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rtoonqs sgqntfg tmcdqfqntmc ro]bd+ knfhrshb]k ]mc
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• DM–nuclear scattering experiments have discovered the irreducible background 
from (solar 8B) neutrinos.        Neutrino fog in XENON-nT, LZ, Panda-X  

• Low Energy Excesses in DM- :  
DAMIC-M, SENSEI (Si) 
      200–300  events per  
SuperCDMS, EDELWEISS (Ge) 

→

e−

1e− kg ⋅ min

Irreducible Low-Energy Backgrounds

TeVGeVMeV

Electron Recoil Direct Detection Nuclear Recoil Direct Detection

1.3 kg ⋅ day

Use intrinsically anisotropic 
materials for the next generation of  
dark matter detectors, to distinguish 

DM scattering events from SM 
backgrounds 2503.14617

Solution:
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Rhalo ≈ 100 − 200 kpc

Rdisc ≈ 15 kpc

Solar system orbits the galactic 
center at about 250 km/s  

Earth orbits the Sun: ±15 km/s

Directionality for Distinguishability
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DM
average velocity

lab

nort
h…

• Dark matter velocity distribution is not isotropic in the lab 
frame, thanks to the ~250 km/s DM “wind”

If  the DM scattering rate is 
orientation-dependent, 
then the signal modulates 
with the Earth’s rotation!

Cygnus…

• DM velocity distribution also has  dispersion, not to be neglected!𝒪(1)

Directionality for Distinguishability
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DM Wind Today:     (DLH 120, U.Pitt)
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github.com/blillard/earthspeed

•  
•

θN = 47.9∘

vE ≃ 265 km/s

DM wind sweeps out  
a cone on the sky,  
with opening angle: 
•  (today) 
•  (average)

θN = 47.9∘

θN ∼ 42∘

NE
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Detector Material: 
• anisotropic response

Anisotropy for Direct Detection 
• DM scattering rate changes with detector orientation

DM velocity distribution: 
• anisotropic source

Scattering rate : 
• varies with Earth rotation 

every 23.93 hours 
•  profile depends on 

DM mass, mediator type, 
details of  NR EFT, 
astrophysics…

R(t)

R(t)
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z = b

x = c

y = a′￼∼ a

ϕE(t)

⃗v E(t)

θE(t)

Directionality  Scattering Rate⟶

• Can rotate an anisotropic detector by  
• For Standard Halo Model (SHM), rate is a 

function of  Earth velocity vector in the detector’s 
reference frame ( ) 

•  is measurable, and has lots of  
information! 

• Unique to each molecule  
or semiconductor

ℛ ∈ SO(3)

SO(3) ⟶ S2

R(θE, ϕE)

Use VSDM for fast  calculations: 

vsdm (Python): pip install vsdm  

VectorSpaceDarkMatter (Julia)  

R(mχ, FDM, ℛ)

BL and Aria Radick, 2502.17547
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β = 100∘

θ(north) = 90 ∘
θ(north) = 42∘

θ(north) = 90∘

θ(north) = 90∘

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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• Trans-stilbene is a great starting point:  
• heavy mediator:    
• light mediator:    
• easily scalable to kilogram size! 

From 2602.15947 (BL, C.Blanco, J.Foster, Y.Kahn): 
• Increasing the modulation amplitude by a 

factor of  2 is as good as increasing the 
exposure mass by a factor of  4: 

 

 

fRMS ∼ [3 % to 15%]

fRMS ∼ [10 % to 25%]

⋅

Nσ ≃ fRMS Texp⟨R⟩

R(t) =
MT

mcell
⋅

ρχ

mχ
⋅ σ̄0⟨v⟩ × [𝒪(1)](t)

photo: D.Johnson

Anisotropic Detector Targets
e.g. trans-stilbene,  (arXiv:2103.08601)C14H12

Simplified Sidereal Statistics

Ben Lillard, . . .

December 3, 2025

Abstract

This note includes a minimum number of derivations for the daily modulation statistical
analysis, with and without annual e↵ects.

Contents

1 Setup 1

2 Statistics for Modulation 2

2.1 Two Bin Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2 Analyses With Many Bins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Modulation Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Shifted Sidereal Stacking 8

3.1 Binning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Hypothesis Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Unbinned Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 Inhomogeneous Poisson point process . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.5 Inhomogeneous Poisson (Hard Mode) . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Shifted Sidereal Stacking 27

A Generating Poisson Data 27

1 Setup

A DM direct detection experiment counts the number of events for a series of exposure times, for
a detector that is kept fixed with respect to the rest of the lab. As the Earth rotates, the direction
of the incoming DM wind rotates about the north pole, causing the DM scattering rate in the
anisotropic detector to modulate over the course of the sidereal day.

This note makes two main points. First, for a generic expected signal R(t), the expected
statistical significance is

N� ⇡ fRMS

p
Nevents, (1)

where

fRMS(R) ⌘
1

hRi

sZ T

0

dt

T

⇣
R(t) � hRi

⌘2

, (2)

1



/16B E N  L I L L A R D  –  P E N N  S TAT E  	          P H E N O ,  M AY  2 0 2 6 12

SCarFFF: our fast new molecular physics code 

Scalar, Cartesian, and Fourier Form Factors 
• calculates electronic wavefunctions for ground state and excited 

states, using time-dependent density functional theory (PySCF)  
• uses analytic methods (2512.18010) to convert Gaussian basis 

functions into molecular form factors 

Design Criteria:  
• low excitation energy:  eV to probe  MeV  

• large anisotropy:  

• scalable to kilogram size

< 4 mχ ∼ 1

Nσ ∝ fRMS MT

Anisotropic Detector Targets with SCarFFF
with Carlos Blanco and Jack Shergold (arXiv:2512.18010)

15

momenta. We find that for typical run parameters, e.g.
a threshold of 10→6, ωmax = 24, (if using the spherical
method), and a 1003 q point grid, that our oscillator
strengths match those of PySCF to the 10→4 level or bet-
ter, provided |q|max = 0.05 keV.

In Fig. 6c we show the form factor for the second
excited state p-xylene computed using SCarFFF, using
each of the three methods. This demonstrates the self-
consistency of our package, i.e. that the results from all
of our methods agree. We draw particular attention to
the FFT method however, which had to be computed on
a grid with 25 keV extent, and a resolution of 0.125 keV
to converge to the same result as the analytic methods,
for a total of 43 = 64 times more grid points.

VII. CONCLUSIONS

SCarFFF o!ers three complementary pathways for the
speedy evaluation of molecular form factors. The Carte-
sian and spherical analytic methods can both be run
without loss of precision, generating reliable results in
a fraction of the time spent on the physical chemistry
calculation. When speed rather than precision is the pri-
ority, in particular for CPU-only runs, the FFT-based
method provides the fastest analysis. Our numerical
method SCarFFF is publicly available as a package in Ju-
lia, and can be found at

https://github.com/jdshergold/SCarFFF

Although SCarFFF uses PySCF for its TD-DFT calcula-
tion, the analytic method we present in this paper can be
used more generally, for any system where the molecular
geometry and the GTO-basis transition density matrix
are known. This makes our methods highly adaptable,
and compatible in principle with any other electronic
structure computation. The present version of SCarFFF
captures the spin-independent molecular form factor for
electronic transitions between spin singlet states, but we
intend to broaden our scope to include both types of spin
dependence in future work.
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Appendix A: Atomic Orbital Definitions

Each of our atomic orbitals is written as a sum of prim-
itive basis functions as

εω(r) =
∑

µ

ϑµ(r), (A1)

where ϖ,ϱ . . . are used to denote orbital specific quanti-
ties, and µ, ς . . . are to denote primitive specific quanti-
ties. Each of these primitives is itself a sum of Cartesian
terms

ϑµ(r) = dµNω exp

(
→

r
2

2φ2
µ

)∑

i

kix
aiy

biz
ci , (A2)

with φµ the Gaussian width of the primitive, and dµ an
overall scaling coe”cient. Each choice of basis set (e.g. 6-
31g* or cc-pVDZ) is defined by its values of dµ and φµ.
The coe”cients ki are the Cartesian prefactors, which
could be e.g. →1 for the y

2 term in the 3dx2→y2 orbital.
Similarly, ai, bi, and ci denote the degree of x, y, and
z for orbital, respectively. We will denote objects the
Cartesian term level with the indices i and j throughout.
The normalisation coe”cient is fixed such that indi-

vidual primitives are normalised to
∫

d
3
r |ϑµ(r)|

2 = d
2
µ
. (A3)

This amounts to

Nω =




∑

i,j

kikj

∏

k↑{ω,ε,ϑ}

φ
1+kij
µ

#

(
kij + 1

2

)


→ 1

2

, (A4)

with ϖij = ai + aj , ϱij = bi + bj and ↼ij = ci + cj . As a
concrete example, we take the pz orbital, which has just
a single term with (a, b, c, k) = (0, 0, 1, 1), i.e.

ϑ
pz
µ
(r) = dµN

pz
ω

z exp

(
→

r
2

2φ2
µ

)
, (A5)

with normalisation factor

N
pz
ω

=

(
1

2
↽

3
2φ

5
µ

)→ 1
2

. (A6)

Appendix B: Monomial-to-spherical Coe!cients

The key feature that sets the spherical grid method
above the Cartesian grid method is the ability to decou-
ple the |q| grid computation from the angular, (qϖ, qϱ),
grid computation. However, in order to go from a Carte-
sian to spherical grid, we need to map monomials in
qx, qy, and qz onto a basis of spherical harmonics. That
is, we require the coe”cients $uvw

ςµ
satisfying

q
u

x
q
v

y
q
z

z
= |q|

n
∑

ς,µ

$uvw

ςµ
Y

µ

ς
(q̂), (B1)
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Geometry Optimisation DFT and TD-DFT

Molecule Construction

Spherical Method Cartesian Method FFT Method

SMILES
Basis Set

RDKit ETKDGv3
+ UFF

PySCF + geomeTRIC PySCF

Read TD-DFT
+ geometry

Read GTO
parameters

Build hierarchical
1D arrays

Build index maps:
Cart→prim→orb→atom

Compute pair arrays
ωij , ω̄ij ,Mij ,Rij , rij

Compute b coe!cients
bAij , b

B
ij , b

C
ij

Compute D tensor
Duvw

ij

Read ” and Gaunt
”uvw

ωµ ,Gµm
ωLε

Compute W tensor
Wn

ij,ωµ

Compute R tensor
Rεm(q)

Contract to full grid
fs(q)

Compute pair arrays
ωij , ω̄ij ,Mij ,Rij , rij

Compute b coe!cients
bAij , b

B
ij , b

C
ij

Compute V tensors
Vij(qx),Vij(qy),Vij(qz)

Contract to full grid
fs(q)

Compute density
#0→i(x)

Perform FFT
F (q)

Normalise, rephase
fs(q)

Plotting

Verification

Figure 5: Workflow of SCarFFF. Given a SMILES string and a basis set set, we first optimise the geometry and
perform the DFT and TD-DFT computations. We then build data structures defining the molecule, and pass it
through one of the three methods. See the text for more details. Boxes highlighted in blue represent outputs of the
code.

• pick a molecule… ⟶

 get  from SCarFFF!⟶ fg→s( ⃗q )
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• : DM particle 
physics, nonrelativistic EFT 

•  material-
specific response functions 
(molecular form factors)

a0, a1, …, a4

B1, …, B5, ⃗B 6, ⃗B 7 :

Design Criteria for Spin Dependence
Simplified Spin Dependence   
2511.10764 with Pierce Giffin, 
Pankaj Munbodh, Tien-Tien Yu

Thus, the most general form of the squared amplitude is given by

|M1→2|
2 = a0B1 + a1

[
|ωv↑0 |

2B1 +
me

µωe
ReB2 +B3 → 2Re

(
ωv · ωB6

)]

+ a2
m2

e

q2

[(
ωq · ωv↑0
me

)2

B1 → 2

(
ωq · ωv↑0
me

)
ReB2 +B4

]

+ a3
[
B5 → 2 Im

(
ωv · ωB7

)]
→ 2Re (a4) ImB2

+ 2 Im(a4)

[(
ωq · ωv↑0
me

)
B1 → ReB2

]
. (26)

For models of elastic DM, the last line is identically zero as Im(a4) = 0. Since ωq · ωB7 = 0, the
vectorial response functions only appear as the combination ωv · ωB6,7 in the squared amplitude.1

Ref. [11] provides the values of a0,...,4(ci) as functions of the Wilson coe!cients ci in their Table 4.

2.3 Connecting DM Microphysics to the Detector Response

Eq. (26) factorizes the SM physics of the detector, captured by the B1...7(ωq) response functions,
from any dependence on the DM model parameters or the DM velocity, ωv. Conveniently, the
expansion in ωfV from Ref. [10] keeps the DM model dependence contained within five coe!cients
a0,...,4, rather than the seven we would naively expect from the number of Bi(ωq) functions.

Each ai depends on quadratic combinations of Wilson coe!cients, corresponding to Lagrangian
operators such as those listed in Table 1. Whether or not a given operator can appear in the
Lagrangian depends on the spin of the DM particle and the spin of the o”-shell mediator that
couples the SM and DM sectors. In the simplest examples, when the mediator is a (spin-0) scalar,
only a0 is nonzero, and the only response function contributing to the scattering rate is B1. If
the mediator is a vector boson, then some of the spin-dependent interactions are permitted even
if the DM itself is a scalar. To keep track of which ai coe!cients can be nonzero in each scenario,
Figure 1 depicts the mapping between DM particle models and the SM response functions, for
spin-0 and spin-12 DM candidates. We also show which Wilson coe!cients are generated by spin-1
DM candidates. Some features are immediately obvious: for example, the a4 term is generated
entirely by interference between pairs of Wilson coe!cients, and it would vanish in any analysis
that considers only one Wilson coe!cient at a time. The spin-independent a0 term only requires
the scalar form factor fS while a1,...,4 require the contribution of the vector form factor ωfV . Only
renormalizable tree-level couplings between the mediator and the SM/DM particles are shown in
the figure. Higher dimensional operators, like the SM anapole moment for Majorana DM, would
generate additional connections in the graph.

Before moving on, we briefly comment on how the operators O12 to O15 may be generated at
one-loop from the diagrams displayed in Fig. 2. First, notice that all of these operators require the
DM to be fermionic due to the appearance of the spin ωSω. From the form of the operators and the
non-relativistic reduction of the spinor currents, it is straightforward to understand how they are
generated. In the case of O13,O14,O15, the DM current and the electron current are not contracted
with each other. A scalar mediator ε is needed since it does not carry any Lorentz index, whereas
in the case of O12 a vector mediator is needed to couple the two currents. To obtain the non-
relativistic ωSω,e ·ωv↑el current appearing in O14,O13, the relativistic current (ūω,eϑµϑ5uω,e)(ūe,ωϑ5ue,ω)

1
Dot and cross products of ωq with ωB6 are already defined as B2 and ωB7, respectively, and ωq · ωB7 = ωA · (ωq↑ωq) = 0.
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Thus, the most general form of the squared amplitude is given by
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]
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Figure 1 depicts the mapping between DM particle models and the SM response functions, for
spin-0 and spin-12 DM candidates. We also show which Wilson coe!cients are generated by spin-1
DM candidates. Some features are immediately obvious: for example, the a4 term is generated
entirely by interference between pairs of Wilson coe!cients, and it would vanish in any analysis
that considers only one Wilson coe!cient at a time. The spin-independent a0 term only requires
the scalar form factor fS while a1,...,4 require the contribution of the vector form factor ωfV . Only
renormalizable tree-level couplings between the mediator and the SM/DM particles are shown in
the figure. Higher dimensional operators, like the SM anapole moment for Majorana DM, would
generate additional connections in the graph.

Before moving on, we briefly comment on how the operators O12 to O15 may be generated at
one-loop from the diagrams displayed in Fig. 2. First, notice that all of these operators require the
DM to be fermionic due to the appearance of the spin ωSω. From the form of the operators and the
non-relativistic reduction of the spinor currents, it is straightforward to understand how they are
generated. In the case of O13,O14,O15, the DM current and the electron current are not contracted
with each other. A scalar mediator ε is needed since it does not carry any Lorentz index, whereas
in the case of O12 a vector mediator is needed to couple the two currents. To obtain the non-
relativistic ωSω,e ·ωv↑el current appearing in O14,O13, the relativistic current (ūω,eϑµϑ5uω,e)(ūe,ωϑ5ue,ω)

1
Dot and cross products of ωq with ωB6 are already defined as B2 and ωB7, respectively, and ωq · ωB7 = ωA · (ωq↑ωq) = 0.

9

Parity-Odd, Spin-Dependent  
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concentration of the growth solution at the temperature of
measurement, t.

To obtain the values of 3-PB solubility in toluene, solutions
containing solid powder were stirred at a constant temperature in a
sealed crystallizer for 1–2 d. The equilibrium concentration C0

(Fig. 4) was determined by a standard method of weighing solution
samples before and after drying to a constant weight. Because of a

possible sublimation of the powder at the drying temperatures, the
data were verified by additional measurements in sealed solutions
of known concentrations through the determination of the tem-
perature at which a piece of a crystal could remain without growth
or dissolution for some extended time. The results were approxi-
mated by an exponential equation:

C0 ¼ 0:0448e0:0255t ð2Þ

used to calculate C0 at intermediate temperatures in the measured
range. Using the solubility data, solutions could be prepared with
a desired saturation temperature, typically chosen in the range
50–55 1C. The growth solution was filtered and left to overheat
for a few hours at 10–15 1C above the saturation point in a
crystallizer with a stirrer connected to the rotation mechanism
to provide reversible rotation of 50–60 rpm with a 15 s period
in each direction, the same as the rotation used during crystal
growth.

A seed with vertical position of the long axis was cut from a
crystal previously grown by the slow evaporation technique. It was
glued to a platform so that the epoxy glue contacted only its leg,
placed in a hole in the middle of the platform. As described
previously [13], this method of binding noticeably decreases the
probability of spontaneous nucleation and defect formation during
the seed regeneration process. The platform with the seed was
assembled in an empty crystallizer and slowly heated to a
temperature about 5–7 1C higher than the saturation point. Before
the growth solution cooled to the same temperature, it was
introduced into the crystallizer. The stirred solution with the seed
was then allowed to cool to its saturation temperature to start the
growth process.

Initial regeneration of the slightly dissolved seed was conducted
at s of about 5% ($2 1C below the saturation point of 55 1C), which
then was gradually increased to about 10% by the end of growth.
Crystal dimensions were measured once a day. A special telescopic
device was used for the measurements of the vertical size. ToFig. 4. Temperature dependence of 1,3,5-triphenylbenzene solubility in toluene.

Fig. 5. 1,3,5-triphenylbenzene single crystals: (a) during growth; (b) and (c) after growth with respective sizes of 60 mm%55 mm%41 mm and 86 mm%70 mm%5 mm,
respectively, along the crystallographic directions and (d) picture taken under the UV-illumination.
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Examples for Feynman diagrams

1 Examples for Form Factors
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Design Criteria: Parity-Breaking Materials

New criterion:  
need parity-violating materials to discover 

parity-violating DM-SM interactions
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Pipeline for Discovery
1.  Make a list of  molecules: databases or ML 

2.  Quantum Chemistry Calculation: SCarFFF

4.  Let VSDM do the rate calculation  

3.  Determine the crystal geometry 

5.  Find the optimal orientations and  
     daily modulation amplitudes  

• Figure of  merit: optimize  
• Look for parity-violating and parity-symmetric 

materials; multiple point group symmetries;  
a range of  excitation energies, 0.5–10 eV

Nσ ∼ fRMS Nevents

6.  Design a full-size experiment with an 
ensemble of  the best anisotropic materials  
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Figure 3: We show the isotropic average form factor (4ω)→1
∫
d! |fs|

2 for the first excited states of p-xylene and
anthracene, calculated with the spherical analytic method of Section VD. This fs is found by a sum over spherical
harmonic modes fs(q) =

∑
ωm

Y
m

l
(q̂)Rlm(q), which we truncate at finite ε. We find that the first excited state of

p-xylene is very well described by the ε → 12 angular modes, while an accurate representation of anthracene above
q > 7 keV requires the ε > 12 modes.

Specific to the FFT method, we then construct a
spatial grid on which to tabulate the transition den-
sity Eq. (19). This spatial grid covers all x ↑

[↓xlim, xlim], with resolution ”x defined in turn, by

xlim =
ω

”qx
, ”x =

2ω

qx,lim
, (61)

with the user-specified momentum grid resolution and
maximum, ”q and qlim, respectively. A similar grid is
constructed in the y- and z-directions. Next, the value
of the No orbitals in the molecule are computed at each
grid point, where they are contracted with the full set
of transition density matrices to form the transition den-
sity function #g↑s(r). This process features two compu-
tationally expensive steps: the tabulation of the orbital
values, and the matrix multiplication. These computa-
tional costs scale as

corb ↔ k1Np, cmatmul ↔ k2NtN
2
o
, (62)

where Np is the total number of primitives across all or-
bitals in the molecule, typically around 4No for a small
basis set such as 6-31g*, Nt is the number of transitions
computed per molecule, and k1 ↔ 100 and k2 ↔ 2 some
constant prefactors. The cost ratio is therefore approxi-
mately

corb

cmatmul
↔

200

NoNt

, (63)

which for a typical molecule with a few hundred orbitals
scales roughly as 1/Nt, and is therefore dominated by the
matrix multiplication for all but single transition compu-
tations. To alleviate this cost, we implement GPU accel-
eration of the transition density tabulation via custom

CUDA kernels, which significantly speeds up the compu-
tation at the small expense of a few data transfers. This
speedup is particularly noticeable in the matrix multipli-
cation step, which benefits greatly from parallelised GPU
operations.

As an additional e$ciency measure, we also implement
thresholding of small values during the transition density
tabulation. This simply sets any GTO primitive whose
Gaussian exponent would be su$ciently large, such that
the primitive value drops below the threshold value, to
zero. This avoids the expensive exponential evaluation
that dominates the cost of k1. As an additional measure,
if all orbitals at a gridpoint would be zero, we simply skip
the expensive matrix multiplication for that point. This
last step makes a particularly large di%erence on spatial
grids which extend far beyond the molecule, which as dis-
cussed in Section III B are necessary for good momentum
resolution of the form factor.

The final step is to perform the FFT, which is done
using the Julia wrapper of FFTW [20]. As this step scales
approximately linearly in the total number of gridpoints,
it is far faster than the preceding steps. The issue, how-
ever, as compared to the analytic methods, is that the
FFT step requires the materialisation of both the real
space transition grids as well as the momentum space
form factor grids. This leads to an additional 50% mem-
ory overhead, potentially limiting the size of the grids
that can be constructed with this method. The FFT
method, whilst fast, can also su%er from numerical ar-
tifacts due to insu$cient real space resolution and grid
extent. A real space grid that is too coarse fails to re-
solve the peaks at each atomic site. On the other frontier,
due to the FFT algorithm assuming periodic functions,
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Results  
arXiv:2103.08601

Heavy mediator Light mediator

Discovery potential (gold region): DM models that could 
be discovered even with a  background rate1 kg−1 ⋅ min−1
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Figure 15: Exclusion/Discovery plots for F = 1 and F = 1/q2.
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6

FIG. 4. The capability of a 1 kg · year t-stilbene experiment to detect or exclude DM models with FDM = 1 (left) or FDM =
(↵me/q)

2 couplings to electrons, shown with existing limits from SENSEI [51], XENON 10 [14], and XENON 1T [50]. The
dotted and dashed lines show the 90% CL exclusions that can be set from the total number of events, without considering
modulation e↵ects, for R = 1/60Hz kg�1 (Nevents ⇡ 5.26 ⇥ 105) and for Nevents = 0, respectively. The orange shaded regions
indicate parameter space that leads to a su�ciently large modulation signal that a 1 kg · year experiment could observe a 3�
detection, given a total observed rate of R = 1/60Hz kg�1. The solid black “�N = 0” lines show the improved limit that can
be set from a null result exhibiting no daily modulation but the same total observed rate. Each plot also shows (in blue) a
benchmark model from Ref. [13] as a target for the experimental sensitivity. In the FDM = 1 example the scalar DM abundance
is set by freeze-out mediated by a dark photon of mass mA0 = 3m�, while for FDM / 1/q2 we show freeze-in via light mediator,
mA0 ⌧ 3 keV.

of the Skellam distribution or in the small-modulation
limit of the Poisson distribution. In each case, we find
that the statistical significance we may assign to either
the modulating or non-modulating hypothesis based on
an experiment in which Ntot events are observed is

N� =
f2 TexphRip

Ntot
, (19)

where hRi is the time average of the signal event rate R(t)
defined in Eq. (16), and where Texp is the total exposure
time for the experiment. Since the number of signal and
background events both grow linearly with exposure, the
significance of a modulating signal improves with expo-
sure as long as the integrated modulation fraction f2 is
nonzero. Our Eq. (19) matches the �2

sb statistic suggested
by Ref. [28].

In Fig. 4 we show the expected results of a 1 kg · year
t-stilbene experiment operated under a number of di↵er-
ent assumptions. As a benchmark to facilitate compari-
son with other experiments, we demonstrate the reach
with an entirely background-free experiment using no
modulation information. The potential for parameter
space exclusion in this scenario is �̄e ' 10�41 cm2 (few ⇥
10�41 cm2) for DM interacting with a form factor FDM =
1 (FDM / 1/q2) and with a mass in the range 5MeV .

m� . 10 MeV. This is within a factor of 2 or 3 from the
expected reach of a silicon CCD experiment like SENSEI
or Oscura for an equivalent target mass [3, 84]. Tak-
ing the more realistic scenario that the observed rate
for a 1 kg detector is R = 1 min�1 = 1/60 Hz (includ-
ing both signal and background components), the future
reach depends on analysis strategy. Without leveraging
modulation information, the limit we obtain is slightly
stronger than the current exclusion from SENSEI [51] at
low masses below ⇠ 5 MeV, and comparable at higher
masses. We also comment in passing on the prospects
for the detectability of the (non-modulating) absorption
of DM: since ⇢T ' 1 g/cm3, we anticipate a rate of
⇠ O(1)/kg/min for a dark photon kinetic mixing pa-
rameter of ✏ ' 10�13, assuming a dielectric loss of order
⇠ O(10�2), similar to that in benzene [85] and compara-
ble to those in semiconductors [86]. This setup would
set leading limits on dark photons in the mass range
4.2 eV < mA0 . 10 eV.

For DM scattering, our sensitivity to exclusion and
discovery can be dramatically extended by utilizing the
information in the rate via the simple two-bin analy-
sis. Using the significance from Eq. (19), a 1 kg, 1 year
t-stilbene experiment that observes a constant R =
1 min�1 = 1/60 Hz event rate can exclude at 90% CL
a DM particle with a scattering cross section as small

Dark Matter Daily Modulation With Anisotropic Organic Crystals.  Carlos Blanco, Yonatan Kahn, BL, Samuel D. McDermott 
arXiv:2103.08601
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Figure 18: Exclusion/Discovery potential for F = 1 and F = 1/q
2, Nevents = 1min�1
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FIG. 5. As a demonstration of the utility of daily modulation, we show the 3� discovery and 90% CL exclusion potential for
a trans-stilbene experiment with a background rate of 1/60Hz kg�1, for exposures of 0.01 kg · year, 1 kg · year, and 100 kg · year.
The dashed lines, labelled “90% CL 1/60Hz kg�1,” show the 90% CL exclusion from an analysis that does not consider the
daily modulation e↵ects. The inclusion of daily modulation in the statistical analysis allows even the 0.01 kg · year exposure to
set a significantly stronger limit on �̄e. For the FDM = 1 and FDM = (↵me/q)

2 form factors we show the benchmark freeze-out
and freeze-in models, respectively, from Ref. [13].

grated rate between the two bins, averaged over a day:

f2 =
1

(24 h)hRi

 Z t0+12h

t0

dt R(t) �
Z t0+24h

t0+12h
dt R(t)

!
.

(18)
For a perfectly sinusoidal signal, f2 equals the peak-to-
trough amplitude divided by ⇡. Our choice in Eq. (14)
to align the crystalline symmetry axis, b̂, with the lab
frame DM wind at t = 0 ensures that the dominant part
of the modulation signal has a 24-hour period, with only
small contributions from higher harmonics. In this orien-
tation, the integrated modulation amplitude Eq. (18) is
maximized by t0 ⇡ 18 hours, based on the results shown
in Fig. 3. This observable is particularly well suited for
describing the daily modulation, because it is una↵ected
by the non-modulating background rate and thus does
not require any knowledge of the background.

As explored in detail in Appendix B, this simple bin-
ning is amenable to analytic results in the large-N limit
of the Skellam distribution or in the small-modulation
limit of the Poisson distribution. In each case, we find
that the statistical significance we may assign to either
the modulating or non-modulating hypothesis based on
an experiment in which Ntot events are observed is

N� =
f2 TexphRip

Ntot
, (19)

where hRi is the time average of the signal event rate R(t)
defined in Eq. (16), and where Texp is the total exposure

time for the experiment. Since the number of signal and
background events both grow linearly with exposure, the
significance of a modulating signal improves with expo-
sure as long as the integrated modulation fraction f2 is
nonzero. Our Eq. (19) matches the �

2
sb statistic suggested

by Ref. [28].

In Fig. 4 we show the expected results of a 1 kg · year
t-stilbene experiment operated under a number of di↵er-
ent assumptions. As a benchmark to facilitate compari-
son with other experiments, we demonstrate the reach
with an entirely background-free experiment using no
modulation information. The potential for parameter
space exclusion in this scenario is �̄e ' 10�41 cm2 (few ⇥
10�41 cm2) for DM interacting with a form factor FDM =
1 (FDM / 1/q

2) and with a mass in the range 5MeV .
m� . 10 MeV. This is within a factor of 2 or 3 from the
expected reach of a silicon CCD experiment like SENSEI
or Oscura for an equivalent target mass [3, 84]. Tak-
ing the more realistic scenario that the observed rate
for a 1 kg detector is R = 1 min�1 = 1/60 Hz (includ-
ing both signal and background components), the future
reach depends on analysis strategy. Without leveraging
modulation information, the limit we obtain is slightly
stronger than the current exclusion from SENSEI [51] at
low masses below ⇠ 5 MeV, and comparable at higher
masses. We also comment in passing on the prospects
for the detectability of the (non-modulating) absorption
of DM: since ⇢T ' 1 g/cm3, we anticipate a rate of
⇠ O(1)/kg/min for a dark photon kinetic mixing pa-

Heavy mediator Light mediator
*assuming 1 event/min/kg background

isotropic analysis

incl. modulation

Results  
arXiv:2103.08601



/16B E N  L I L L A R D  –  P E N N  S TAT E  	          P H E N O ,  M AY  2 0 2 6 20

DAMIC-M: thick Skipper CCDs (Si, 3.3g each) 
•  exposure, measured just 144 events in  bin  

(a.k.a 4.6 per , or 0.077 per ) 
• Still seeing  events at  (200–300 per )

1.3 kg ⋅ day 2e−

kg ⋅ hour kg ⋅ min

∼ 4 ⋅ 105 1e− kg ⋅ min

Low Backgrounds in Semiconductors: DAMIC-M
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cdmrhsx- S]jhmf hmsn ]bbntms ]kk bnmrsq]hmsr ne Ehf- 1
’qhfgs o]mdk(+ nmkx bnlokdw rb]k]q CL o]qshbkdr vhsg ]
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rbdm]qhn adxnmc sgd admbgl]qj lncdk to sn FdU CL
l]rrdr ]r vdkk ]r nsgdq ghccdm,rdbsnq rbdm]qhnr vhsg
gd]ux ldch]snqr sg]s l]sbg sgd qdkhb cdmrhsx nardqudc
snc]x vhsg rl]kkdq CL,c� bqnrr rdbshnmr sg]m sg]s ne
sgd eqddyd,nts rbdm]qhn vhsg rb]k]q o]qshbkdr Z01+ 08“-
Bnmrsq]hmsr nm nsgdq oqnbdrrdr adxnmc sgd CL,c�

rb]ssdqhmf ne Dp- ’0( sg]s oqnctbd ] bg]qfd hnmhy]shnm
rhfm]k ]qd qdonqsdc hm sgd Dmc L]ssdq-
Sgdrd qdrtksr cdlnmrsq]sd sgd dwbdkkdms odqenql]mbd

ne sgd C=LHB,L oqnsnsxod cdsdbsnq- Sgd BBCr ed]stqd
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sdbgmhb]k rdquhbdr- KRL nodq]shnmr ]qd rtoonqsdc ax
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Sgd C=LHB,L oqnidbs g]r qdbdhudc etmchmf eqnl sgd
Dtqnod]m Pdrd]qbg Bntmbhk ’DPB( tmcdq sgd Dtqn,
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M]shnm]k Rbhdmbd Entmc]shnm- Vd sg]mj sgd Antkax
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sdbgmhb]k rdquhbdr- Sgd BBC cdudknoldms vnqj ]s

DAMIC-M: 2503.14617

1.3 kg ⋅ day 1.3 kg ⋅ day
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Experiment Concept

Credit to Daniel Baxter (FNAL)

Design: t-stilbene with Skipper CCDs
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• Eight (8) gram-sized 
trans-stilbene crystals 

• Skipper CCD for 
single-photon readout 

• Calibrating detector 
response now, then  
on to MINOS!

Prototype Experiment at Fermilab!

(-1,-1,6), (7,0,-2), (1,5,5) (0,0,1), (8,-1,3), (3,6,2) (-9,0,4), (0,1,7), (-1,5,-3)

(0,0,1), (5,1,3), (-3,5,4) (0,0,1), (2,0,1), (1,-4,0) (-1,1,8), (-9,-1,-3), (-2,8,-3)

11/22/24 Nora Hoch | CPAD 2024 24

The Plan

Finish the Test 
Stand

T-stilbene photos and normal vectors 
from Dane Johnson (MIT)

Nora Hoch, “Developing Novel Light Detectors for MeV Dark 
Matter Experiments”, CPAD 2024, Nov 22 2024
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• Cool feature: can change the strength of  the DM 
modulation signal just by rotating the whole apparatus

0 30 60 90 120 150 180 210 240 270 300 330 360

∞ [deg]
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f R
M

S

RMS amplitude as function of  CCD placement, for all 24 cube orientations

mχ = 10 MeV FDM ∝ 1/q2

Prototype Experiment at Fermilab!
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Directionality in Molecular Migdal Effect:  (2208.09002)
9

FIG. 3. Daily modulation patterns for CMR (left) and NAC (right) in N2. Both components of the molecular Migdal e↵ect
exhibit similar behavior, featuring modulation patterns that vary considerably for di↵erent DM masses with an inflection point
around 200 MeV. The peak-to-trough modulation amplitude saturates to ' 20% at large masses.

FIG. 4. Same as Fig. 3 but for CO. The modulation curves at small and large DM masses are nearly identical to those for N2.

derived in Appendix B but using the exact Morse po-
tential energy eigenvalues. We validated this calculation
by instead approximating the nuclear states as harmonic
oscillator states with fixed oscillator frequencies given by
the curvature of the Morse potential at the equilibrium
separation, finding agreement up to O(1) factors. As the
goal of our calculation is to provide an illustration of the
phenomenology of the Migdal e↵ect in molecules, rather
than predict a precise sensitivity for a particular experi-
mental implementation, this level of accuracy su�ces for
our purposes. However, cutting o↵ the sum at n = 10
likely underestimates the rate at large DM masses, where
highly-excited states dominate; we discuss the modeling
uncertainty from nuclear states in Appendix C. Accu-
rate modeling of the nuclear states will be important for
generalizing our work to larger molecules.

Figs. 3 and 4 illustrate the daily modulation patterns
for N2 and CO with FDM = 1, for both CMR and NAC.

As anticipated, there is a strong dependence on the DM
mass, with the rate peaking at t = 0 hr for light masses
but t = 12 hr for heavy masses. The crossover occurs at
a mass of about 200–300 MeV independent of the molec-
ular target or the CMR/NAC matrix element; for this
DM mass, the argument of the exponent in Eq. (39),
q
2
/(4µ!), is order-1 for ! ⇠ 0.2 eV, µ ⇠ 10 GeV,

and q ⇠ m�v ⇠ 200 � 300 keV. The large peak-to-
trough modulation amplitude – exceeding a factor of 2
even for DM masses well above the electronic excitation
threshold and saturating to ' 20% at large masses –
is comparable to the daily modulation signals in elec-
tronic [22, 41, 50, 51] and phonon [52, 53] excitation, as
well as defect formation [54–57].

Fig. 5 shows the projected 3-event background-free ex-
clusion limits on the DM-nucleon cross section �̄n for N2

and CO, assuming a massive mediator (FDM = 1) which
couples equally to all nucleons, and a 1 kg-yr exposure.
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FIG. 5. 3-event background-free projected exclusion lim-
its with 1 kg-yr exposure for the CMR (dashed) and NAC
(solid) Migdal e↵ects in CO and N2, assuming 100% signal
e�ciency. Current exclusion limits from direct nuclear scat-
tering searches [42], dedicated Migdal e↵ect searches [43–46],
and electron recoil searches [47–49] analyzed in terms of the
Migdal e↵ect [8] are shown in shaded grey. Projections for
xenon [14] (green) and silicon [8, 10] (red) with a 2e� thresh-
old are shown for comparison; the NAC contribution in CO
is competitive with the reach of semiconductors.

The observable signal would be the photon resulting from
the de-excitation of the CMR or NAC state, which from
Eqs. (34)–(35) has energyO(10 eV), and we assume 100%
photon detection e�ciency. For both molecules, the NAC
rate (solid) is larger than the CMR rate (dashed), by an
order of magnitude for N2 and two orders of magnitude
for CO. This is not inconsistent with our arguments in
Sec. II C about the parametric scaling of CMR and NAC,
but is simply due to an accumulation of several order-1
factors which all happen to push the rate in the same di-
rection. In particular, the NAC states feature larger nu-
clear overlaps, or equivalently large Franck-Condon fac-
tors, compared to CMR for both molecules, as demon-
strated in Fig. 2. The fact that NAC dominates is also
consistent with previous calculations [5] which found that
NAC was larger than CMR by a factor of ⇠ 4 in neutral
H2. Indeed, as discussed in Sec. II C, the factor of 4
in the nuclear matrix element prefactor suggests that all
else being equal, the NAC rate will typically exceed the
CMR rate in diatomic molecules, and likely also for larger
molecules. The sensitivity begins to decrease around 200
MeV for the same reason the daily modulation crossover
occurs at that mass: the exponential suppression in the
nuclear matrix elements can only be compensated with
highly excited states, which we neglect in the sum be-
cause they correspond to molecular dissociation.

We also show for comparison the existing limits from
Migdal searches and direct nuclear recoil searches in no-
ble liquids and solid-state calorimeters, as well as pro-
jections for a larger xenon experiment and the Migdal
e↵ect in silicon. The sensitivity of diatomic molecules

is within a factor of 2 from semiconductors in the mass
range 10–100 MeV for the same target mass, which mo-
tivates further consideration of more realistic solid-state
molecular targets in light of the large daily modulation
signal which can further improve the sensitivity in the
presence of backgrounds.

IV. GENERALIZING THE MOLECULAR
MIGDAL EFFECT TO LARGER MOLECULES

While the present analysis applies specifically to di-
atomic molecules, the case of larger molecules is also
covered by the general formalism that describes both the
CMR and NAC Migdal e↵ects. We relegate the precise
generalization to larger molecules and computation of
P

(↵) for experimentally viable molecules to future work,
but here we outline the necessary steps.

The nuclear wavefunctions may be approximated by
assuming harmonic oscillator states localized to the equi-
librium atomic locations for the relevant electronic states.
This captures the essential features of the transition from
large molecules to semiconductors, where the Migdal ef-
fect may be understood to be mediated by (o↵-shell)
phonons [10], which are quantized normal mode vibra-
tions. Additionally, rotational excitations are energeti-
cally inaccessible in molecular crystals which simplifies
the calculation as in the diatomic case. The electronic
amplitudes, however, must be treated more carefully.

The CMR calculation follows from the separation of
COM motion from the relative motion of the atoms. In
general, the coordinate systems used for larger molecules
are more complicated but can be reduced to a COM coor-
dinate and a set of relative coordinates which are relative
to either the COM or to the atoms themselves (so-called
internal coordinates). Therefore, the computation of the
CMR amplitude should proceed identically. The elec-
tronic matrix element in Eq. (16) is related to the oscil-
lator strengths of the electronic transitions, which have
been experimentally measured through spectroscopy for
most molecular scintillators.

Computing the non-adiabatic coupling vectors ~G↵0↵ is
more di�cult as the nuclear gradients become non-trivial
with larger and more complicated molecules, which have
many more degrees of freedom. In practice this is done
through a finite di↵erence method which involves recalcu-
lating the electronic molecular orbitals at least six times
per atom (three spatial directions for the gradient, eval-
uated twice for a di↵erence approximation to the gra-
dient). However, the computation simplifies if the nu-
clear gradients can be computed analytically, for example
when the electronic wavefunctions are expressed as lin-
ear combinations of atomic orbitals (LCAO) [58]. Such
an LCAO approach to molecular orbitals has been shown
to be e↵ective in calculating DM-electron scattering rates
in organic molecules [21, 22].

• Repeat calculation for crystal-forming 
molecules… 

  trans-stilbene…  ⟶ ⟵


