Design Strategies for sub-GeV DM Detection

Directionality for Next-Generation Experiments
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Sub-GeV experiments need
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Kinematics: DM-electron scattering
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What makes a good (light DM) detector?

An 1deal detector target has...
* Low Energy Threshold (AE): easily activated by DM
- High e Density: less instrumentation per mole of electrons

* Good Transparency: whenever DM interacts with the target,
we want to be able to see the result

Target AE Density | Transparent
rocks 10eV | 3 kg/L




What makes a good (light DM) detector?

An 1deal detector target has...
* Low Energy Threshold (AE): easily activated by DM
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What makes a good (light DM) detector?

An 1deal detector target has...
Low Energy Threshold (AE): easily activated by DM

High e~ Density: less instrumentation per mole of electrons

Good Transparency: whenever DM interacts with the target,
we want to be able to see the result

Target AE Density | Transparent
rocks 10eV | 3 kg/L NO?
“water” 10eV | 1 kg/L NO
gas 10eV |103kg/L|  Yes

e.g. CYGNUS: 2008.12587



What makes a good (light DM) detector?

An 1deal detector target has...
Low Energy Threshold (AE): easily activated by DM

High e~ Density: less instrumentation per mole of electrons

Good Transparency: whenever DM interacts with the target,
we want to be able to see the result

Target AE Density | Transparent
rocks 10eV | 3 kg/L NO?
“water” 10eV | 1ke/L NO
gas 10eV |103kg/L|  Yes
S1, Ge, ... 1 eV 3 kg/L Yes

e.2. SENSEIL, DAMIC




What makes a good (light DM) detector?

Target AE Density | Transparent

rocks 10eV | 3 kg/L NO?
“water” 10eV | 1kg/L NO
gas 10eV |103kg/L|  Yes

S1, Ge, ... 1 eV 3 kg/L Yes

scintillator | 3 eV 1 kg/L Yes

Background Rejection: to distinguish the DM signal from the noise



Irreducible Low-Energy Backgrounds

-  DM-nuclear scattering experiments have discovered the irreducible background
from (solar 8B) neutrinos. — Neutrino fog in XENON-nT, .Z, Panda-X
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Directionality for Distinguishability
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» Dark matter velocity distribution 1s not isotropic in the lab
frame, thanks to the ~230 km/s DM “wind”

« DM velocity distribution also has O(1) dispersion, not to be neglected!
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DM Wind Today: ) (Carleton University, Wednesday)
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Anisotropy for Direct Detection

* DM scattering rate changes with detector orientation

Modulating Signal
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DM Rate [Hz]

Detector Material: Scattering rate R(?):

anisotropic response - varies with Earth rotation

every 23.93 hours
*  R(¢) profile depends on

DM velocity distribution: DM mass, mediator type,

details of NR EFT,

astrophysics. ..

* anisotropic source




IM =

*  Probability that DM scattering will
excite an electron depends on the
momentum transfer, g

»  Find the (many-body) ground state
and excited states, then calculate: &
—~

Qy

fisp(a) = / Proy(r)g(r)e T

1912.02822: BL, C.Blanco, J.Collar, Y.Kahn

-5 0 5
2103.08601: BL, C.Blanco, YKahn, S.McDermott ¢z (keV)



Result: Anisotropic Scattering Rate V(1) A

Or(1)
- (an rotate an anisotropic detector by % € SO(3) RS
- For Standard Halo Model (SHM), rate 1s a
function of Earth velocity vector 1n the detector’s L
reference frame (SO(3) — S?) A°

* R(Og, ¢p) 1s measurable, and has
lots of information!

- Unique to each molecule
or semiconductor

tor fast R(m,,, Fipyy, X) calculations, use the
partial rate matrix:

vsdm (Python): pip mnstall vsdm

VectorSpaceDarkMatter (Julia)

BL and Ama Radick, 2502. ] 7 5 4 7

BEN LILLARD N PENN STATE ~ LIGHT DARK WORLD, JULY 2026 § 15028



Model 1: 10 MeV DM with light mediator (Orientations A,B)
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Model 2: 10 MeV DM with heavy mediator (Orientations A,B)
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Model 2: 10 MeV DM with heavy mediator (Orientations (,D)
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Theory-Experiment-Chemistry Collaboration

1. To design, build, and operate a prototype DM experiment
with crystalline trans-stilbene, using Skipper-GCDs to read out the
single photon fluorescence

2. To identify the next generation of anisotropic target materials

Penn State: BL,, Garlos Blanco, ‘ 8 gram prototype @ F NAL‘
Max Smart (Middlebury)

Fermilab: Dan Baxter

U. Ghicago: Brandon Roach,
Abby Williams, Alex Drlica- l
Wagner

MI'T Chemistry: Danna
Freedman, Dane Johnson

CCD Holder

Skipper CCD
c— Top-Down View

Back-thinned surface
‘ —

Crystal Scintillators

—_— Read out different crystal regions
Ice-cube Tray
Side View

MI'1 Physics: Lindley Winslow,|

Nora Hoch

Nora Hoch, “Developing Novel Light Detectors for MeV Dark
UIUC: Peter Abbamonte Matter Experiments™, CPAD 2024, Nov 22 2024

U. Toronto: Miritam Diamond,

Yoni Kahn, Martha Yousif
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+ 2026: Operate at surface, then MINOS, with 8¢ trans-stilbene

 Next Step: radio-purified ~1 kg sample for SNOLAB



(More!) Anisotropic Detector Targets
e.g. trans-stilbene, C,,H,, (arXiv:2103.08601)

+ Trans-stilbene is a great starting point:
* heavy mediator: frypg ~ [3 % to 15%]
» light mediator: fryg ~ [10 % to 25%]

easily scalable to kilogram size!

From 2602.15947 (BL, C.Blanco, ¥.Foster, Y.Kahn):

» Increasing the modulation amplitude by a
factor of 2 1s as good as increasing the
exposure-mass by a factor of 4:

Na = fRMS\/TCXp<R>
photo: Dane fohnson

Ry =~ 225 0y x [0 @) L [T :
Mell m)( fRMS(R) — @ /O T (R(t) — <R>)



. . . Y. Hochberg, Y. Kahn, M. Lisanti, C. G. Tully and K. M. Zurek, Directional detec-

AHIS OtrO 1 C ‘\ /I aterlals tion of dark matter with two-dimensional targets, Phys. Lett. B 772, 239 (2017),
p doi:10.1016/j.physletb.2017.06.051, 1606.08849.

R. Budnik, O. Chesnovsky, O. Slone and T. Volansky, Direct Detection of Light Dark Matter

PI‘OpOSGd dete(:tor targets lnCIUde oo and Solar Neutrinos via Color Center Production in Crystals, Phys. Lett. B 782, 242 (2018),
doi:10.1016/].physletb.2018.04.063, 1705.03016.

* 2d targets: e.g. graphene Y. Hochberg, Y. Kahn, M. Lisanti, K. M. Zurek, A. G. Grushin, R. Ilan, S. M. Grif-

fin, Z.-E Liu, S. E Weber and J. B. Neaton, Detection of sub-MeV Dark Mat-
ter with Three-Dimensional Dirac Materials, Phys. Rev. D 97(1), 015004 (2018),

’ POlar SemlconduCtorS: doi:10.1103/PhysRevD.97.015004, 1708.08929.

e-g- A12039 SIC; Eu51n2Sb6 S. Griffin, S. Knapen, T. Lin and K. M. Zurek, Directional Detection of
<SPLENDOR> Light Dark Matter with Polar Materials, = Phys. Rev. D 98(11), 115034 (2018),
doi:10.1103/PhysRevD.98.115034, 1807.10291.
. D. o 1 . Z T A. Coskuner, A. Mitridate, A. Olivares and K. M. Zurek, Directional Dark Mat-
irac materla S e-g- I e5 ter Detection in Anisotropic Dirac Materials, Phys. Rev. D 103(1), 016006 (2021),
doi:10.1103/PhysRevD.103.016006, 1909.09170.
[ J [ J [ J
° CryStalllne SClntlllatorS: R. M. Geilhufe, E Kahlhoefer and M. W. Winkler, Dirac Materials for Sub-MeV Dark Matter
1b h Detection: New Targets and Improved Formalism, Phys. Rev. D 101(5), 055005 (2020),
C.&. trans-stilbene, many others doi:10.1103/PhysRevD.101.055005, 1910.02091.

. Mo d 1 ff o 1 l . S. M. Griffin, Y. Hochberg, K. Inzani, N. Kurinsky, T. Lin and T. Chin, Silicon
lg al € eCt 1n MmMoiecuies: carbide detectors for sub-GeV dark matter, Phys. Rev. D 103(7), 075002 (2021),

. . doi:10.1103/PhysRevD.103.075002, 2008.08560.
DM—nuclear scattering in CO, N, !
C. Blanco, Y. Kahn, B. Lillard and S. D. McDermott, Dark Matter Daily Mod-

ulation With Anisotropic Organic Crystals,  Phys. Rev. D 104, 036011 (2021),
doi:10.1103/PhysRevD.104.036011, 2103.08601.

N, ~fRMS\/ T (R(D))

A. Coskuner, T. Trickle, Z. Zhang and K. M. Zurek, Directional detectability of dark matter
with single phonon excitations: Target comparison, Phys. Rev. D 105(1), 015010 (2022),
doi:10.1103/PhysRevD.105.015010, 2102.09567.

- How anisotropic?

(include backgrounds!)

C. Blanco, I. Harris, Y. Kahn, B. Lillard and J. Pérez-Rios, Molecular Migdal effect, Phys.
Rev. D 106(11), 115015 (2022), doi:10.1103/PhysRevD.106.115015, 2208.09002.

C. Boyd, Y. Hochberg, Y. Kahn, E. D. Kramer, N. Kurinsky, B. V. Lehmann and T. C. Yu,
Directional detection of dark matter with anisotropic response functions (2022), 2212.
04505.

- How many 1kg - year?

<

...and more. What else 1s possible? |
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More Anisotropic Detector Targets with SCarFFF

with Carlos Blanco and Jack Shergold (arXiv:2512.18010)

SCarFFF: our fast new molecular physics code

° ¥ A ra:n racéne 51
Scalar, Cartesian, and Fourier Form Factors "™ /\ [putbracene 5.}
N\ .
» calculates electronic wavefunctions for e / \ Iz s
oround state and excited states, using time- 20010 — =t
dependent density functional theory (PySCF) - W\ — <o
»uses analytic methods to convert Gaussian basis j \ 5"4&
. . : \ \ \ \
functlonsT into molecular form factors 00 25 50 75 100 125 150
|| [keV]
Im(fs) Im(fs) Im(fs) 0.25
—-0.2 —-0.1 0.0 0.1 0.2 -0.2 —-0.1 0.0 0.1 0.2 -0.2 —-0.1 0.0 0.1 0.2
I I I I I I I I I 0.20
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0.05

—10 9 p-xylene s; -1 ¢, = 0.00 keV
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s [keV] ¢: [keV] o [keV] ¢ [keV]

httpS . //glthU-b . Com/j dShergO 1d/SC&I‘FFF for semiconductors, also see QCDark2: 2603.12326




Geometry Optimisation DFT and TD-DFT

- pick a molecule... — | 05 R BR[| Pyscr - goonemnIc e

Basis Set + UFF
N N O N /\\
P OH ~ N NH , ~ // /// ’
11. 12. 13. 14. 15. A/
o Molecule Construction
SN \_ =\ S . o
o7 T -~ H ™~ X | /ﬂ\ P Read TD-DFT Read GTO Build hierarchical Build index maps:
R o/ 7 N7 + geometry parameters 1D arrays Cart—prim—sorb—satom
N
f
21. 22. 23. 24. 25.
/TN N /NN
G / & OH { D—NH, { — { N——cl
N/ \\ / N\ 2\ / N/
\ // N__ Y/ N\ N\
Y Y Y
31 32 33. 34 35
’ /" Spherical Method ) (" Cartesian Method ) /" FFT Method
" N
/=N /9 7\ N\ 7\ o o Compute pair arrays Compute pair arrays Compute density
Q g4 HoN__{ ) AN ) N ) R 0ii, 515, Mii, Rij, 73; Gij, Gijy Mis, Rij, Ti Do (x
\\\ /,/ \.OH ‘\’,” 2 /\_/’, o /\_,/,/ HO /U\v/\v, OH 1J ¥ ij 7 (%] ¥ (¥ ig 1] (¥ O—I( )
41. 42. 43, 44, 45. . . 4
Compute b coefficients Compute b coefficients Perform FFT
. s, G, 01 iy 0 L F(q)
o TN B
HO R\/"\/’\/E OH \/ > Y \ J H N N (]’\J HO™~ O‘\/(’:) \—"'O \\/”K4J ¢ ¢ ¢
O
Compute D tensor Compute V tensors Normalise, rephase
51. 59, 53. 54. 55, D%Uw Vij (qgc), Vij (Qy), Vij (qz) 9 fS (q)
Y N\ 0 e il B ¢l \ /
L J 1 ? \/‘O‘\r/k" J Q \/‘(OH \09\0/\ 0. 0 Read © and Gaunt Contract to full grid
AN | = . > i -
40 o o | P 5 %", 95L fs(a)
! o )
61. 62. 63. 64. 65. Ve ¢ ~ \ /
Compute W tensor
Q 0 n
e P P N 0 OH - ’\ ~ / [ A
S o ) = 0 0 § w HO 3 N\ =
[\J \E\/, ’F\,A ’\ ) ot ~~~~For j/ ) 0 \f ¢
\‘/N\/“ 0 ~F //’
Compute R tensor .
71. 72. 73. 74. 75. Rem () Plotting
-
\ o~ o Q . T/\E o \/\'/ f)’-\/l’ ¢
f\T 0™0 \j A~ ) YA [ Ho 'O’k(/- - Contract to full grid
R W or < - o r 0 A s(q) 5 Verification
81. 82. 83. 84. 85. \ /

— get f, (¢) from SCarFFF!



Design Criteria: Crystal Symmetry Groups

with Jack Shergold and Juri Smirnov (arXiv:2607.12036)  see also arXiv:2310:01480

The partial rate matrix K;;Q'[gx(m’ m,, 12(q), ...]

contains all of the observable information about
the DM scattering rate:

R(t — Cellpxa-ey S‘ G(e) é?mm”

¢ mm/

where 9(f) € SO(3) 1s the detector orientation, and
G isa (2 + 1) x (2€ + 1) rotation matrix.

Material Response

‘fs(Q)|2 —

Partial Rate Matrix (Spin-Independent)

Pmax Umin F2 y U
K(g)/—/ qdq/ vvae( U(Q))gem(v) nNCHO




Design Criteria: Crystal Symmetry Groups

with Jack Shergold and Juri Smirnov (arXiv:2607.12036)

100 7 . crystal K > 0
™" ) 5 101 e crystal K <0 |
e partial rate matrix K [gx(v) f (q), . 12 } molecule A
contains all of the observable mformatmn about Sz 103 1
. , <
the DM scattering rate: 10 !
S
_ -\ "\ 9 (£) 107
R(t) — Ncellpxae >J >J Gmm/ (D(t))Kuc,mm” 10— ’ !
¢ m,m/ ‘
where 2(¢) € SO(3) 1s the detector orientation, and 10-8 R S e
G isa (2 + 1) x (2€ + 1) rotation matrix. /
1071+ (mx 10,0 Mevj
| e ———
In the Standard Halo Model g,(v), higher harmonic [tstilbene 5. )

modes (£ > 2) are exponentially suppressed: = 13: ! f
+ ¢ = 0: 1sotropic average rate, (R) % 13: f l
« ¢ =2: leading anisotropy: R(?), faumss - -- 107° !
« ¢ >4: O(1%) corrections to R(7) 13; n =2 ? ! [

0 2 4 6 &8 10 12 14 16
14



Design Criteria: Quadrupole Survival Classes

with Jack Shergold and Juri Smirnov (arXiv:2607.12036)

- How many £ = 2 modes can the material response function have?
0,:k=0,1,2,3,5.

Survival classiff Laue group Point groups Space group numbers & |osp frequency
Qs Tj’zclzmc 1(Ch), 1 (C)) 1-9 1 26.26%
1 ()
Qs Monoclinic 2 (Cq), m (Cs), 3-15 1/2 51.32%
2/m (Cgh) 2/m (02/1)
Qb Orthorhombic 222 (D2), mm2 (Cay), 16-74 1/4 16.90%
mmm (Dayp,) mmm (Dap,)
Tetragonal 4 (Cy), 4 (Sa), 75-88 1/4 1.05%
4/m (Cyp) 4/m (Can)
Tetragonal ) 422 (Dy4), 4mm (Cuy), 89-142 1/8 1.17%
4/mmm (Dgp) | 42m (Dag), 4/mmm (Dap,)
]jmgonal 3 (C3), 3 (Cs) 143-148 1/3 1.24%
_ngonal 32 (l?g), 3m (C3y), 149-167 1/6 0.79%
3m (ng) 3m (D3d)
Hexagonal 6 (Ce), 6 (Csn), 168-176 1/6 0.35%
6/m (Cen) 6/m (Con)
Hezagonal ) 622 (Ds), 6mm (Cew), 177-194 1/12 0.23%
6/mmm (Dgp) | 6m2 (Dsp,), 6/mmm (Dgp,)
Cjubw 23 (T)), m3 (T}) 195-206 1/12 0.26%
m3 (Th)
_Cubzc 432 (O_), 43m (Tq), 207230 1/24 0.42%
m3m (Op) m3m (Op)

trans-Stilbene =

230 space groups reduce
to five Q, classes, ranked
by surviving anisotropy

Oy:not =2
GaAs 0

S1, Ge
ct. 2411.03433



Pipeline for Discovery

A\
0 Y

[:j'AOAVOE:j \\(\/\\ \\\//( 1\; (}ﬂvgo @ HO OA\/\Q /,J
1. Make a list of molecules: databases or ML ~ [
81. 82. 83. 84.
2. Quantum Chemistry Calculation: SCarFFF
0.020 (\ re;nthracene S1
3. Determine the crystal geometry 0.015 | S
A
G
- 3 0.010 (<6 -
4. Let VSDM do the rate calculation ~ —_— <12
— <24
0.005 A -
J. Find the optimal orientations and 0000 j ‘ &
: \ \ \ \ \

00 25 50 75 100 125 150
lg] [keV]

daily modulation amplitudes

Figure of merit: optimize N, ~ fanisv/Nevents

Modulating Signal
LA L L L LR L

I T

Look for parity-violating and parity-symmetric
materials; multiple point group symmetries;
a range of excitation energies, 0.0—10 eV

6. Design a full-size experiment with an

DM Rate [Hz]

oo o b b by
Time [hr]

ensemble of the best anisotropic materials

8 52 g s < 2E B g s < Y S @ 2 B g s < SN = g 2 < 2E S g s < Y S @ 2 = g s < SN S



Design Criteria: Spin Dependence
with Pierce Giftin, Pankaj Munbodh, and Tien-Tien Yu (arXiv:2511.10764)

ag, ay, -..,a,: DM particle
physics, nonrelativistic EFT

Scattering Cross Section

By, ..., Bs, ?6, ?7 : material-
specific (spin) response functions
(molecular form factors)

Spin-Independent DM—¢":
e.g. scalar mediator — B,(q)

’M1—>2‘ aq ?78_‘231 | meReBngBg—ZRe (6§6>
! Hxe ]
2 [ /> =1\ 2 > ol ]
ayt (q ”0> B1—2<q vO)ReBg B,
q

e
+ 2Im(ay) ( 0 ) B; — Re By

— coming soon to SCarFFF



Design Criteria: Parity-Breaking Materials

IM =

Parity-Odd, Spin-Dependent New criterion:
DM-SM interactions . . . . :
parity-violating materials to discover

parity-violating DM-SM interactions

N. Zaltseva et al. / ]ournal of Crystal Growth 314 (201 1) 163-170

~ BEN LILLARD — PENN STATE LIGHT DARK WORLD JULY 2026 ? 30/28






WRVELENGTH (R)
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Opportunity: Multiple Materials

* Possible to grow 100g single crystals with high optical quality and
anisotropic excitation/fluorescence

N. Zaitseva et al. / Journal of Crystal Growth 314 (2011) 163-170
‘;'@f'.,:g'-t.“.a;;y( y +——t1 N L B U

=
b A,‘Tsl\g'ﬁ-\;;.r:;.._;...—x\fﬂ

N ER R

-mmmm'!um‘rﬁ‘-m,mg ’

Anthracene

m-Terphenyl

Triphenylmethane 9,10-Diphenylanthracene Phenylanthranilic acid

Fig. 1. Organic single crystals grown by slow evaporation method; size of the background square is 6.5 mm.



Opportunity: Multiple Materials

Trans-stilbene is just the beginning

C,,H,, was a good first choice, but there
are plenty of other molecules.
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Results Discovery potential (

—~~ 10—38*

arXiv:2103.08601

): DM models that could

1 ' 1kg=! - min~! koround r
rXiv:2103.08601 be discovered even with a 1kg background rate
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Dark Matter Darly Modulation With Amisotropic Organic Crystals. CGarlos Blanco, Yonatan Kahn, BL, Samuel D. McDermott
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Results

................ isotropic analysis

arXiv:2103.08601

— 10Cl. modulation

*assuming 1 event/min/kg background

Heavy mediator Light mediator
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Dark Matter Darly Modulation With Amisotropic Organic Crystals. CGarlos Blanco, Yonatan Kahn, BL, Samuel D. McDermott
arXiv:2103.08601
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Sub-GeV Dark Sink (Freeze-In)

2312.14152

Discovery /Exclusion, 1 min~"' /kg Rate

m, [MeV]




Directionality in Molecular Migdal Effect: (2208.09002)

Ny, NAC Daily Modulation
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- Repeat calculation for crystal-forming
molecules...

— trans-stilbene... «—




Design: t-stilb

ene with Skipper CCDs

CCD Holder

Ice-cube Tray

Skipper CCD

Back-thinned surface

Crystal Scintillators

Side View

Top-Down View

Read out different crystal regions




Prototype Experiment at Fermilab!

- Eight (8) gram-sized
trans-stilbene crystals

» Skipper GCD for

single-photon readout

- (alibrating detector ~ (1,-16),(7.0-2), (155) (0,0,1),(8-13),(362)  (-9.0,4),(0,17), (-1,5,:3)
response now, then

on to MINOS!

0,0,1), (5,1,3), (-3,5.4)  (0,0,1), (2,0,1), (1,-4,0) (-1,1,8), (-9,-1j,‘:3), (-2,8,-3)

[-stilbene photos and normal vectors

from Dane Johnson (MIT)

% ' Nora Hoch, “Developing Novel Light Detectors for MeV Dark
' Matter Expemments” CPAD 2024, Nov 22 2024

‘ | o LIGHT DARK WORLD JULY 2026 "




Prototype Experiment at Fermilab!

(ool feature: can change the strength of the DM
modulation signal just by rotating the whole apparatus

‘RMS amplitude as function of GCD placement, for all 24 cube orientations‘
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Low Backgrounds in Semiconductors: DAMIC-M

DAMICG-M: thick Skipper CGCDs (81, 3.3g each)

- 1.3 kg - day exposure, measured just 144 events in 2e~ bin
(a.k.a 4.6 per kg - hour, or 0.077 per kg - min)

+ Still seeing ~ 4 - 10° events at le™ (200—-300 per kg - min)
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Supernova bounds on light mediator
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Left: Thick solid black, red, green, and red lines show the SN1987A constraints for various
temperature and density profiles on millicharged particles, updating the bounds presented in [31] (dotted line).



