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Observational Evidence
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Evidence in Different Systems
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Don’t Mess wit the Force 
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Rc ⇠ M1/3
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Rc ⇠ M1/2

Observed:

Modified Newtonian Dynamics (MOND):

Implies:
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ac = constant ⇠ M/R2
c

Expected from a matter 
system of given density

Difficult to reconcile across systems.
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The Matter Budget

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 
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Seeded Structure Formation

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 …  
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Origin of Dark Matter
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Dark Matter Scenario Space 
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Motivated by UV and Quantum Gravity  

<latexit sha1_base64="x6RqR/cmkaxYm8CRfaJdmhgwAv8=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKxByDIniMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4qChY0FBUdVNNBYkUBl33w8ktLa+sruXXCxubW9s7xd29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDH1W3dcGxGrGxwn3I/oQIlQMIpWur3sVUkXRcQNsbRXLHlldwbyNynBAvVe8b3bj1kacYVMUmM6npugn1GNgkk+KXRTwxPKRnTAO5YqaoP8bPb1hBxZpU/CWNtRSGbq14uMRsaMo8BuRhSH5qc3FX/zOimGVT8TKkmRKzYPClNJMCbTCkhfaM5Qji2hTAv7K2FDqilDW1ThfyU0T8pepVy5Pi3Vzhd15OEADuEYPDiDGlxBHRrAQMMDPMGzc+88Oi/O63w15yxu9uEbnLdP+MSRig==</latexit>

E8 → E8

GUT

SM + Dark Sector
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E8 → E8

GUT

SM

GUT’

Shadow SM
<latexit sha1_base64="GiWaNPM7dPzcIi2FSbbTxIGNeJg=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hd0g0WPQi8cI5oHJEmYns8mQmdl1plcIIT/hxYMiXv0db/6Nk8dBRcGChqKqm+6uKJXCou9/eEvLK6tr67mN/ObW9s5uYW+/YZPMMF5niUxMK6KWS6F5HQVK3koNpyqSvBkNL6d+854bKxJ9g6OUh4r2tYgFo+ikVscKRW675W6hGJT8GcjfpAgL1LqF904vYZniGpmk1rYDP8VwTA0KJvkk38ksTykb0j5vO6qp4jYcz+6dkGOn9EicGFcayUz9OjGmytqRilynojiwP72p+JvXzjA+D8dCpxlyzeaL4kwSTMj0edIThjOUI0coM8LdStiAGsrQRZT/XwiNcimolCrXp8XqxSKOHBzCEZxAAGdQhSuoQR0YSHiAJ3j27rxH78V7nbcueYuZA/gG7+0TWCuPiA==</latexit>

→ Z2

Schematic of a CY 

Reheating

Reheating
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Through the looking glass, Lewis Carroll
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A Slightly Broken Mirror  

+ Shadow version of the SM 

+ Approximate Z2, softly broken 

+ Asymmetric Inflaton Coupling 

+ Reheating T’ <  T is compatible with CMB 

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

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

<latexit sha1_base64="pfNKBtfBeVufDhgYAFY0EvCAq7M=">AAACCnicjVDLSgMxFM34rPU16tJNtEiFQpkRqS6LblxWsA/ojCWT3mlDM5khyShl6NqNv+LGhSJu/QJ3/o3pY6Gi4IGQwzn3cu89QcKZ0o7zYc3NLywuLedW8qtr6xub9tZ2Q8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAaD87HfvAGpWCyu9DABPyI9wUJGiTZSx95LitiTrNfXRMr4FosiLmEoXpfM54m0A8WOXXDLzgT4b1JAM9Q69rvXjWkagdCUE6XarpNoPyNSM8phlPdSBQmhA9KDtqGCRKD8bHLKCB8YpYvDWJonNJ6oXzsyEik1jAJTGRHdVz+9sfib1051eOpnTCSpBkGng8KUYx3jcS64yyRQzYeGECqZ2RXTPpGEapNe/n8hNI7KbqVcuTwuVM9mceTQLtpHh8hFJ6iKLlAN1RFFd+gBPaFn6956tF6s12npnDXr2UHfYL19AmEVmCk=</latexit>

p→ → n→ + e→+ + ω→e

Shadow protons decay

But shadow 
nucleons can be 
stable

<latexit sha1_base64="3rNGR/TCPfjawNLe/WRmDkFcF/g=">AAACCHicjZBLSwMxFIUz9VXra9SlC4NFKghlRqS6LOrCZQX7gE4pd9J0GppkhiSjlKFLN/4VNy4UcetPcOe/cabtQkXBA4HDd+4lyfEjzrRxnA8rNze/sLiUXy6srK6tb9ibWw0dxorQOgl5qFo+aMqZpHXDDKetSFEQPqdNf3ie5c0bqjQL5bUZRbQjIJCszwiYFHXt3aiED7EsYU+xYGBAqfAWX2TMC0AI6NpFt+xMhP82RTRTrWu/e72QxIJKQzho3XadyHQSUIYRTscFL9Y0AjKEgLZTK0FQ3UkmHxnj/ZT0cD9U6ZEGT+jXjQSE1iPhp5MCzED/zDL4W9aOTf+0kzAZxYZKMr2oH3NsQpy1gntMUWL4KDVAFEvfiskAFBCTdlf4XwmNo7JbKVeujovVs1kdebSD9tABctEJqqJLVEN1RNAdekBP6Nm6tx6tF+t1OpqzZjvb6Just09EE5eg</latexit>

p→ + n→ → D→ + ω
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Shadow BBN Network
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Shadow Nucleosynthesis  

<latexit sha1_base64="3lnmUfYTezUDn3O3tOjd9YcqBi0=">AAACAnicjVDLSsNAFJ34rPUVdSVuBovoQkKiUl0W3bgRKvYFTQiT6aQdOjMJMxOhhOLGX3HjQhG3foU7/8bpY6Gi4IELh3Pu5d57opRRpV33w5qZnZtfWCwsFZdXVtfW7Y3NhkoyiUkdJyyRrQgpwqggdU01I61UEsQjRppR/2LkN2+JVDQRNT1IScBRV9CYYqSNFNrbtX3oK8qh6xxD/xDWwtyXHN5cDUO75DnuGPBvUgJTVEP73e8kOONEaMyQUm3PTXWQI6kpZmRY9DNFUoT7qEvahgrEiQry8QtDuGeUDowTaUpoOFa/TuSIKzXgkenkSPfUT28k/ua1Mx2fBTkVaaaJwJNFccagTuAoD9ihkmDNBoYgLKm5FeIekghrk1rxfyE0jhyv7JSvT0qV82kcBbADdsEB8MApqIBLUAV1gMEdeABP4Nm6tx6tF+t10jpjTWe2wDdYb5+oIJUS</latexit>

T → → 0.3TSM
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Shadow Sector forms Halos and Structures! 
+ In addition to shadow neutron halo dissipative plasma: 
( 99% 4He’), (1% T’) 
+ (4He’) drives high-temperature cooling; (T’/T2’) 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
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Astrophysical  
Searches for Shadow Worlds
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GW and Multi messenger Signals 
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X-rays from captured SM Matter 
+ SM matter in a compact core inside the 
shadow neutron star. 
+ During merger, this SM core is shock-
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
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Direct Detection of Shadow Matter
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Expected Interactions and Cross Sections

mailto:juri.smirnov@liverpool.ac.uk


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

Direct Detection Range Cartoon
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We need lower Energy Thresholds

Superfluid He Materials with Lattice Defects

Superconductors 3D Dirac Materials 

Small �E
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1) Quantum Sensing and 
Superfluid He3
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QUEST-DMC Superfluid He3

XENON

QUEST
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QUEST-DMC Superfluid He3
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Phases of He3
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Energy Deposition 
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Nano-wire Signal Readout   
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Quasi Particle Dampening   
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Readout Calibration 
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Overall Sensitivity and effect   

arXiv: 2502.10251; QUEST Collaboration
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Even lower Thresholds… 
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Dark Matter Capture Rates

<latexit sha1_base64="2A7VVV1lHeRle+6hAUd5/ZZ21nQ="></latexit>
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Reflection Correction Possible
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Simulation and Analytic Result

<latexit sha1_base64="2iQZBir7kdoZU/ymf0V6vkst+LI="></latexit>
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Captured Dark Matter Profile

<latexit sha1_base64="3jTsSTAmawsaeMNLb0mKOTAlDXU="></latexit>
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Hydrostatic equilibrium: 
Isothermal DM 

Thermal diffusion: 
Local thermal eq. 

DM influx & diffusion: 
Dynamical equilibrium 

Ref: Big bang archeology: 
WIMP capture by the earth 

at finite optical depth

A. Gould in 1991


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

transport in the solar interior

D.N.  Spergel and W.H. Press in 1984

Ref: Floating Dark Matter in 
Celestial Bodies: 2209.09834

 R.K. Leane and J. Smirnov 
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DM Diffusion in the Earth

R. K. Leane and JS 
2209.09834
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Heating of Components and Heat Transport  

Technique has 
 potential to  

get rid of readout 
thresholds 

  
Sensitive to even  
slow drifting DM 
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Heating Through Particle Scattering 
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Surface Overdensity for Yukawa Force DM 
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2) Design of New Matrials
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Matching DM Mass with  
Electron Targets 
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Electron Scattering 

We are  here 

Target  

For example: DAMIC 2025  
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Dark Matter Event Rate in the Detector  
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Low Excitation Energy & Large Oscillator  St. 
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A Proof of Concept Setup
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Direct Detection with Organic Molecules 

8 - 9 eV
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What is the optimal Target ?

mailto:juri.smirnov@liverpool.ac.uk


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

Organic Chemistry Notation 

For example: 
Aromatic molecules 
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Language: SMILES and SELFIES 

1905.13741
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Generative Neural Networks  
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Latent Space Quality 
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Datasets: PubChemQC3M

mailto:juri.smirnov@liverpool.ac.uk


Juri Smirnov,  juri.smirnov@liverpool.ac.uk; IIP, 21/07/26 54

Latent Space Projection 

Cook, Blanco,  
Smirnov 

2501.00091
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The Architecture 

8 - 9 eV

Combining:A) Generative Task B) Regression Task 
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Seeded Sampling Algorithm 

X

X

X
X

X

X
X

X

Cook, Blanco,  
Smirnov 

2501.00091
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Patterns & Observations  
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Variations on a Scheme  

Blanco et al.  
2103.08601
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Correlation with Crystals 

Danna  
Freedmann @ 
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Iterative ML Expansion 
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Numerical Validation  

https://github.com/jdshergold/SCarFFF/
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Pareto Front Expansion 

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

+ Purchasable 
molecules are 

being tested now  
+ Next we need to 

combine with 
synthesis predictor 

networks  
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3) Time Varying Signals
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Dark Matter Wind  

Image credit: C. Blanco
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Direct Detection with Organic Molecules 
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Potential Sensitivity Boost 

Crystalline 
Trans-Stilbene
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Efficient Detector Design
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Molecules in Crystals 
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A Convenient Basis Set 

l=1 dipole modes cancel in squared form factor, l = 2 quadrupole dominate 
modulation 
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Example of Trans-Stilbene 
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Fast Tool for DM Detector Design 

Get the Symmscreen Python 
package: https://github.com/

jdshergold/symmscreen

Dangerous: cubic groups, 
like octahedral 
symmetry Oh

Rare in molecular 
crystals, common in 

atomic crystals
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Next Steps towards Molecular Detectors 
+ Combining the Pareto Front 

Expansion with Synthesis 
Pathway NNs  

+ Experimental Validation  

+ Testing readout, low T SiPMs as a 
demonstrator  

+ Prototype in collaboration with 
University of Oxford  

+ Explore Scalability and Crystal 
Combinations with Fermi Lab 
and Penn State

+ 4eV -> 3 eV 
Delta E 

+ Boost in 
brightness 
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Summary

•Shadow Sectors with broken Z2 symmetry lead to a 

whole new realm of unseen universes  

•Motivation to explore the MeV- GeV DM mass 

scales  

•1) Low Threshold Detectors and Quantum Sensors 

at the limit of our sensitivity  

• 2) Molecular Crystals for low Energy and Daily 

Modulation  

•ML and Chemistry a new and exciting playground 
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Bonus Material
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Expanding the ML 
Chemistry Pipeline
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Bonus Episode: Initial Results in 2026  
Target validation with partner lab in Hamburg: Hanse Scientific GmbH 

Proof of principle run:  

Initial costs $2k. 

40 molecular candidates 
shortlisted. 

3 experimentally validated 
inhibitory hits. 

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

New side 
chain

Beta- 
Lactam
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ML Assisted Scintillator 
and Veto Detector Design 

mailto:juri.smirnov@liverpool.ac.uk


Juri Smirnov,  juri.smirnov@liverpool.ac.uk; IIP, 21/07/26 79

Design low T Scintillator for SiPM readout 

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

mailto:juri.smirnov@liverpool.ac.uk


Juri Smirnov,  juri.smirnov@liverpool.ac.uk; IIP, 21/07/26 80

Based on Stokes Shift 

1) EJ200 Polyvinyl Toluene (PVT) Matrix + primary @320-370 nm + shifter @ 425 nm  
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Spectra for the two fluor system 

305 nm  -> 360 nm
350 nm  -> 420 nm
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Spectra from tDFT 1  
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Spectra from tDFT 2  
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Cured Epoxy Resin + Additives 
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Basics of Organic Chemistry
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Carbon Hybridisation sp3 
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Carbon Hybridisation sp2
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Molecular Symmetry (Points Groups) 
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Evaporation Effects for Short Range Int.

Even stronger  
boosts possible  
With long range 

mediator  
See our work:  

2303.01516

R. K. Leane and JS 
2209.09834
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