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Dark Matter Mass Range

Well-motivated dark matter models cover an extensive mass range
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Examples of Axion Interactions

Anomalous magnetic field
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The Local Dark Matter Distribution
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Image Credit: Lucy Reading-Ikkanda/Quanta Magazine

e Average dark matter density ~0.4 GeV/cm3
e Average dark matter velocity ~200 km/s
e Dark matter flux modulates annually & daily

* Axions act like classical field due to high
number density

14 10-% eV \ axions
n, ~ 10 3
m, cm




The Axion Field

Individual axion state A with mass m, has random energy (£;) and phase (¢))

a,(X,1) x cos (Eﬂ(t) t+ @, )

VA VA VAN

1
E,(t) ~ m,+ Emavﬂ(t)z

Total axion field is the sum over all individual states
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Axion Coherence

Assume axions virialized in Milky Way with velocity dispersion 6, ~ 107

Coherence time depends on frequency dispersion across axion states
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Coherence Timescale

Amplitude and phase of axion oscillations vary stochastically when 7 > 7.
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Derevianko [1605.009717]; Foster et al. [1711.10489]



Axion Field Gradient

Axion-fermion coupling is proportional to the total gradient of the field

Va(r) o )’ v,(1) cos (E(0 1+ ;)
A

Experiments measure projection of Va(r) onto

measurement axis m(?)

S(1) = g Va(r) - m(?)

Yields daily modulation




Relevant Timescales

Stochastic m, 2z = 0.01 Hz

7, ~ 6 months

Daily

Compton
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The Coherent Limit
7. > 1,

exp



Axion Field in Coherent Limit

a(t) = Zaﬂ(r) " Zcos (myt+ ;)
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Axion Field in Coherent Limit

Rayleigh Distribution
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Axion Gradient Field

Experimental signal for gradient field depends on 6 Gaussian random variables

3 Rayleigh-distributed amplitudes

3 uniformly-distributed phases

S3D, stoch (F) X Qofr \/ o + v® a, COS (ma t+ gbz) mz(t)

+ 8eff 0, A, COS (ma !+ gby> m,(?)

Vo
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axion wind

+ 8.5 O, O, COS (ma t+ qu) m (?)




Signal Injection Tests

Signal injection tests on mock data crucial for verifying analysis pipeline

Mock Likelihood Signal
Data Analysis Recovery
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Recovered Signal

Signal Injection Tests

i 95% Upper Limit

é Best Fit

Null Limit

Injected Signal

| Uncertainty bands

indicate spread over
many Monte Carlo
iterations



3D Stochastic Signal

Signal recovery and limit-setting procedures successful with stochastic model
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Incorrect Approaches

Across axion-fermion searches, stochastic behavior has been incorrectly
modeled or ignored when it should not have been

Incorrect Model: 1D Deterministic

S1D. det. () & &eff Ve COS (ma I + qb) m,(?)

Correct Model

S3D, stoch. (F) X Zegr \/ o; + VG a, COS (ma r+ qbz) mz(t)

+ &eff O, Ay, COS (ma t+ qbz) m,(?)

T 8eft O, Ay COS (ma I+ ¢x> mx(t)




Signal Injection Tests

3D Stochastic Model 1D Deterministic Model
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Assuming 1D Deterministic Model yields:

greater variability in recovered signal

95% upper limits are too strong at large coupling



Incorrect Approaches

Across axion-fermion searches, stochastic behavior has either been incorrectly
modeled or ignored when it should not be

Incorrect Model: 1D Stochastic

SlD, stoch. (D) X Zefr Vo @ COS (ma r + qb) m,(7)

Correct Model

S3D, stoch. (F) X Zegr \/ o; + VG a, COS (ma r+ qbz) mz(t)

+ &eff O, Ay, COS (ma t+ qbz) m,(?)

T 8eft O, Ay COS (ma I+ ¢x> Illx(t)




Signal Injection Tests

3D Stochastic Model 1D Stochastic Model
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Assuming 1D Deterministic Model yields:

incorrect limits

greater variability in recovered signal



Incorrect Approaches

1D Stochastic Model misses signal information from x and y directions

Provides poor fit to mock data generated with total axion gradient signal
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Potential Failure to Discover Signal

Improper modeling of stochastic signal can potentially result in failure
to discover a true signal
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All Coherence Times



For a time series of N data points {D(¢,) |n € 1,..., N}, the total likelihood is

Mock Data
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The combined covariance matrix is



Princeton Comagnetometer
Experiment



Princeton Comagnetometer Experiment
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Some Mock Data Examples

Experiment is sensitive to 0.4-4 feV axions,

covering a wide range of signal shapes
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Search Limits

New limits are about 5 orders of magnitude more stringent than previous
laboratory constraints in this mass range

Mass (feV)
1071 10° 10?
| 1 1 1 ' | 1 1 1 1 1 PR T I | 1 1 1 1 1 |
107° 4 Experiment
:\ E — = MC :l: 40_ L P T P Py e—
! —6 | === MC &+ 50
107°
% g —o—  MNC median
& 2 NASDUCK |  [oiioon
= 10~ SN1987
E —-— Neutron star
X 107° ) P
g N-’\~‘—_\\——'\ =
% 10_9 _5...,,_~:~ ¢ ey —r — — - ai §_~.~.,___T~:m_m'__-.-__._.t“ ——/"'-r(—\ _—— P
_—"\~_~ - ———
10_10 Bt e " —/ =
1 ! ! ! ! ! LA | ! —T—1 T ! ! ! ! LA |
1072 1071 10° 10!

Frequency (Hz)




High Significance Peaks

Frequency (Hz)
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Signal Lineshape Test

Lineshapes of high-significance peaks are not consistent
with axion interpretation
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Conclusions

Comagnetometers are sensitive probes for ultralight dark matter

Stochastic behavior of axions has important experimental ramifications

Re-analysis of data from Princeton Comagnetometer Experiment
sets world-leading constraints on 0.4-4 feV axions




