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Evidence in Different Systems |
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Don’t Mess wit the Force

Observed:

Rc N M1/3

Expected from a matter
system of given density

Clusters

Modified Newtonian Dynamics (MOND):
a. = constant ~ M /R

Implies:

RC ™ M1/2 108 10"

M., central in Mg

Spheroidal Galaxies

Difficult to reconcile across systems.

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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We need about 25 % of our
Universal budget to be matter
(Zero pressure fluid)

A large fraction of that matter
has to interact
weakly with radiation

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Structure
forms from
local seeds

Again we
find that
about 90% of
the matter
needs to
form diffuse
halos

To form seeds we can’t have neutrinos as DM either ...

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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. Motivated by UV and Quantum Gravity

Eg X Eg

ehea,tig

R,eheting
GUT

Schematic of a CY

SM + Dark Sector

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Through the looking glass, Lewis Carroll
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A Slightly Broken Mirror

+ Shadow version of the SM

+ Approximate 22, softly broken

+ Asymmetric Inflaton Coupling

+ Reheating T’ < T is compatible with CMB

+ Higgs vev and Yukawass such that proton
slightly heavier than neutron

+ Interaction weak: gravity, U(1) mixing,
axions

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Shadow protons decay

p—n +eT+1V

But shadow
nucleons can be
stable

p/—FTL/%D/—I—/Y

12
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Shadow BBN Network |

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Shadow Nucleosynthesis

Shadow BBN with D, -assisted T' production Shadow BBN with D/ -assisted T' production (zoomed)
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Sha,dow Sector forms I—Ia,los a,nd Structures'

+ In a,ddltlon to sha,dow neutron halo d1831pat1ve plasma,
(99% 4He’), (1% T")

+ (4He’) drives high-temperature cooling; (T°/TRQ’) enables
lower-temperature cooling

+ Dissipation forms a dark disk, clouds and shadow stars
+ High cooling floor -> large Jeans masses and rapid
accretion

+ Shadow-star IMF is top-heavy, roughly Population-III-
like: Typical masses: 10 - 100 MSun with efficient (D/T2")
cooling, and direct BH collapse without it

+ Short-lived massive stars end mainly as shadow neutron
stars or black holes

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Astrophysical
Searches for Shadow Worlds

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Shadow-sector neutron-star mergers
My=M,=14Ms, D=100Mpc

Shadow neutron star + shadow neutron star

Ry =24 km, A =21089, foonuct= 583 Hz, f» = 1073 Hz, 70 =28.3 ms
Ry =12 km, A =395, feontact = 1650 Hz, > =3034 Hz, 70 =10.0 ms
SM core j Ry=5km, A=1, feontact =6136 Hz, f> = 11281 Hz, 7 =2.7 ms, strong-field extrapolation

Hydrodynamic contact

ﬁ ALY MMAWMAVMVM\;W
| :f‘p‘l':,:%-!”'w‘wuuuuuwwuwuww LA

P T et ey
-J’\ "J‘_Jsg" -
_‘ -X ?-

cosshosconss = S o
%;_{_{‘343‘} o
XA A A 7
5~ k- EE=oum
Ty E3

fV\n\NV A\MP\/v,\JM\/\vN\/‘v“v“v\P'\nP%\/"\u/"\,J‘M“’xfw AARALASAAAAAARAAANAN

i

Visible neutron star + shadow neutron star

Ry =24 km, f,y =898 Hz, feore = 1650 Hz, tgw = 14.68 ms
Ry =12 km, fo, = 1650 Hz, foore =4668 Hz, tgw =122 ms |
Ry =5 km, fo,, =2768 Hz, f.ore =4668 Hz, tgw =0.87 ms

Geometric overlap
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X-ray flash
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Time relative to contact or overlap [ms]
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X Pa,ys from ca,ptured SlVI Matter

+ SM matter in a compact core 1n51de the
shadow neutron star. ek

+ During merger, this SM core is shock- SM
heated producing a hot thermal photon bath.
+ The characteristic temperature reaches the
keV regime, so the prompt emission peaks in
X-rays.

+ Unlike an ordinary NS mergers, there is
much less surrounding SM material.

+ X-rays therefore encounter a smaller SM
optical depth and escape more easily

+ Visibility reaches the Mpc scale

VS bo Mca
E’Y prompt — 77boE’dep ~ 10%° Crg ( _ ) ( = ) .

103/ \10%3 g

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26

X-ray flash
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Expected Interactions and Cross Sections
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Direct Detection Range Cartoon
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Superfluid He Materials with Lattice Defects
Small AF

°o7r 9Tel 9Te2 @K

P—
Superconductors 3D Dirac Materials

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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1

uantum Sensing and
Supertluid Hed

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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QUEST-DMC Superfluid He3
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Phases of He3

L,=-1,5 = -1

sSuperfluid A phase YA =4y(2) @ + &é
4"'/ —-—/
L =1,5 =-1 L =0,S,=0 L =-1,5 =1
¥Yg :ei(/) A"(z) +A(2) +A||(z)
-/ /
Normal fluid i i jt

A

2 3
lemperature (mK)

superfluid B phase
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. Collision WIMP-He3? atom

Heat as quasiparticle excitations

- Light from de-excitation

WIMP

\
NS

Ionlzatlon

I

~100% recombination

> Quasiparticles (heat)

Singlet

Excitation

fraction

102 101 100

> UV photons

IR photons

Juri Smirnov, juri.smirnov@liver

ool.ac.uk; IIP, 21/07/26

Nuclear
Recoil
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energy [keV]

> Scintillation
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Nano-wire Signal Readout

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Quasi Particle Dampening

Vibrating nanowire resonator in a
vertical magnetic field

Damping force from QP collisions:

T —A
F=- péveNyexp (kB—T)
3He

Andreev scattering amplifies force

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Heater Wire
(13.5 um)

Thermometer
Wire (4.5 um)
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Overall Sensitivity and effect
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SL-SQUID QUEST-DMC reach (This work).
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Asteria Code by:
R. K. Leane (SLAOQO),

J.Smirnov

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Retlection Correction Possible
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2 |
fref ~ 1

VT +/Neas |

Vese = 11 km/s

log (43
Near X 10 (1= (2)8)

1 4 Simulation :
(2) ~ = and G — MDMIMSM _ |

(mpwm + mSM)2

Asteria Code by:
R. K. Leane (SLAQO),

J.Smirnov

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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V(TLXT> f rav (7“)
My 1 += fh

Hydrostatic equilibrium:
Isothermal DM

Ref: Effect of hypothetical, weakly
iInteracting, massive particles on energy

transport in the solar interior
D.N. Spergel and W.H. Press in 1984

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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04 0.6 0.8 1.0

R/Rg R. K. Leane and JS
2209.09834

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Heating of Components and Heat Transport

Tetiana Kozynets

\-)/‘»4‘1 [\'\/“"'\-" l -)/\.;‘(“;’ renNeaer
HOSL-DOCLOINal xesearcnel

Technique has
potential to
get rid of readout
thresholds

Sensitive to even
slow drifting DM

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Heating Through Particle Scattering

171.50F
171.25}
171.00
M |
~ =
170.50

170.25

500 1000 1500 2000 2500 3000 3500
t s

Figure 2: Example evolution of the *He temperature in QUEST-DMC over 1 hour, measured
at 0 bar pressure. Data courtesy of Robert Smith and the QUEST-DMC Collaboration
(February 2023).

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Surface Overdensity for Yukawa Force DM

Preliminary

> 1016 Earth
DM surface

density in cm™>

> 1012
> 104

mpm [GGV]

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Matching DM Mass with
Electron Targets

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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== DAMIC-M, this work

= DAMIC-SNOLAB (2019) SENSEI (2020, recasted)

EDELWEISS (2020) SuperCDMS (2019)

e.g. Si1 Skipper CCDs

CDEX-10 (2022) DarkSide-50 (2023)

- XENONI1T (2019, 2022) PandaX-Il (2021)

For example: DAMIC 2025

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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' Dark Matter Event Rate in the Detector

DM
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Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Low Excitation Energy & Large Oscillator St.
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Direct Detection with Organic Molecules

el
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For example:
Aromatic molecules

O O

Toluene Phenol Aniline

g g.

e BENZaldehyde Ortho-xylene

Juri Smirnov, juri.smirnov@liverpool.ac.uk;, 16/5/25
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Language: SMILES and SELFIES

S1M ILES

Starting point
CNC (C) cc 1 =cc=cC 2 c [(=€|1[)] oco 2 SP

of decodin
) :
SELFIES

1 o) ‘ Q=3 1905.13741
| T T 1

[CIIN][C] [Branch3][e][C] [C][C][=C]I[C][=C] [C] BESRERSIEONIECH [Ring] [#N] [0][CI[O] [Ring] [#N]

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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[ The quick brown fox jumps over the lazy dog ]
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Latent Space Quality

Validity of Latent Space in VAE
SMILES SELFIES

=
|' -.f’ . N ~ N
| 20

z22=-1

22=-2 | 22=1 22=2 22=-2
G : é . ; : .
20 | 20 | 20 20 | 20

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26

52


mailto:juri.smirnov@liverpool.ac.uk

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26

53


mailto:juri.smirnov@liverpool.ac.uk

Latent Space Projection

1st transition energy PCA heatmap

Transition energy 1
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PCA dimension 1
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Cameron Cook

PhD Student

Cook, Blanco,
Smirnov
2501.00091
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The Architecture

A) Generative Task Combining B) Regression Task

SELFIES SELFIES
VAE '

Molecular
property

Molecular properties

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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1st transition energy PCA heatmap

-10 0 10
PCA dimension 1

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Seeded Sampling Algorithm
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1. Count: 62465

O

3. Count: 23404

2. Count: 1052

10. Count: 718/
6. Count: 370

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26

Palates

8. Count: 24

9. Count: 34
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8. Count: 24

De-localized and planar network Molecular planes oriented in

of double bonds crystal lattice Blanco et a,]_,
2103.08601

6. Count: 370
9. Count: 34

Carman, et.al. ‘18 (J. of Crystal Growth) Juri Smirnov, juri.smirnoveliverpool.ac.uk; IIP, 21/07/26
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Correlation with Crystals

o = 2 o~

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26

Danna.
Freedmann @
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Figure 1: A weakly interacting particle x scatters with an electron in a multiparticle ground state, transferring to it
some momentum and energy, and leaving it in a higher energy eigenstate.

(a) Spherical

SCarFFF

Computation of form factors for scattering on molecules.

https://github.com/jdshergold/SCarFFF/

0.00

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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AE [eV]

ZINC SAR 2
ZINC Medoids
ZINC SAR 1
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Pareto front index

dE: 0.770f1: 0.031

Example of new low
Delta B backbone
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Pareto Front Expansion (ML boosted)

Grand comparison of Pareto fronts

- Normal screen n=7
Non-generative expansion n=10
- (Generative expansion n=44

W
]

dE: 3.344f1: 1.329

N
]

Y—
s\
)
(@)
-
Q
—
-
(V)]
| -
O
)
©
0
(V)]
@)

Purchasable
molecules are
being tested now
+ Next we need to
combine with
3 : synthesis predictor
Transition energy, dE / eV netWOPkS

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Image credit: C. Blanco
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Direct Detection with Organic Molecules

b m,=2 MeV [ | m,=4 MeV B m,=10 MeV
| @ m,=3MeV B m=6MeV B m,=1000 MeV

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Crystalline
Trans-Stilbene

Carman, et.al. ‘18 (J. of Crystal Growth)

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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 — Hell(,)

- Substructure

(Gaia (total)

1=1 dipole modes cancel in squared form factor, 1 = & quadrupole dominate
modulation

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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De-localized and planar network Molecular planes oriented in
of double bonds crystal lattice

daatf s 1A

Carman, et.al. ‘18 (J. of Crystal Growth)

«crystal v (17
= crystal _/;Kgl = 10.66

12

t [sid. hours]
ll)( ()[ DE )/ < Il)>1
0.85 .90 .00 1.05

i

t-stilbene

0.81 < R/{R) < 1.10

30 60 90 120 150 180 210 240 270 300 330 360

OF [(](‘;_’J
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Fast Tool for DM Detector Design

The Role of Symmetries in Dark Matter Detector Design

Dangerous: cubic groups,

Benjamin Lillard (Penn State U., University Park, IGC), Jack D. Shergold (Liverpool U., Dept. Math.), Juri

Smirnov (Liverpool U., Dept. Math.) llke OCt&hedf‘&l
Label-only ideal survival [%] symmetry Oh
| o
&\ .’ )
&"’:’:_____ .
& ®

O

Molecule point group
Survival [%]

D4h

Rare in molecular
crystals, common in
atomic crystals

C2v D2h
Crystal point group Get the Symmscreen Python

package: https://github.com/
jdshergold/symmscreen

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26 72
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T COIIlblIllIlg the Pa,reto FI‘OIlt 9, 10—Diphenylanthracene (DPA)
Expansion with Synthesis S Avallabe Insies up o
Pathwa,y NNS : Cherr?icalformula:C26H18

« Emission wavelength: 468 nm with a light yield of

+ Experimental Validation

* Figure of Merit for neutron/gamma PSD: > 2.0 at 1
MeVee

4 Testing PeadOut, ].OW T Sj.PMS a:S a . Operating temperature: Not to exceed 120°C

 Care: Crystals are very brittle and need to be handled

demonstrator

+ Prototype in collaboration with + 4eV >3 eV
University of Oxford Delta E

+ BExplore Scalability and Crystal + Boost in
Combinations with Fermi Lab brightness

and Penn State

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26 73
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Summary

e Shadow Sectors with broken Z2 symmetry lead to a
whole new realm of unseen universes

e Motivation to explore the MeV- GeV DM mass
scales

* 1) Low Threshold Detectors and Quantum Sensors
at the limit of our sensitivity

e 2) Molecular Crystals for low Energy and Daily
Modulation

ML and Chemistry a new and exciting playground

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Expanding the ML
Chemistry Pipeline

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Bonus Episode: Initial Results in 2026

Target validation with partner lab in Hamburg: Hanse Scientific GmbH

Proof of principle run: New side ﬁ&
chain \H <

Initial costs $2Kk. Beta-
Lactam

. Hill fit - MRSA ATCC 43300/
40 molecular candidates —

shortlisted.

S experimentally validated
inhibitory hits.

L
=
>
o
—
(&)
T
a
4+
o
v
@
Q
e
-
©
L
a

One strong MRSA-active
compound (new beta-lactam
substructure). o

Concentration [pg/ml]

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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| ML Assisted Scintillator |
. and Veto Detector Design

73
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Design low T Scintillator for SIPM readout

1) Scintillator Design: Matrix + Flour system (typically primary flour + wave-
length-shifter)

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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Based on Stokes Shift

1) EJ200 Polyvinyl Toluene (PVT) Matrix + primary @320-370 nm + shifter @ 425 nm

/do-e)b not
aESaY'OQfB

agaih— .)

vibration
e lecton motidon

A E

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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P-Terphenyl

Bis-MSB
-== absorption spectrum
— emission spectrum

(arb.)

/ Absorption

norm Intensity / Absorbance

Emission

(%) Aousioyy3 wnuend 1Nd

-
O
7))
2
&
(NN
)
L
2
-

350 400 450 500
Wavelength [nm]

\\

350 nm ->420 nm

305 nm -> 360 nm

) bis-MSB
1,4-bis(2-methylstyryl)benzene

b-PBD (Butyl-PBD)
2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole

Juri Smirnov, juri.smirnov@liverpool.ac.uk; IIP, 21/07/26
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CCC(cInnc(s1)NC(=0)clcccsl) (C)C

Score = 0.003) (s = 0.013 Energy / eV AB =0.174A \

N
4.5 4.0 3.5 . // \\
Absorption _ . TN, /<
' Emission A ; :
E()() = 3.357 eV 1 r )
- == Scintillator source : :

Interpreted structure
SMILES: CCC(c1nnc(s1)NC(=0)clccesl)(C)C
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Cclccc(ol)C(=0)Nclnc2c(sl)cccc?

Score = 0.015 Lys =0.114
4.5 4.0

Energy / eV
3.5

AB =0.135A

10k Absorption
Emission
E()() = 3.313 eV
— == Scintillator source
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360 380
Wavelength / nm
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SiPM QE / %

Interpreted structure
SMILES: clccc(01)C(=0O)Nclnc2c(sl)cccc2
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Carbon Hybridisation spd

~ _ = AY

Oeel ©eofS ok

T
2p

— P
sp>

Basic state Excited state Hybridized state

Juri Smirnov, juri.smirnov@liverpool.ac.uk;, 16/5/25
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Carbon Hybridisation sp2

~ _ = Y

T
2 »oo 2
Sp?

Basic state Excited state Hybridized state

Juri Smirnov, juri.smirnov@liverpool.ac.uk;, 16/5/25
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> 1013

\—'-'-'."; "

o A"

Even stronger
boosts possible
With long range

mediator

See our work:

2303.01516

Earth

DM surface
density in cm™>

100

mpm [GeV] R. K. Leane and JS

2209.09834
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