 smearing 15% smearing 47, CC | ma— 1 Gov
500 Eis. < 600 GeV 61% 767
P >3 GeV 0.2% 26%

300

200 Significant reduction in bkg. from

100 maissing transverse momentum cut!



https://arxiv.org/abs/2111.05868

FPF Reach: Sterile Neutrinos

K.J. Kelly, F. Kling, DT, Y. Zhang arXiv:2111.05868

1.0 7
~— i34 Importance of
higher energy!
0.1
Apup
Complementarity
with DUNE BM1
=== 10—ton detector

0.01

T

w
1/
”

S — 100—ton detector
K. J. Kelly and Y. Zhang |

arXiv:1901.01259 0.1 1 10 100
me [GGV]



http://www.apple.com
https://arxiv.org/pdf/1901.01259.pdf
https://arxiv.org/abs/2111.05868

FPF Reach: Thermal DM

e The neutrinophilic scalar ¢ can also be a mediator to thermal DM

X Va
Fermion DM 5
| T
L = §yxxx¢ + h.c.
X Vg
Scalar DM XN X Va
A
L, A
L p— EyXX ¢—|— h.C. /4/
X / VB

0.01

K.J. Kelly, F. Kling, DT, Y. Zhang arXiv:2111.05868

I .

/ Sterile v

BM?2 BM1
3 === 10—ton detector [
I DU_N,Ez’/ — 100—ton detector 1
0.1 1 10

mg [GGV]

100


https://arxiv.org/abs/2111.05868

Big Picture

Cosmolog Colliders
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Big Picture
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https://arxiv.org/abs/2203.01955
https://arxiv.org/abs/2203.01955
https://arxiv.org/abs/2203.01955

Supernovae

e Another neutrino dense environment!

e Same process that generates SUDM relic abundance in early universe

produces SvDM in the supernova — excessive supernova cooling!

Adapted from Fermilab



https://news.fnal.gov/2020/08/searching-for-supernova-neutrinos-with-dune/

Cooling Rate Calculation: A Sketch

e Step 1: Get supernova profile u (r), T(r), p(r), Y,(r)

200

150

e 1,/T>1 — Fermi-Dirac Distributions are not exponentially suppressed! Enhanced cooling rate

Electron Chemical Potential

----- s20.0-LS220
______ s20.0-SFHo
[ZITIzzzao . ---- 518.6-SFHo
] ]
N s18.80-SFHo -
| | [
105 106 107
Radius [cm]

u # 0 — probe smaller couplings!

o Tgy~ 60 MeV — can probe my of 1 MeV up to few 100s of MeV. Exactly where we are missing probes!

T [MeV]

10 t

ok

60f
50f
10 f
sof

20 F

Temperature

I]redit: Garching Core-

| Collapse Supernova

10° 106

Radius |cm)



http://www.apple.com
http://www.apple.com

Cooling Rate Calculation: A Sketch

e Step 2: Calculate active-sterile neutrino mixing in matter

A Vacuum
A2 sin2(2c9) Mixing Angle

6 —
) = N25im(26) + T2 4 (Acos(20) — V)2

sin?(2

Interaction Rate P Effective
_ o - Potential
I'=1x+1y
v e* v 7 V= Vweak + ng
Thermal potential Matter asymmetries
+
. i W.Z
n p n n > ("Jt/\? - T
1% e,V % Antimatter, )
N/ ¢ j
e N




Cooling Rate Calculation: A Sketch

e Step 3: Optical depth, or v, energy loss due to scattering

Interaction Rate

o J' dr sin*(20 0.5 1'(E,T) F=Thea+1y

e Step 4: Sterile neutrino production matrix element

e

IMJ? = 327 \° m¢ (s — qu sin® Oeg (7, )

« Step 4.5: Profit



Cooling Rate Calculation: A Sketch

e Step 5: Put everything together to calculate the luminosity
SvDM production SN Profile

[ aBf(En
m?/(4E1) V(B + Ez)? -

L = (b/ TQdT/ dE, f(Eq,r
0 0

/§(E1+E2+\/(E1+Ez)2m¢)
X
1

5 (El -|-E2—\/(E1 +FE5)2—m? )

dE4 Sin eeff (T E4) E4 6_7(E4 ) Re-absorption.

Sub-dominant effect

Matter effects :
;;" - F(Ea r)a V(Ea 7")




Supernova Cooling Bounds

e Observations of SN1987 bound the emission luminosity to be L <3 x 10°% ergs/s

BM?2

1 § Yu-Ming Clhen*! M. Sen, W. Tanéarifa,
_ DT, Y| Zhang arXiv:2207.14300

7Zero chemical Non-zero chemical

potential potential

.
an
an
N

10~3 0.01 0.
77’L¢ [GGV]


https://arxiv.org/abs/2207.14300
http://www.apple.com

Big Picture
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Big Picture

Cosmology [ Astrophysics [ Colliders
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Great complementarity between different probes of neutrinophilic DM!
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Thanks!

(Questions?



Back up



FPF Reach: Final State Tau Leptons

For 4, # 0, the signal is a tau + ps coming from a muon-neutrino beam.
Only ©(100) tau neutrinos are expected to interact with the detector. The signal will
result in an excess of tau events compared to the SM.

Simple analysis: count the number of signal events with a tau in the final state
1.0 |

- 10—ton detector |
— 100—ton detector

‘ 0 0 .
Sterile 1/\\ \ Sterile v Optimistic
\
\
\

BM2 BM1 Side-band

0.01

\
\
)
1

0.1 10 100

mg [GG\/]
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Constraints from MW Dwarf Galaxies

e Spoiler alert: There is a lower limit on sterile neutrino dark matter mass in the

presence of a neutrinophilic scalar mediator!

() ~ T x sin“(20) . .
/
/
/
-6 /
10 T /
10-8 Jl J overproduction
o DW WWWMMHJMHHM
< 10—12
N X rays 0.1
~ ~14
2 10 * A
10—16
10—18
‘ (1T
102V rproduction
JLCCUUECCOE R

, '/Sterile v
BM1
-==- 10—ton detector 1

my (keV) 0.01 ]
—— 100—ton detector |

Smaller mixing — larger A.

. . . . : 1 - II””1I0 - II”IIIOO
Run into existing constraints. mg [GeV]

See arXiv:2301.08299



https://arxiv.org/abs/2301.08299

