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Outline

1. Weak points of “traditional” dark
matter direct detection

L :
2. “Advantages” of accelerated dark e
matter* b
. Example: sensitivity of DUNE to Seed
cosmic-ray up-scattered dark q

matter

e Qutlook

*See also talks by Pedro De la Torre Luque,
Branden Aitken, Dimitrios Papoulias 2 [ChatGPT]



Direct detection of dark matter

* Relative velocity of dark matter
particles with respect to Earth

~ 200km/s ~ 102 ¢

' = Scattering with nuclei via coherent
elastic scattering expected

December



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

Spin-independent scattering Spin-dependent scattering
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Direct detection: model dependence

NB: Velocity-suppressed interactions

C(6) C(6)
6 “Standard” SD
0, = —()(Vﬂysx)(qy%q) rmctions 0, = —()(y,,,)()(qy Y5q)

10! 10° m [GeV]
Bachelor’s thesis by Victoria Falao]

GAMBIT DM workgroup, DDCalc: 1705.07920]
|Z: 2207.03764]

*Loop contributions not included



Direct detection: model dependence

NB: Velocity-suppressed interactions

 Some types of interactions may be further suppressed due to dependence of
low-energy scattering with nucleons on DM velocity or transferred momentum!

C(6)

4,  _ B Low energy q q
0, = —=-(nrs)ar'ys)) ——>  0f=S,Sy & 0= (s%_) (SN'_)
; - i

“Standard” SD interaction, present even at
vanishing relative DM-nucleon velocity

(6) C4(1,6c; B B Low energy N N iq
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[Bishara, Brod, Grinstein, Zupan: DirectDM: a Suppression by relatlve/

tool for dark matter direct detection, 1708.02678] VeIOC:;yOz’;;?Sﬂerred




—_— — ——
— ———

— —— P
= —_— —— e _— ————— . — e — —— —_—
— T e — 7 :

o= - = —

f

| Accelerated dark matter =

| sensitivity to lighter particles & less ‘
| “punishment” for spin-dependent or ‘

|

. . . |

| velocity suppressed interactions! |
e ——

— —_— = — —_
——= —_— = = — —— e

)

|
|

?
|
|

——



Cosmic-ray up-scattered dark matter

Credit: T. Bringmann
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[Bringmann, Pospelov: 1810.10543]
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Cosmic-ray up-scattered dark matter

T, dd/dT, [em™2s™]
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Nuclear

Recoils

®" Cosmic-ray up-scattered dark matter
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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]
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We tried to improve on these points!
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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);,:

Vector couplings <> SI: &, ;. = QVZ' Xrixs &g = 8Z'QVZ/ qv"q

U(l)p: QV =1, Vg (less Constralned than “dark photon” with QV Qem

X
Axial-vector couplings <> SD:

Ly =82 L, xv"vsxs Lo = 8200 Z, 47754 Z,
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Dark-matter-proton cross section

g, =0.1, Q);’:Q;\:Q;’:Qg\: 1
mz=1GeV, m,=1GeV, T,=1GeV

Calculated
analytically, agrees

— Tl - with the GENIE output

\Numerical calculation

by GENIE
[Berger: 1812.05616]

(NB: at low Q?, GENIE
employs parton distribution

functions extrapolated using
the Bodek-Yang model)



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

* Deep inelastic 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

Expected number of events in DUNE

* |Inclusion of DIS enhances considerably the event rate for SD case Without inelastic

Interactions in
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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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[Ema, Sala, Sato: 2011.01939]

(Pseudo)scalar mediators more favourable?
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(Pseudo)scalar mediators more favourable?

Scalar mediator ~—
My = 1 GeV
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*see talk by Jose Manuel Alarcon



Other mechanisms for accelerating dark matter?

Relativistic dark matter can be produced In - v
L Relic
beam dumps and later detected! - A
= 10-95_ o, favored invis telction
[MiniBooNE-DM Collaboration: 1807.06137] s f q 4‘p mr\/
B 0100 BaBar
Target Decay Pipe =~ Beam Dump MiniBooNE Detector < 1070 === // / |
I ~ — MB Full N Y
] _ + Timing -
e
p % 1 0_11 . ' M_?' El.ectron Proper
E E " modelling of
% " NAG the DM-
50 m 4m 487 m % - /. nucleus
/ T 1107 interactions
] makes a
difference!
. . LSND
Dark matter prOdUCtion: Dark matter deteCtlon. 10—13 | | L1 111 l| | | L1 1 11 II | | | |
Xovers e x Xovme e « 107 1072 10"
'r: X, . 2o ; ............................ m, (GeV/c?)
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*e i n,p, A
A » P . e e X
(a) Meson Decay (b) Proton Bremsstrahlung (a) Free Protons or (b) Bound Nucleons
+ Vector-Mixing Electrons

21



Other mechanisms for accelerating dark matter?

Relativistic dark matter can be produced in beam dumps and later detected!

U(1)z vector meson
[deNiverville, Chen, Pospelov, Ritz: 1609.01770]

u-phylic scalar mediator
[Batell, Freitas, Ismailand, Mckeen: 1812.05103]

Scalar mediator: mg = 3m,,
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| * depending on the detector design
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** If beam dump run performed

* SHIP talk by Richard Jacobsson on Thursday!



Conclusions

* Accelerated dark particles can be probed by neutrino
detectors like DUNE

o :
* Sensitivity to sub-GeV dark matter .
+ Based on scattering with nucleons or partons = '
comparable bounds for S| and SD interactions
q

* |nteractions of “fast” dark matter with nuclei harder to
model, tools for scalar/pseudoscalar mediators missing
as far as | know. NB: relevant also for non-standard
neutrino interactions [Kopp, Rocco, Tabrizi: 2401.07902]

* Further promising setups where accelerated dark matter
could be detected?
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Conclusions

* Accelerated dark particles can be probed by neutrino
detectors like DUNE

o :
* Sensitivity to sub-GeV dark matter .
+ Based on scattering with nucleons or partons = '
comparable bounds for S| and SD interactions
q

 |nteractions of “fast” dark matter with nuclei harder to
model, tools for scalar/pseudoscalar mediators missing
as far as | know. NB: relevant also for non-standard

neutrino interactions [Kopp, Rocco, Tabrizi: 2401.07902] e = —c——

; Thénk you for attention! {i‘

—
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e P = == ===
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=

* Further promising setups where accelerated dark matter
could be detected?
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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

.
(NP |G| Np)) = ap)| F{N©0D r+F{ 0D —E— | u(p)
N
q"

(N(PY | gr'y’q |N(p)) = u(p")| FI"(0%) 7/’“‘7/5+F£“‘V(\Q2) ~—1" | u(p)
N
Somewhat known, / Corresponding contribution to cross section

enters neutrino suppressed by particle mass = irrelevant for neutrino
Interactions 24 NC scattering. Related to I/, by Ward identities.



[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.

FN — N a2
FN — piN - M2+ Q%

FaN 4 piN o N 4 M2
FulN 4 piN _o sV M2+ 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.

\

This does not correspond to the structure expected from chiral perturbation
theory, F;,'N should include a non-vanishing contribution by the # pole

[Bishara et al.: 1707.06998]
[Hoferichter et al.: 2007.08529]

25

NB: Pseudo-scalar form factor

NB: For a lattice
study, see, e.qg.,
[Alexandrou et
al.:1705.03399].
In the u — d channel,
the pion pole indeed
reproduced. Nonzero

value of F ;,'N
observed.



Scalar mediator more favourable?

my = 1 GeV
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Scalar mediator more favourable?
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Accelerated dark particles

Another example: 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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[Snowmass (2013): 1401.6077]
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