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Outline

1. “Traditional” dark matter direct detection:
e Sub-GeV dark matter difficult
* Probed region model dependent

2. Cosmic-ray up-scatterd dark matter:

Outgoing
Particle

e Light dark matter can be probed by direct ncoming
detection and neutrino experiments

* Neutrino experiments are similarly
sensitive to different dark matter models




“Direct detection” of dark matter




“Direct detection” of dark matter

* Relative velocity of dark matter
particles with respect to Earth

~ 200km/s ~ 1072 ¢
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“Direct detection” of dark matter

* Relative velocity of dark matter
particles with respect to Earth

~ 200km/s ~ 1072 ¢

= Scattering with nuclei in direct
detection experiments via coherent
elastic scattering




Direct detection of light dark matter?
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Direct detection: model dependence

Spin-independent interactions

e Coherently enhanced:

2
Oy X A" —— 0g;

\IMZP/\ (cross sections in
non-relativistic limit)

* Realised, e.g., for DM-quark
Interaction via scalar or vector
mediator
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Direct detection: model dependence

Spin-dependent interactions

No A? enhancement, depend on
the spin structure of the nucleus

Realised, e.qg., for DM-quark
Interaction via mediator with axial-
vector couplings

Much weaker constraints!
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Cosmic-ray up-scattered dark matter

Credit: T. Bringmann

gs [em?]

[Bringmann, Pospelov: 1810.10543]

-24
10 ) | | IIIIIII | | llI!Il] | 1 llllll] | 1 Yll‘lll’l | 1 YYI1T1I
_25 gas cloud
10 CMB cooling
1072°§
1027 EMiniBooNE (this work )
_______ ~ XQc
10-28E" " ~
- 7))
10 29 74
L
1030 . &
Xenon 1t (this work) v -~~R
— 3| P =" -
107 e 8
10732 L -5
x 1
10-33 | 1 1111111 1 1 1111111 1 1 111111] 1 1 J 1111 11 1 11 111 -
104 103 102 10~* 109 101
m, (GeV]
- e = I R ===

_ -N=x

R

= T
/;/ Increased dark matter kinetic energy > <\

% lighter dark matter can be probed by direct )
W, detection experiments like Xenon 1t! /

S~ =

‘\‘—%\—hfs&i S
g —— y — - —2 —= == _— =
—~ - = - e ——
P— - = = _— =

— =
e —_



Q

Credit: GIBUU, [Sobczyk et al.: 10.22323/1.369.0009]

- Cosmic-ray up-scattered dark matter
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Credit: GiBUU, [Sobczyk et al.: 10.22323/1.369.0009]
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Cosmic-ray up-scattered dark matter
INn neutrino experiments?
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energy transfer

Observable in neutrino experiments like DUNE!
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Cosmic-ray up-scattered dark matter
INn neutrino experiments?

DUNE sensitivity predicted in

[Ema, Sala, Sato: 2011.01939]: Scalar mediator
[Ema, Sala, Sato: 2011.01939]
. . . 30 meg = 1 GeV
* Detection modelled as elastic scattering O
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We tried to improve on these points!



Benchmark model: massive Z’ mediator

* Motivation: implemented in GENIE boosted DM module [Berger: 1812.05616]

» Both dark matter particles and Standard Model quarks charged under U(1);,:
Ly =8 270" (QPL+ OFPR) 1 Lo = 822,07 (QLPL+ OFPR ) @
. . L — NHR = NV L_ nHR = NV
» Vector couplings: O, =0, =0,, O/ =0,=0, X

(Dark photon: Q;/ — gm, or U(1)p: Qcy equal for all quarks)

e Axial-vector couplings: —Q; = Qf = )‘?, — Qé — QZ; = QZ]4
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Benchmark model: massive Z’ mediator

* Motivation: implemented in GENIE boosted DM module [Berger: 1812.05616]

» Both dark matter particles and Standard Model quarks charged under U(1);,:
Ly =8 270" (QPL+ OFPR) 1 Lo = 822,07 (QLPL+ OFPR ) @

o \ector couplings: QL = QR = );/, QL QR = QV X X

T e~

(Dark photon: QV

q , Of (I)B QVequaI for all quarks

A-—'

» Axial-vector couplings: —QL QR = A, — Qé = Qf; = Qf]1
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Dark matter scattering with nucleons

 Dark-matter-proton elastic scattering important for up-scattering by cosmic rays

Well known, enter

e Need for nucleon form factors! electromagnetic

/ interactions

.
(N(P)r"q | N(p)) = b‘t(p’)(FfN(Qz) Pt FIN(QH) =2 ) u(p)

2mN

H
(N(P) | ar'r’q | N(p)) = ﬁ(p’)(FjN(Qz) S+ FIN(0) = yS) u(p)

Somewhat known, / Corresponding contribution to cross section
enters neutrino suppressed by scattering particle mass =

Interactions 11 Irrelevant for neutrinos, not known very well!



g, =0.1, Q;y:Qf:Q;:Qﬁ:l

mz=1GeV, m,=1GeV, T,=1GeV
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Calculated
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\Numerical calculation
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DIS contribution comparable for
vector and axial-vector cases
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CRDM flux coming to Earth

« Dark matter acceleration to larger T)( mostly due to cosmic-ray protons

* |nelastic scattering enhances considerably the flux at largest DM kinetic energies
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Dark-matter-argon cross section
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Rough analytic
estimate of the
QE contribution

Numerical calculation
by GENIE
[Berger: 1812.05616]



Number of events

Dark matter scattering with nucleons/nuclei

* DIS plays a role for dark matter detection in DUNE Without inelastic

Interactions in
DM up-scattering
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Results

DUNE: axial-vector coupling

El. CR-DM only
QE Ar-DM only

0.001 \ /

BBN constraints on extra light degrees
of freedom thermalised with SM plasma
[Krnjaic: 1908.00007]
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Results

Vector couplings, m, = 1 GeV

—
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Axial-vector couplings, m, = 1 GeV
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Scalar mediator more favourable?

my = 1 GeV

107 1p

- Monojet for g,4 =1
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NB: Direct detection
limits much weaker for
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low-energy interactions!
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Scalar mediator more favourable?

my = 1 GeV
107
- Monojet for g,4 =1

NB: Direct detection
limits much weaker for
pseudo-scalar case due
to velocity-suppressed
low-energy interactions!

[Ema, Sala, Sato: 2011.01939]
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Conclusions

1. “Traditional” dark matter direct detection:
e Sub-GeV dark matter difficult
* Probed region model dependent

2. Cosmic-ray up-scatterd dark matter:

Outgoing
Particle

e Light dark matter can be probed by direct ncoming
detection and neutrino experiments

* Neutrino experiments are similarly
sensitive to different dark matter models
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2. Cosmic-ray up-scatterd dark matter:

e Light dark matter can be probed by direct
detection and neutrino experiments

* Neutrino experiments are similarly
sensitive to different dark matter models
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Outgoing
Particle
Incoming
Particle

Let’s hope future of dark matter
physics is bright!

Thanks for your attention!



Accelerated dark particles

Example 1: Boosted dark particles from decays of heavy dark matter

Interaction with quarks: boosted dark
particles can mimic astrophysical
Boosted dark neutrino events in lceCUBE if

fermion my, ~ 6(PeV)
[Kopp, Liu, Wang: 1503.02669]
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Accelerated dark particles

Example 2: Dark matter produced in beam dump

[IMiniBooNE-DM Collaboration: 1807.06137]

Target Decay Pipe Beam Dump MiniBooNE Detector
p
o0 m 4 m 487 m
Dark matter production: Dark matter detection:
: . L X O UPPPOT L L X R X
’Y '¥o' V :... Xf L) L
7703 n : p P Vv v
Vv ’g‘ Y n,p, A
XT’. p p poe be 12C : - — X
(a) Meson Decay (b) Proton Bremsstrahlung (a) Free Protons or (b) Bound Nucleons

+ Vector-Mixing Electrons
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Accelerated dark particles

Example 2: Dark matter produced in beam dump

—t+invis.

LU
~

Relic

w / Density
\ Jhy

9 rect
107 o, favored invis Detection
. : T2} s ucleon
[MiniBooNE-DM Collaboration: 1807.06137] = . |
“o - XE_NO 10 4//,‘ BaBar
) 3 R N
Target Decay Pipe Beam Dump MiniBooNE Detector e 1010} MB Elastic b // \/
. ~ ~ MB Full N
I _ + Timing -
p :E: ‘‘‘‘‘‘ MB El :
S 101 Tmron Inclusion of A
e - / production
)G [ 7 makes a
50 m 4m 487 m S - . .
i 1012 g difference!
T > = o
-
Dark matter prOdUCtion: Dark matter deteCtlon. 10—13 ] | 1 111 l| ] | L1 1 11 II | ] L 1 1111
. X X%owwas esst X X% owwes yean X 10_3 10_2 10‘1
v X, v S Tt e m, (GeV/c?)
x%, 9 -D—'éi:’\’\"‘: p p A é" (b) vector portal (o, = 0.5, my = Tmy)
Vv ’g‘ Y n,p, A
xte p p p,e p.e “C 2 ';; X
(a) Meson Decay (b) Proton Bremsstrahlung (a) Free Protons or (b) Bound Nucleons
+ Vector-Mixing Electrons
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Accelerated dark particles

[deNiverville et al.: 1609.01770]:
* Also sensitivities by other

Example 2: Dark matter produced in beam dump

Target Decay Pipe Beam Dump MiniBooNE Detector
P —
Be .
Air X
[ i ———— G U £ RS
50m 4 m 487 m A
matter
detection: ,
: e, N
Number of elastic nucleon

events for different DM 1000
production channels: \ 1% |

- 100+

) F

LI>J [

- 105—

8 :

O 1

= |

§ E

o 0.010}

0.001 !
0.

experiments (SBND, SHIP, T2K),

« BANMC tool for simulation of

DM production and detection

— 11° Decay
n Decay
—— Bremsstrahlung
—— Parton
—— Total

Enhanced at
my, ~ m, due to

/ resonant vector
meson mixing




NB: Pseudo-scalar form factor

[Berger: 1812.05616]

Thus far, I have neglected the pseudoscalar form factor. For the isospin octet form factors
corresponding to the m and 7, these can be predicted by the assumption of PCAC and the
dominance of the lowest meson pole. For the pion-like isospin current, there is some data
indicating that this assumption holds. The other combinations are very difficult to access
within the SM. There has been some lattice study of this, with mixed results particularly
for the pion.

PN — AN a2 FaN L AN o RN aM?
FulN _piN o M2+ Q> RN L pIN o psN o MP+Q*

I then assume that the contribution of the strange quark is small, allowing for a solution for

(33)

the two non-vanishing pseudoscalar form factors.

2m; Au—Ad Au+ Ad—2As
Fu/a’\p _ P + n
P (1 + Q?/M3)? m2 + Q2 mz + Q2 )
X
/ RN a——

This structure can be found using chiral perturbation t

Used in [Berger: 1812.05616] [Bishara et al.: 1707.06998] '
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[Snowmass (2013): 1401.6077]
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