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The impact of dark matter on the motion of visible matter
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The impact of dark matter on the distribution of visible matter
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Dark matter

@ Density parameters for various components of the Universe [1]:

Q] <0.01, 2, =94x10"° Q,=0.05 Q- =027, Qr=0.68.

Q It is assumed that dark matter was in thermal equilibrium with particles of the visible sector
in the early Universe.

© The observed CMB anisotropy is sensitive to the injection of additional energy into the
primordial plasma of the early Universe [2]:

(ov)smave < 3.6 x 1072 emBe ( mpm )
CMB  ~ f(z,mpm) 1T5B/’

@ For me < mpm S O(1) GeV, it is necessary to introduce a depletion mechanism to obtain its
observed relic density [3].

1. Planck 2018 results. VI. Cosmological parameters // Astron. Astrophys. — 2020. — T. 641. — A6. 2. S. Galli,
T. R. Slatyer, M. Valdes, F. Iocco., Systematic Uncertainties In Constraining Dark Matter Annihilation From The
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Inelastic dark matter with a scalar mediator

For the scenario with a scalar leptonphilic mediator ¢ and inelastic Majorana dark matter,
the effective Lagrangian as low-energy simplified EFT benchmark is [1,2]:

Leir. D ), X1X20 — Z cplle,
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1. Herbi K. Dreiner, Howard E. Haber, and Stephen P. Martin, “Two-component spinor techniques and Feynman
rules for quantum field theory and supersymmetry” Phys. Rept. 494, 1-196 (2010), 0812.1594 [hep-ph]|

2. Chien-Yi Chen, Jonathan Kozaczuk, and Yi-Ming Zhong, “Exploring leptophilic dark matter with NA64-u,”
JHEP 10, 154 (2018), arXiv:1807.03790 |[hep-ph]
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Parameters of fixed-target experiments

The process of mediator radiation can be represented as:

[¥(p) + N(P;) = I=(p') + N(Py) + MED(k),

NA64e [1] LDMX |[2] NA64p 3]
Target material Pb Al Pb
Teu = BN /Ey 0.5 0.7 0.5
FE;, GeV, beam energy 100 16 160
Expected statistics 1.5 x 10™2 1x 10™ 5 x 10'?
Expected background | Npckg. S 0.75 | Npekg. € 1 | Npeke, < 0.35

1. Y. M. Andreev et al. (NA64 Collaboration), Search for Light Dark Matter with NA64 at CERN // Phys. Rev.
Lett. 131, 161801, 2023

2.Akesson et al. (LDMX collaboration), A High Efficiency Photon Veto for the Light Dark Matter eXperiment //
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and L. Molina Bueno, Prospects in the search for a new light Z’ boson with the NA64u experiment at the CERN
SPS // Phys. Rev. D 105, 052006, 2022
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Number of signal events in the invisible mode

The differential cross section for the production of a mediator in the nuclear field takes the
form [1,2]:

tm
dxd cos(OmeD) 47 |P||k — p| t2 8M2 2231

min

where © = Eygp/ E) is the fraction of the total energy of the mediator relative to the initial
lepton.

The number of signal events in the thin-target approximation is [2]:

Tmax

N doy 3 (E
Npgs ~ 10T - 224 T Lr / da:—@z:;( 0)

Tmin

1.Kwang Je Kim and Yung-Su Tsai. Improved Weizsacker-Williams Method and Its Application to Lepton and
‘W-Boson Pair Production. Phys. Rev. D, 8:3109, 1973.
2. J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys. Rev. D 80, 075018 (2009), arXiv:0906.0580.
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Relic curves of dark matter

The Boltzmann equation for the total density of dark matter particles, n, leads to relate the
interaction in the early Universe and the observed density of dark matter as [1-3]:

-1
n=-3Hn— Z <0ijvij> (nmj — n?qnjq) = Qch2 0.8 /«‘;—ﬁ‘gwdx 9
i.5,f zf
0o 2k+1 — 2 -
apv’ 3 /2m m\~—1 15 (2m m\ —2
(oijvi) = (X —r— )= a0 +3 (,%) w(z) % (,W) w(7) -

k=0
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Constraint from fixed-target experiments
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1. I. V. Voronchikhin and D. V. Kirpichnikov, “Examining scalar portal inelastic dark matter with lepton fixed-
target experiments,” Phys. Rev. D 113, 015031 (2026), arXiv:2505.04290 [hep-ph]
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Parameters of direct-detection search experiments

Scattering of halo dark matter on atomic electrons 139 : 1Z
100 . ——— —
of the detector: 80 : SO o
60)
20
Xi(pi) + e (p3) = xr(pr) + € (pa), o - m =
Eg, keV
E 80 PandaX4T
XENONIT [1] | PandaX-4T [2] | LZ [3] &
Z 54 54 54 % 40
Eq, keV 0.186 -3 0.07—023__| 1-20 - S o ——
e, t X day 356 200 1533 £ 0
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© S2,PE
2
1. E. Aprile et al. (XENON), “Light Dark Matter Search with 10 XENONIT
Tonization Signals in XENON1T,” Phys. Rev. Lett. 123, 251801 10F. . .
(2019), 1907.11485 [hep-ex]. . . -
2. Shuaijie Li et al. (PandaX), “Search for Light Dark Matter 10 :
with Ionization Signals in the PandaX-4T Experiment,” Phys. 10°! L

10’

Rev. Lett. 130, 261001 (2023), 2212.10067 [hep-ex].

3. D. S. Akerib et al. (LZ), “Search for New Physics via Low-
Energy Electron Recoils with a 4.2 Tonne-Year Exposure from
the LZ Experiment,” (2025), 2511.17350 [hep-ex].
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Number of signal events in direct-detection experiments

The thermally averaged differential cross section is [1]:

max)

a+ vy
d{ov) K (Ea,q)
dEd 2/-”)(e Ey
q— (vpR)

1 (Vmin) [FoM(g )| dq,

One can calculate number of theoretical signal events by the expression [2]:

“Tpx d< v)
= E E E.
Nsign. = € mex dEy4 5, (Fai)dEa;,

1. A. R. Caddell, V. V. Flambaum, and B. M. Roberts, “Accurate electron-recoil ionization factors for dark matter
direct detection in xenon, krypton, and argon,” Phys. Rev. D 108, 083030 (2023), arXiv:2305.05125 [hep-ph].

2. R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and T. Volansky, “First Direct Detection Limits on sub-GeV
Dark Matter from XENON10,” Phys. Rev. Lett. 109, 021301 (2012), arXiv:1206.2644 [astro-ph.CO].
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Constraint for endothermic scenario
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Constraint for exothermic scenarios
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Magnetic dipole dark matter
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Semi-visible mode in the planned ILC-BDX experiment

Effective Lagrangian is [1]:

1 m m ILC-BDX [2]
LD A_Xla'uVXOF;w» A= X X Ztarg. 8
M Mxo Eo, 5B 125 (250)
The dark matter production process is: Ln, M 70
— — * — AT Ldec.a M 50
e N —e Nv"—e Nxoxi- Zroe. 56
Boosted dark matter can subsequently scatter off Ein. I'sB 1 _
detector electrons as: v (FSB) 0~87241( )
LOT(s 4.0 x 10°%(3.8
. X / / up
Xi(p) + (k) = x;(p) + (k) LOTomax (Sup) | 4.0 x 107(7.3)

1. Herbi K. Dreiner, Howard E. Haber, and Stephen P. Martin, “Two-component spinor techniques and Feynman
rules for quantum field theory and supersymmetry” Phys. Rept. 494, 1-196 (2010), 0812.1594 [hep-ph]|

2. Kento Asai, Sho Iwamoto, Yasuhito Sakaki, and Daiki Ueda, “New physics searches at the ILC positron and
electron beam dumps,” JHEP 09, 183 (2021), arXiv:2105.13768 |hep-ph]
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Number of signal events in direct-detection experiments

The electron-recoil event with the energy threshold Fiy, = 1 GeV is:

max omax
PN 4 doy_4
NXi ~EOT x === x L dE,, do, ————PX (E,.
det. X A X L / 0/ Xi dEdeexl scat. ( Xz)’

The probability of xo and xiscattering inside the detector is:

Lo, + Lq
X0 cut X cut S, ec.
Pscat ndetldet02—>2 (EXU )7 Ps(;at ndetldet02_>2 (Exl ) exp (_ d )

X1
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Constraint of the ILC-BDX experiment
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Dark axion portal
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Constraint from the NA64e experiment
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Results

The results are:

@ Constraints on the parameter space of inelastic dark matter models with a scalar mediator from
the invisible mode of experiments with a lepton primary beam scattered on a fixed target.

@ Relic curves for a model of inelastic dark matter with a scalar mediator interacting with the
lepton sector.

@ Constraints on the parameter space of inelastic dark matter models with a scalar mediator
from direct search experiments.

© Constraints on the parameter space of the magnetic dipole dark matter model from fixed-target
experiments in semi-visible mode.

@ Constraints on the parameter space of the dark axion portal model from fixed-target
experiments.

The work was supported by grant RSF-25-12-00309.
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Dopmyna Baiinzekkepa-Bunbsivica g nuddepennmansroro ceuenns [1,2]:
do(p+ P; — p' + Py + k) _ ax Efapuep do(p+q—k+p)
dxd cos(OmeD) ww T l-uz d(pk) ’

t=tmin

[OTOK BUPTYaJbHBIX (DOTOHOB X BBIpaXKaeTcs depe3 yupyruit dopm-bakrop F(t) u
BBIPAKCHUE JJIS tpi, TPUHUMAIOT BUJI:

tmax

t_tmin
X:Z2 / t—2F2(t)dt,

tmin

tmin(7,0MmED) ~ (B Oyppr+miep (1—2) /z+miz)? /(4B (1-2)%) >t = mypp /(4E]).

1.Kwang Je Kim and Yung-Su Tsai. Improved Weizsacker-Williams Method and Its Application to Lepton and
‘W-Boson Pair Production. Phys. Rev. D, 8:3109, 1973.
2. J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys. Rev. D 80, 075018 (2009), arXiv:0906.0580.
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Arowmusrit popm-daxtop Tean-IlTudda, Xeapma n SKCIOHEHINAIBHBIN, B CJI/IyIOIIEM BU/IE,
COOTBETCTBEHHO [1, 2, 3]:

1 B 3]1(\/ERH) —s2t/2
ety 0= Bl g e ’
FE(t) = Fier (t) €xp (_tRezzxp/G) ’

rie Fser(t) = t/(ta(Z) + t) - bopm-dakTop, coOTBETCTBYIOMMI SKPAHUPOBAHUIO ATOMHBIMU
ssieKTpoHaMH [1].

FTS (t) = Fscr(t)

1.Yung-Su Tsai. Pair production and bremsstrahlung of charged leptons. Rev. Mod. Phys., 46:815, 1974.

2.Herbi K. Dreiner, Howard E. Haber, and Stephen P. Martin. Two-component spinor techniques and Feynman
rules for quantum field theory and supersymmetry. Phys.Rept., 494:1-196, 2010,
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1. Voronchikhin I. V., Kirpichnikov D. V. Implication of the Weizsacker-Williams approximation for the dark matter
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