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We introduce a Rydberg-based single photon detector (SPD) for probing dark matter in the 0.1–10 meV
mass range (20 GHz–2 THz). The Rydberg SPD absorbs photons produced and focused by the BREAD
dish antenna and trades them for free, detectable electrons. At the lower end of the mass range, photons
drive Rydberg-Rydberg transitions, which are read out via state-selective ionization. At higher masses, they
directly ionize the Rydberg atoms.
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I. INTRODUCTION

Light bosonic dark matter candidates (e.g., axion,
CP-even scalars, and dark photon) are well described as
coherent classical fields [1,2]. Through their coupling to
electromagnetism, a small fraction of the background dark
matter (DM) converts into coherent photons. The non-
relativistic nature of DM implies that the photon frequen-
cies are narrowly distributed around the dark matter mass
ω ≃mDM. Numerous existing and proposed experiments
are designed to search for such DM-induced ac electro-
magnetic signal [3,4].
The Broadband Reflector Experiment for AxionDetection

(BREAD) employs a dish antenna with a parabolic reflector
to focus photons generated by DM interactions onto a focal
point [5]. BREAD is a modular broadband signal-enhance-
ment platform that must be supplemented with a high-
precision readout module. Developing efficient detectors
continues to be an active area of research. A key focus is the
development of single photon detectors (SPDs), as photon-
counting is expected to achieve higher sensitivity in the low-
signal regime compared to bolometric detection [4].
SPDs at optical and infrared frequencies are mature

technologies [6]. However, efficient single photon detec-
tion in the THz range remains challenging [7]. Photons in

this frequency range carry energies on the meV scale, far
lower than the eV-scale energies of optical photons. Thus,
well-established optical SPDs lack sensitivity in this range.
Addressing this challenge requires development of new
detection technologies. The search for meV-scale dark
matter has recently driven further development of THz
SPDs [8].
Graham et al. proposed a Rydberg-based SPD for the

HAYSTAC experiment to probe DM in the 40 − 200 μeV
mass range (10–50 GHz) [9]. In this setup, DM-induced
photons drive transitions between Rydberg states, and the
resulting state population is read out via SFI. Inspired by
this approach, we introduce a Rydberg-atom-based SPD
operating in the 20 GHz–2 THz range as a complementary
component of the BREAD experiment. Rydberg electronic
energy levels span this frequency range, and their large
dipole coupling enhances photon absorption efficiency. A
photon absorbed by a Rydberg atom can either directly
ionize it or excite it to a higher Rydberg state (detectable via
state-selective field ionization); see Fig. 1.
One of our proposed detection schemes (Rydberg tran-

sitions induced by photons followed by state readout via
SFI) is similar to that in Ref. [9]. However, our approach
differs in several key aspects. First, the direct ionization
scheme we introduce is entirely new and enables sensitivity
to DM masses substantially higher than those accessible
through transition-based methods. Second, while Ref. [9]
considers a microwave cavity setup with separate cavities
for signal buildup and detection, our design employs the
broadband reflector configuration of BREAD. This setup is
considerably simpler, as it removes the need for frequency
scanning and allows searches at higher frequencies using
Rydberg ionization, since the signal strength is no longer
limited by the cavity size.

*Contact author: abanerj4@umd.edu
†Contact author: rebadi1@jhu.edu
‡Contact author: srajend4@jhu.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 114, 055011 (2026)

2470-0010=2026=114(5)=055011(10) 055011-1 Published by the American Physical Society

https://orcid.org/0000-0003-1325-6876
https://ror.org/047s2c258
https://ror.org/00za53h95
https://ror.org/01sbq1a82
https://ror.org/047s2c258
https://crossmark.crossref.org/dialog/?doi=10.1103/yj2s-v785&domain=pdf&date_stamp=2026-09-08
https://doi.org/10.1103/yj2s-v785
https://doi.org/10.1103/yj2s-v785
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


II. PHOTONS FROM DARK MATTER

We focus on two specific DM candidates: the axion and
the dark photon. The relevant electromagnetic interaction
Lagrangian takes the form L ⊃ −gaγγaFF̃=4 ¼ gaγγaE · B
for the axion, and L ⊃ εFF0=2 for the dark photon. Here,
a is the pseudoscalar axion field, gaγγ the axion-photon
coupling, ε the dimensionless dark photon-photon mixing
parameter, F the electromagnetic field strength, and F0 the
dark photon field strength. When a large bias magnetic field
B0 is applied, ambient axion DM produces an oscillating
electric field with amplitude Ea ∼ gaγγB0

ffiffiffiffiffiffiffiffiffi
ρDM

p
=mDM. For

the dark photon, the mixing automatically produces a
similar oscillating electric field EA0 ∼ ε

ffiffiffiffiffiffiffiffiffi
ρDM

p
where ρDM

denotes the local DM energy density.
Coherent detection of the ac electric field is linearly

sensitive to the couplings and has been proposed for DM
detection using electro-optics [10]. In the mass range of
interest for this work, however, the photon production by
BREAD occurs incoherently. FormDM ≳ 0.1 meV, the DM
de Broglie wavelength is smaller than the size of the

BREAD setup [5]. As a result, photons emitted from
different parts of the barrel surface are out of phase,
producing an incoherent signal. We will therefore focus
on single photon detection, which has quadratic sensitivity
to the couplings. While the standard quantum limit sets the
fundamental limit for coherent detection, the dark count
rate (DCR) is the primary figure of merit for SPDs.
The BREAD setup will have a dish area of Adish ∼ 10 m2.

The focus area Afocus is smeared out compared to an ideal
point due to the momentum spread of the emitted photons,
inherited from the momentum spread of the DM. With a
typical momentum spread of ΔpDM=mDM ∼ 10−3 and a
physical BREAD setup size of about a meter, the resulting
focus area is estimated as Afocus ∼ π mm2 [5]. Note that the
photon field amplitude at the focal point is enhanced by a
factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Adish=Afocus

p
∼Oð103Þ relative to its value away

from the focus.
We compute the signal photon rate by estimating the

emitted power PDM ¼ E2
DMAdish=2 where Adish is the effec-

tive emission area. The corresponding photon rate is RDM ¼
PDM=mDM. Therefore, the expected signal photon rates are
Ra ≃ g2aγγB2

0ρDMAdish=2m3
a and RA0 ≃ ε2ρDMAdish=2mA0 .

For fixed external parameters B0 ¼ 10 T, ρDM ¼
0.45 GeV=cm3, and Adish ¼ 10 m2, these expressions pro-
vide numerical estimates of the photon rates as a function of
couplings and masses [5],

Ra ≃ 0.55 Hz

�
gaγγ

10−11 GeV−1

�
2
�

ma

meV

�
−3
;

RA0 ≃ 0.14 Hz

�
ε

10−14

�
2
�
mA0

meV

�
−1
: ð1Þ

DM-photon conversion can be further enhanced by
introducing a stack ofNl dielectric layers, which effectively
increases the number of conversion surfaces [11–13]. In the
BREAD setup, this approach can enhance the photon rate
by a factor of N2

l =2, where the optimal number of layers is
Nl ≃ 80

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mDM=meV

p
[8]. Thus, the signal photon rate will

be enhanced by a factor of 103ðmDM=meVÞ. At the same
time, the bandwidth over which this enhancement is
achieved is reduced to Δω=ω ∼ Ns=Nl, making BREAD
less broadband. Here, Ns is the number of stacks with
distinct layer spacings. Reference [8] found that the optimal
configuration corresponds to Δω=ω ∼ 0.1, which can be
realized by adjusting the dielectric layer spacing by a factor
of ∼40 over a 1000-day scan.

III. RYDBERG SPD

A Rydberg atom has an electron excited to a very high
principal quantum number n ≫ 1 [14]. Rydberg atoms exhi-
bit exaggerated physical properties; see Table I. A defining
feature is their large orbital size, which scales as ∼n2a0,
where a0 is the Bohr radius [15]. This leads to strong dipole

(a)

(c)

(b)

FIG. 1. Schematic of the Rydberg SPD setup. (a) BREAD uses
a parabolic reflector to focus photons emitted perpendicular to the
barrel surface onto a focal point, increasing the photon intensity
at the focus. (b) A Rydberg beam is prepared by exciting
electrons to a high principal quantum number. When the photon
energy exceeds the ionization threshold ω > In the photons
directly ionize the Rydberg atoms, producing detectable free
electrons. (c) The target photon energy matches the transition
energy between Rydberg states, ω ¼ ωn. During the sensing
stage, the Rydberg beam is exposed to photons from the BREAD
setup. Downstream, the Rydberg state is read out using selective
field ionization (SFI). In SFI, an external electric field is scanned
across the ionization threshold of the relevant states, and the
resulting ionization is detected.
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couplings, both between Rydberg atoms and with photons.
We exploit the strong photon-Rydberg interaction to detect
DM-induced photons, for the same reason it has been used in
similar applications [16–20].
We consider two Rydberg-based sensing modalities:

Rydberg-Rydberg transitions and Rydberg-continuum ion-
ization (see Fig. 1). Lower-energy photons (0.1–1 meV)
can drive Rydberg-Rydberg transitions, while higher-
energy photons (1–10 meV) can directly ionize electrons
from the Rydberg state. In the Rydberg-Rydberg transition
case, the final state can be read out via state-SFI [21–27]. In
SFI, an external electric field is ramped up until the atom
ionizes, and the free electron is detected. Different Rydberg
levels ionize at distinct field strengths, providing a corre-
spondence between the applied field and the state. In the
direct ionization case, the electron is detected immediately.
Rydberg states with lifetimes τn ≳ 10 μs exhibit narrow

transitions with quality factor QRyd ¼ ωn=ð2π=τnÞ ≳ 107.
Because this exceeds the DM-induced photon quality factor
QDM ∼ 106, the effective search bin width is determined by
the photon linewidth rather than the transition linewidth. In
contrast, ionization occurs whenever the DM-induced
photon energy exceeds the ionization threshold In and lies
within the effective ionization range. The ionization search
is therefore broadband, determined by the readout scheme
and independent of the signal linewidth.
The transition energy between neighboring Rydberg

states is ωn ≃ 27.2 eV=n3, corresponding to n∈ ð30; 65Þ
for the 0.1–1 meV DM mass range. The binding energy is
In ≃ 13.6 eV=n2, corresponding to n∈ ð37; 120Þ for the
1–10 meV range. Note that not all of these n values are
required to cover the DMmass range of interest; we discuss
the full mass coverage strategy later.
The rates of transition and ionization relative to the

photon production rate serve as a figure of merit for how
efficiently the BREAD-produced photons are collected. We
compute these rates for low-l states using Fermi’s golden
rule; see the Appendix for details. For a single Rydberg
atom, the transition rate between a Rydberg state n
and a nearby state nþ i, where i ≪ n, is γn→nþi ≃
ð2πα=3ÞE2

DMn
4a20 min½τDM; τn; τsens:�. Here, τDM; τn, and

τsens: are the DM-induced photon coherence time, the
Rydberg state lifetime, and the time each atom spends in

the sensing (focal) region, respectively. The Rydberg
ionization rate is better understood away from the ioniza-
tion threshold [28], since Coulomb corrections become
significant near the threshold. We adopt a conserva-
tive estimate γn→cont: ≃ ð1024π=3ÞE2

DMn
4a30ðIn=mDMÞ6 ×

ðmDM=In − 1Þ3=2. The ionization rate has broad support
in DM mass, with a power-law fall-off. The maximum
value is γmax

n→cont: ≃ 36E2
DMn

4a30. The estimated rates are
consistent in order of magnitude with values reported in the
literature, and show only mild l-dependence for low-l,
high-n states [29]. The transition rates between nearby n
levels also exhibit only subleading dependence on l. This is
unlike the radiative lifetime that has a strong l-depend-
ence. The reason is that the dominant radiative decay
channels for low-l states correspond to transitions to much
lower n states (for which a larger phase space is available),
and as a result, the dipole matrix element acquires a
distinct overall n-scaling behavior.
EDM is the photon field amplitude at the focusing area

E2
DM ¼ 2RDMmDM=Afocus. Key advantage of a focusing

setup such as BREAD is manifest in these rates; the photon
field amplitude at the detector site is enhanced. Since
RDM ∝ Adish, the rate enhancement scales as Adish=Afocus ∼
3 × 106 for typical BREAD parameters.
In our proposed method, a large number of Rydberg

atoms simultaneously interact with photons in the
focused area. Assuming a Rydberg beam with fluxΦbeam ∼
1015 cm−2 s−1 and velocity vbeam ∼ km=s, the total number
of Rydberg atoms present at any instant in the sensing
volume is NRyd ≃ΦbeamAfocusτsens: ∼ 3 × 107, where

τsens: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Afocus=π

p
=vbeam ≃ μs.

The total photon absorption rate is given by the single-
atom rate multiplied by the number of Rydberg atoms
Γ ¼ NRydγ. We define efficiency of photon absorption as
η ¼ Γ=RDM. For BREAD (QDM ∼ 106), the limiting time-
scale is τsens:∶min½τDM; τn; τsens:� ¼ τsens:. The correspond-
ing nominal efficiencies are

ηBREADn→nþi ≃max

�
1.5 × 103

�
mDM

0.3 meV

�
−1=3

�
NRyd

3 × 107

�
; 1

�
;

ηmax
n→cont: ≃max

�
3 × 10−5

�
mDM

3 meV

�
−1
�

NRyd

3 × 107

�
; 1

�
;

where we have used the scaling relations mDM ∝ n−3 for
transition and mDM ∝ n−2 for ionization. The efficiency
cannot exceed unity, so the effective efficiency is simply
taken to be the smaller of the nominal value and one.
To summarize, in the high-Q resonant transition modal-

ity of the detection scheme, the Rydberg SPD can detect
essentially all of the photons produced. In the ionization
modality, the Rydberg SPD collects only a small fraction of
the photons, but since the search is broader in bin size, it
still provides competitive sensitivity across the higher-mass
parameter space. Note that η is defined with respect to the

TABLE I. Scaling behavior of Rydberg quantities.

Quantity Symbol Scaling

Typical orbital size hrin ∼n2=meα

Binding energy In ∼meα
2=2n2

Transition frequency ωn ∼meα
2=n3

Radiative lifetime τn ∼
�
100ðn=40Þ3 μs; l ¼ 1

10ðn=40Þ5 ms; l ¼ n − 1

dc ionizing field Eion ∼30n−4 GV=m
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photon production rate of BREAD without dielectric layers
in Eq. (1). The addition of dielectric layers therefore
increases the signal power by a factor of∼Oð103Þ, resulting
in a direct enhancement in sensitivity.

IV. EXPERIMENTAL FEASIBILITY

Rydberg states with n up to 100 can be readily pre-
pared [16]. Toward the upper end of this range, however,
Rydberg states become increasingly fragile to stray electric
fields. The ionizing dc electric field is ∼3V=cm for n ∼ 100,
which can be shielded against. At lower n, the ionizing
electric field amplitude increases rapidly as n−4. The large
bias magnetic field of the axion search would strongly
perturb the Rydberg spectrum. This technical challenge can
be addressed by spatially separating the readout module
from the conversion region, with signal photons guided to
the atoms by high-quality focusing optics under active
development by the BREAD Collaboration [30].
Rydberg states are relatively long-lived [31–33]. Their

main decay channels are spontaneous emission and black-
body-radiation (BBR)-induced transitions. The BBR rate is
suppressed relative to spontaneous decay by the Boltzmann
factor 1=ðeω=kBT − 1Þ, which is ≲10−2 at T ∼ 1 K in the
frequency range of interest. At such low temperatures, the
lifetime is limited by spontaneous decay. For circular states
(l ¼ n − 1) it is expected to be 10ðn=40Þ5 ms, while for
P states (l ¼ 1) it is shorter, 100ðn=40Þ3 μs [34]. The
reduced lifetime of low-angular-momentum states arises
from their larger overlap with low-n core states.
In both detection modalities (direct ionization and tran-

sition followed by SFI) the freed electron must be collected.
A channel electron multiplier (CEM) can be used for this
purpose [9]. CEMs are widely used in similar contexts, for
example in photoionization detection of a single atom [35].
Imaging of electrons and ions produced by SFI has also
been demonstrated [36] using microchannel plates [37].
Commercial devices [38] achieve near-unity efficiency with
DCR of about 0.01 Hz. Typical CEM operation requires a
bias voltage of 2–3 kV across the channel, with ∼100 V
between the channel exit and the anode. For the highest-n
states considered here, this corresponds to an electric field
that can approach or exceed the ionization threshold. To
avoid this, we propose using a low-voltage extraction
electrode near the sensing region, followed by electrostatic
steering of the electron toward the CEM. Local acceleration
at the device’s operating voltage can then raise the electron
to the detection threshold energy.
In the transition-based search, the SFI readout must

discriminate a single excited atom against the ∼3 × 107

atoms present in each ionization cycle, requiring a very low
false-positive rate. Since the signal state nþ i ionizes at a
lower field than the initially prepared state n, the field ramp
can be kept below the threshold of the prepared state, so
ideally only atoms that have absorbed a signal photon are
ionized. Tail effects, such as imperfect state preparation,

can still produce early ionization and hence false positives.
Mitigation strategies include removing residual population
in nearby levels before the sensing region and engineered
field ramp shapes for improved state discrimination; a full
analysis of the false-positive rates is left for future work.
The Rydberg readout module operates at cryogenic

temperatures to suppress BBR-induced backgrounds. On
the lower end of the mass range of interest the required
temperature to keep the BBR background rate below the
electronic DCR of 0.01 Hz is approximately 50 mK [9].
At higher masses, this requirement becomes less stringent,
scaling as 500 mKðmDM=meVÞ.
A Rydberg beam can be prepared from a high-

intensity atomic beam with fluxes in the range Φ ∼
1011–1016 cm−2 s−1 [39–41]. Preparation can be achieved
using two- or three-photon transitions [36,42] or stimulated
Raman adiabatic passage (STIRAP) [43]. We also note that
Rydberg beams composed of low-l states are the most
straightforward to prepare, since with each absorbed
photon only transitions with Δl ¼ �1 are allowed by the
dipole selection rules. Our proposal therefore makes use of
these readily accessible Rydberg states.
Given a Rydberg beam flux of Φ ∼ 1015 cm−2 s−1 and a

beam velocity vRyd ∼ km=s, the Rydberg atom number
density is nRyd ∼ 1010 cm−3. This corresponds to an aver-
age spacing of about 5 μm between atoms, much larger
than the size of the largest Rydberg state considered here
(n ¼ 100) which is 104a0 ≃ 0.5 μm. Therefore, the dipole-
dipole interactions are suppressed [44]. Another potential
factor that can contribute to efficiency reduction or back-
grounds is atomic collisions within the Rydberg beam,
which can be mitigated by engineering low-temperature
beams. Ultimately, magneto-optical trap cooling combined
with conveyor-belt atomic transport featuring a continu-
ously high reloading rate can be employed as the sensing
beam in our proposal [45–48].
The length of the Rydberg beam is τnvRyd ≳ 10 cm,

assuming a lifetime τn ≳ 100 μs. For both Rydberg prepa-
ration and SFI detection we assume operation times of about
μs, which are much shorter than τn. Consequently, most of
the beam length is available for sensing and transport
between the different detection stages; see Fig. 1.
Minimizing the separation between detection stages reduces
the dead time of each measurement. This would also
suppress the lost Rydberg population fraction from stochas-
tic decays 1 − e−3 μs=τn to the percent level or lower. This
effect is negligible for our efficiency estimates. Also note
that DM-induced transitions occur between nearby n states,
whereas radiative decays in low-l states predominantly drive
electrons to the lowest-n levels. Therefore, we do not expect
these decay processes to be a significant background for our
n → nþ i transition-based search.
As shown in Fig. 2, the DMmass range 0.1–1 meV can be

covered using transitions with n∈ ð30; 65Þ. The largest gap
between adjacent transitions is 0.02 meV ¼ 2πð4.8 GHzÞ.
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To bridge this gap, the transition frequencies can be shif-
ted using external Zeeman or Stark effects. The Zeeman
(magnetic) shift is, to leading order, independent of n:
∼2π MHzðBext=10 GÞ. In contrast, the Stark shift depends
on n quadratically: ∼2πð4 GHzÞðEext=V=cmÞðn=40Þ2.
Therefore, modest magnetic fields (particularly at the lower
end of this mass range) and electric fields at the V=cm level
(at the upper end) are sufficient to fully cover the target
mass range.

V. PROJECTED SENSITIVITY

We compute the signal-to-noise ratio (SNR) using

SNR ¼ ηRDMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηRDM þ DCR

p ffiffiffiffiffiffiffi
texp

p
;

where η is the efficiency associated with each of the relevant
search modalities discussed above; RDM is the photon
production rate from the BREAD setup or the BREAD
with additional dielectric layers; DCR ∼ 0.01 Hz is the dark

count rate; and texp is the averaging time per experiment,
defined by a unique set of experimental parameters and
configurations.
We assume a total experimental runtime of 1000 days per

decade in mass and adopt an SNR = 5 criterion for projected
sensitivities, following the conventions of the original
BREAD proposal [5]. The results are presented in Fig. 3.
We discuss some features of the projected sensitivities in the
following.

(i) 0.1–1 meV with BREAD: The search is based on
Rydberg-Rydberg transitions in a resonant scheme,
with a bin width of ΔmDM=mDM ¼ 10−6. As shown
in Fig. 2, covering the full mass range requires
approximately 4 × 104 scanning steps when using
Rydberg states with n ¼ 31;…; 65. Total number of
experiments is therefore 35 × 4 × 104, which results
in an average measurement time of about texp ¼ 60

seconds per experiment. The reported sensitivity lies
precisely at the boundary between the background-
free and DCR-limited regimes; that is, this sensi-
tivity is achieved in the regime where it is
∝ 1=

ffiffiffiffiffiffiffi
texp

p
. However, for even longer averaging time

the sensitivity scales as 1=t1=4exp . The efficiency of
detecting BREAD photons is η ¼ 1 for this search.
It is instructive to compare this photon-counting

search with a readout based on a quantum-limited
linear amplifier. Such an amplifier carries an effec-
tive dark count rate of one noise photon per mode, of
order the signal bandwidth Δν ¼ mDM=ð2πQDMÞ∼
104–105 Hz, which is six to seven orders of magni-
tude above the DCR ¼ 0.01 Hz assumed here. This
background suppression compensates for the
∼4 × 104-fold reduction of the integration time in
the resonant scan sensitivity;

(ii) 0.1–1 meV with ‘BREAD+ dielectric layers’: This
search is also based on Rydberg-Rydberg transi-
tions, with an enhanced photon production rate.
However, the bandwidth over which this enhance-
ment is achieved is reduced to Δω=ω ∼ 0.1. Never-
theless, a decade in mass can still be covered using
approximately 40 stacked-layer configurations in a
1000-day experiment [8]. With these optimized
configurations, the Rydberg-based readout is other-
wise identical to the case without dielectric layers,
requiring the same number of frequency bins and
integration time per bin. The improvement in sensi-
tivity arises from the enhanced photon production
rate discussed above;

(iii) 1–10 meV with BREAD: This search is based on
direct ionization of Rydberg atoms. As shown in
Fig. 2, this mass range can be covered with four
experiments using Rydberg states with n ¼ 55, 75,
100, and 125. The measurement time per experiment
is 250 days. The detection efficiency for these

FIG. 2. Dark matter mass range accessible using Rydberg states
with principal quantum number n. Top: Rydberg transition
coverage (without scanning) for n ¼ 30; 31;…; 65. We include
transitions of n → nþ i within the 0.1–1 meV range. The inset
shows the distribution of mass gaps across all available transitions.
The largest uncovered gap in mass coverage is 0.02 meV, which
can be bridged using a perturbative scanning scheme in about
0.02 meV ×QDM=mDM ∼ 4 × 104 steps for QDM ∼ 106. Bottom:
Ionization is efficient for photons with frequencies above the
ionization threshold, with a power-law falloff at higher frequen-
cies. This enables broadband sensitivity using only a small number
of atoms. Using four different Rydberg states allows coverage of
the 0.1–1 meV DM mass range.
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photons decreases from 10−4 at the lower end of the
mass range to 10−5 at the upper end. The reported
sensitivity is DCR-limited, i.e., the sensitivity scales
as 1=t1=4exp for a longer averaging time;

(iv) 1–10 meV with ‘BREAD+ dielectric layers’: This
search is also based on direct ionization of Rydberg
atoms and can similarly be covered with four
experiments of texp ¼ 250 days. The photon pro-
duction rate is enhanced by a factor of about
3 × 103–3 × 104. The detection efficiency is the
same as the previous case without dielectric layers.
The reported sensitivity is DCR-limited, i.e., the
sensitivity scales as 1=t1=4exp for a longer averag-
ing time.
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APPENDIX: RATE CALCULATIONS

In this section, we outline the calculation of a) the
transition rate between two rydberg states i → f and b) the
ionization rate from a rydberg state i in the presence of
background electric field. As the dark matter (DM), which
is coherently oscillating converted photon providing the
background electric field, it is taken to be classical which
oscillating in time with the same frequency as the DM as
E⃗ðtÞ ¼ EDM cos½mDMtþ φ� with an amplitude of EDM and
a random phase φ. As the DM velocity jvj ≃ 10−3 ≪ 1, we
omit the space dependent part. In the presence of a time
dependent electric field, the Hamiltonian becomes time-
dependent as Hint ¼ eE⃗ðtÞ · r⃗ due to the dipole interaction.
The problem is similar to calculate the transition due to
radiation of frequency mDM.
a. Transition. To calculate the transition probability from

i → f state, we use Fermi’s golden rule and obtain

Pi→f ¼ jeE⃗ðtÞhijr⃗jfi=2j2t2
�
sin½ðωt−mDMÞt=2�
ðωt−mDMÞt=2

�
2

; ðA1Þ

FIG. 3. Projected Rydberg SPD sensitivities in the BREAD experiment for axion (left) and dark photon (right) dark matter. We assume
SNR = 5, DCR = 0.01 Hz, 1000 days of measurement to cover the 0.1–1 meV range, and an additional 1000 days to probe the 1–10 meV
range. Orange lines correspond to the BREAD dish antenna setup, and green lines include additional dielectric layers that further
enhance the photon production rate. Details are discussed in the main text. Existing constraints are shown in light gray (astrophysical
and cosmological) and light purple (laboratory-based). Existing limits are adapted from Ref. [49] and references therein. Dark purple
constraints come from a pilot BREAD experiment, dubbed GigaBREAD, which used a custom coaxial horn antenna at the focal point
with a low-noise radio-frequency receiver to probe dark photons [50] and axions [51] in the 44 − 52 μeV range (10.7–12.5 GHz).
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where ωt ¼ Ef − Ei is the energy difference between two
states. As, sin x=x → 1 for x≲ 1 and j sin x=xj ≲ 1=x2

for x≳ 1, for t≲ 2=ðωt −mDMÞ, we obtain a resonant
enhancement. Thus for t≲ 2 min½τcoh; τRyd�, the transition
probability can be written as

Pi→f ≈ jeEDMhijr⃗jfi=2j2ð2 min½τcoh; τRyd�Þ2; ðA2Þ

where τRyd is the life time of the rydberg states. The
transition rate, which is found by averaging the probability
over the characteristic time Γi→f ¼ hPi→fðtÞiτ=τ can be
written as,

γn→nþi ≈
2πα

3
jEDMj2jhijrjfij2 × min½τcoh; τRyd�: ðA3Þ

For a transition between two rydberg states n → nþ i with
i ≪ n, due to the large radial wave function of the rydberg
states hnjrjnþ ii ≃ n2a0 where a0 ¼ ðmeαÞ−1 is the Bohr
radius, and n is the principle quantum number [14]. So the
rate calculation simplifies to

γi→f ≈
2πα

3
jEDMj2n4a20 × min½τcoh; τRyd�: ðA4Þ

In our set up, we are considering a beam of rydberg
atom passing through the focusing region of the BREAD
experiment which is of the size of Afocus ¼ π ðmmÞ2. For a
beam of velocity vbeam, traversing the focusing area takes
τsens: ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Afocus=π

p
=vbeam amount of time. And if τsens: ≲

min½τcoh; τRyd�, then each rydberg atom only gets τsens:
amount of time to interact with the photon. Taking this
into account, we find

γi→f ≈
2πα

3
jEDMj2n4a20 × min½τcoh; τRyd; τsens:�: ðA5Þ

The total photon absorption rate is given by the single-
atom rate multiplied by the number of Rydberg atoms
Γn→nþi ¼ NRydγn→nþi. For a beam of flux Φ, the total
number of Rydberg atoms present at any instant in the
sensing volume is NRyd ≃ΦbeamAfocusτsens:.
One key advantage of a setup such as BREAD is that due

to its geometry, the DM induced photon is focused in the
focusing area. Thus the effective electric field EDM which
enters in the rate calculation is the enhanced and can be
obtained from the rate calculation of BREAD as E2

DM ¼
2RDMmDM=Afocus. By plugging in everything, we find the
efficiency of photon absorption η ¼ Γn→nþi=RDM as

η ¼ 4πα

3
Φbeamτsens:mDMðn2a0Þ2 min½τcoh; τRyd; τsens:�:

ðA6Þ

An efficiency η≳ 1 means the rydberg atoms efficiently
absorb all the available photon produced in the experiment.
b. Ionization. Now we want to calculate the rate for the

ionization process due to the background electric field.
Compare to the previous case, here we need to calculate the
interaction matrix element between one bound state n with
energy En and one state in the continuum jψ cont:i. Since
a free state does not have a definite energy, we consider a
transition to a free state with energy in the range
ðEf − ΔE=2; Ef þ ΔE=2Þ. For the continuum states, we
need to calculate the density of states given an energy E
which we denote as ρðEÞ.
Again using the Fermi’s golden rule, we find the

transition probability as

Pion ¼
Z

EfþΔE=2

Ef−ΔE=2
dEρðEÞjeE⃗ðtÞhijr⃗jψfij2ðt=2Þ2

×

�
sin½ðE − En −mDMÞt=2�
ðE − En −mDMÞt=2

�
2

: ðA7Þ

The sinc function is peaked for E ¼ En þmDM ¼ Ef, and
we get

Pion ≈ ρðEfÞjeE⃗ðtÞhnjr⃗jψ contij2
t
2

Z
ΔEt=4

−ΔEt=4
dx

�
sin x
x

�
2

;

where we define x ¼ ðE − EfÞt=2 ¼ ðE − En −mDMÞt=2.
The integral evaluates to π in the large time limit and like
before, by averaging the probability over the characteristic
time, we get the ionization rate as,

γn→cont ¼
π

2
× ρðEfÞ × e2jE⃗ðtÞj2jhnlmjr⃗jψ contij2; ðA8Þ

where we take the bound state has jii ¼ jnlmi quantum
numbers respectively.
Calculating both ρðEfÞ and hnlmjr⃗jψ conti involves the

normalization of the continuum states. Away from the
ionization threshold In, i.e., for mDM ≫ jInj, one can
approximate the free states as plane waves. In that case
the absorbed photon energy mostly get converted to the
momentum of the free electron, k⃗, as mDM ¼ jInj þ
jk⃗j2=ð2meÞ from the energy conservation. Using ψ contðr⃗Þ ¼
1=

ffiffiffiffiffiffi
L3

p
expð−ik⃗ · r⃗Þ and ρðEfÞ ¼ ðL=2πÞ3mekdΩ (density

of states in a given solid angle), we get

γn→cont ¼
π

2
×
mekdΩ
8π3

× e2jE⃗ðtÞj2 × cos2θ

����
Z

∞

0

drr3
Z

2π

0

dϕ0
Z

1

−1
dðcos θ0Þ cos θ0e−ijk⃗jjr⃗j cos θ0ψnlmðr; θ0;ϕ0Þ

����
2

; ðA9Þ

RYDBERG SINGLE PHOTON DETECTION FOR PROBING… PHYS. REV. D 114, 055011 (2026)

055011-7



where cos θ is the effective angle between the electric field
and k⃗, and L is the size of the box that is introduced to
regulate the integral. Note that, L drops out of the equation
and we can safely take the L → ∞ limit to represent the
continuum states.
We can further simplify the above expression if we take

the ns state of the rydberg atom as the initial state. In that
case we have

ψn00ðrÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi
πn5a30

q e−r=ðna0ÞL1
n−1½2r=ðna0Þ�; ðA10Þ

where, L1
n−1½2r=ðna0Þ� is a generalized Laguerre poly-

nomial of degree n − 1. Using this simplification we
obtain

Z
1

−1
dðcos θ0Þ cos θ0e−ijk⃗jjr⃗j cos θ0

¼ 2i
k2r2

× ½−kr cosðkrÞ þ sinðkrÞ�; ðA11Þ

and plugging the above expression we further get,

γn→cont ¼
mee2jEðtÞj2

πn5a30
× cos2θdΩ ×

1

k3
×

����
Z

∞

0

drr½−kr cosðkrÞ þ sinðkrÞ�e−r=ðna0ÞL1
n−1½2r=ðna0Þ�

����
2

: ðA12Þ

By using the fact that cos2 θdΩ ¼ 4π=3, and definign r̃ ¼ r=ðna0Þ and k̃ ¼ kna0, we can further simplify the above
expression as

γn→cont ¼
16πjEðtÞj2a0

3
×

ðna0Þ2
ðkna0Þ3

×

����
Z

∞

0

dr̃ r̃ ½−k̃ r̃ cosðk̃ r̃Þ þ sinðk̃ r̃Þ�e−r̃L1
n−1ð2r̃Þ

����
2

: ðA13Þ

Note that the integral is given in terms of dimensionless quantities. To evaluating the above integral for a generic n, we
find that integral is proportional to

Z
∞

0

dr̃ r̃ ½−k̃ r̃ cosðk̃ r̃Þ þ sinðk̃ r̃Þ�e−r̃L1
n−1ð2r̃Þ ∝

8nk̃3

ð1þ k̃2Þ2þn
¼ 8nðka0nÞ3

ð1þ k2a20n
2Þ2þn ; ðA14Þ

with the proportionality constant fixed to nðk2a20n2Þn−1 for large k, i.e., for ka0n ≫ 1 and to ð−1Þn−1nðn2 þ 2Þ=3 for k → 0.
However, very close to the threshold, the electron wavefunction can not be approximated as plane-waves as one expects
corrections to this coming from the columbic part of the potential. In that case, the continuum wave function of the Columb
potential should be used as discussed in [29,52]. Thus, in what follows we will only consider the case of ka0n ≫ 1. By
solving Eq. (A13) for some values of n, we find the above simplification is a conservative estimate and the actual ionization
cross-section is much larger than our approximated value close to the threshold.
Plugging everything together, we obtain the ionization rate as

γn→cont ¼
1024π

3
E2
DMa

3
0n

4
ðkna0Þ3

ð1þ k2a20n
2Þ4þ2n × n2ðk2a20n2Þ2n−2

≈
1024π

3
E2
DMa

3
0n

4

� jInj
mDM

�
4þ2n

�
mDM

jInj
− 1

�
3=2

× n2
�
mDM

jInj
�

2n−2
; ðA15Þ

wherewe have used k2=2me ¼ mDM − jInjwith jInj ¼ meα
2=ð2n2Þ and have approximated ðk2a20n2Þ2n−2 ≃ ðmDM=jInjÞ2n−2.

As expected we find that the Ionization rate is small close to the threshold and reaches a maximum value for mDM ∼OðjInjÞ
before falling off as a polynomial in incident photon energy away from the threshold. By expressing the ionization rate in term
of cross-section (σ) with γn→cont ¼ ðE2

DM=2mDMÞ × σ, we find

σ ∝ a30n
6mDM

� jInj
mDM

�
4þ2n

�
mDM

jInj
− 1

�
3=2

�
mDM

jInj
�

2n−2
∝ a30n

6mDM

� jInj
mDM

�
6
�
mDM

jInj
− 1

�
3=2

∝
a0n4

me

� jInj
mDM

�
5
�
mDM

jInj
− 1

�
3=2

∼
1

n3
e2

me

ðmeα
2=2Þ5=2

m7=2
DM

; ðA16Þ

in the large momentum limit i.e., for nka0 ≫ 1 ⇒ mDM ≫ jInj. Thus away from the threshold we obtain the result given
in [28]. Even for l ¼ 1 states, we obtain the same result as [28] in the large-momentum (away from the threshold) limit.
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As discussed previously, n2ðmDM=jInjÞð2n−2Þ term in the
rate calculation is valid away from threshold. It turns out
that extending this estimate to the threshold region over-
estimates the rate [29]. We conservatively drop n2 and use
γn→cont: ≃ ð1024π=3ÞE2

DMn
4a30ðIn=mDMÞ6ðmDM=In − 1Þ3=2

in the main text to obtain the experimental reach. Note
that close to the threshold, the rate obtained from our
estimate is consistent with the numerical results as well
as the n-scalings in Refs. [29,52]. We leave a detailed
computation of near-threshold ionization rate for future
work. Close to the threshold, the plane wave approxi-
mation of the electron wave-function breaks down as the

corrections due to the columbic potential start to become
important. In this case one should use the continuum
(positive-energy) Coulomb wavefunctions for the final
electron and evaluate the dipole matrix element between
the bound Rydberg state and those continuum states.
We computed the rates for l ¼ 0, m ¼ 0 states. These

results agree with the result of [28] for l ¼ 0 states. For
low-l states, the power-law fall-off away from threshold has
only a mild dependence on the l [28,29]. Also, the threshold
ionization rate and its n scaling does not depend on l at the
leading order [29]. Thus, we justify the use of the con-
servative order-of-magnitude estimate mentioned above.
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