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Compared with the signature of dark matter elastic scattering off nuclei, the absorption of fermionic dark
matter by nuclei opens up a new searching channel for light dark matter with a characteristic monoenergetic
signal. In this Letter, we explore the 95.0-day data from the PandaX-4T commissioning run and report the
first dedicated searching results of the fermionic dark matter absorption signal through a neutral current
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process. No significant signal was found, and the lowest limit on the dark matter-nucleon interaction cross
section is set to be 1.5 x 107" cm? for a fermionic dark matter mass of 40 MeV /c? with 90% confidence

level.
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Cosmological and astronomical observations strongly
indicate the existence of dark matter (DM), but the nature of
DM is still a mystery [1]. While searching for the popular
weakly interacting massive particle (WIMP) is in full
swing [2-8], other promising DM candidates have also
been put forward and searched for experimentally, espe-
cially with mass below 1 GeV/c? [9-11]. However, due to
the detection threshold in direct detection experiments,
there are no stringent constraints on sub-GeV light DM
scattering with the standard model (SM) particles, and
the cross section can still be large [2,3]. Recently, DM
absorption scenarios have been proposed and studied,
which can generate some novel inelastic signatures in
direct detection experiments and enhance the sensitivity
of light DM searches [12-24].

In this Letter, we consider a fermionic DM absorption
scenario through a neutral current (NC) process with xenon
nuclei,

(;_(> +Xe — 7+ AXe, (1)

where A denotes the atomic mass number of the xenon
isotope, y(¥) is the DM (anti-)particle, and v(7) is the SM
(anti-)neutrino. Such a scenario can be described by an
ultraviolet (UV) complete model with additional U(1)’
symmetry breaking [19,20]. In this model, a lepton number
charged DM y mixes with the approximately massless
Dirac neutrino v through a scalar field ¢ Yukawa inter-
action, giving the U(1)’ invariant mass term

‘Cmass ) m)()_()( + (y‘:b)_(PRV + H'C')’ (2)

where y is the Yukawa coupling constant. The y — v mixing
term naturally derives a completely massless state, which

1s identified as the SM neutrino, and a massive state with
mass /mj + y*(¢)?, after diagonalization. The right-

handed component yp = Pry is mixed with the right-
handed neutrino vp with a mixing angle 6y,

(3)

sinf =

Through a heavy Z’ mediator coupled with quarks and y,
the effective operator at the nucleon scale is [19]

1 _ _ _
One = A2 (Ay*n + py*p)iy,Prv + H.c., (4)

where the energy scale 1/A%> = Qg2 sinfg cosOg/m>,
with g, denoting the U(1)" gauge coupling, my the
mediator mass, and Q, the charge of dark matter under
the U(1)’, yielding the absorption process described above.

Similar to the WIMP spin-independent (SI) elastic
scattering model, the absorption rate is coherently
enhanced for heavy nuclei by a factor of ~A?, making
xenon a preferable target. For a given DM mass, the nuclear
recoil (NR) energy in xenon of the fermionic absorption
process could be ~10° times larger than the SI elastic
scattering, leading to a possibility of searching for a
MeV/c? scale DM with xenon-based experiments.

With the standard halo model for the Earth’s nearby DM
distribution [25], the differential event rate of the nuclear
absorption signal as a function of recoil energy Ey is given
by (with j denoting any specific isotope of xenon)

dR . p)(U)I;I_CN i

1
AR _ N~M~A2-F2-<—> LG
dER 2m)3(MT j Puj P\ V> Vpin j

where p, = 0.3 GeV/ cm’® is the local DM density [26];
o) = my/(4mA*) is the absorption cross section per
nucleon; ¢ i = /2ER. jM j is the momentum transfer to a

target nucleus; p, ; = \/q;(2m, — q; — 2Eg ;) denotes the
momentum of the outgoing neutrino; My = . N;M; is
the total target mass with N; and M corresponding to the
number and mass of each isotope, respectively; A; is again
the atomic mass number; and F; = F(q;) is the normal-
ized Helm nuclear form factor [26]. The mass of the
nonrelativistic incoming y dominates the energy, so the
momentum transfer g; ~m,, giving a very sharp peak
(ER ~ mf /2M;) in the energy spectrum, with contribu-
tions from different xenon isotopes (j) slightly offset;
see Fig. 1.

The PandaX-4T experiment, located in the B2 hall at
China Jinping Underground Laboratory Phase-II (CJPL-II)
[28,29], is a multiphysics purposed xenon experiment [30]
aiming to explore DM and neutrino physics. The PandaX-
4T detector is a dual-phase xenon time projection chamber
(TPC) well shielded by ultrapure water [31], with a
sensitive xenon target mass of 3.7 tonne [5]. A total of
169 top and 199 bottom 3-inch photomultiplier tubes
(PMTs) measure the primary prompt scintillation photons
(S1) and the secondary delayed electroluminescence pho-
tons (52) from ionized electrons. Another two rings of
one-inch PMTs are installed outside of the TPC sensitive
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FIG. 1. Expected fermionic absorption differential rate as a

function of energy for xenon target, with a DM mass m, =

40 MeV/c? and absorption cross section 6)%=1.0x10"*cm?,

Various colors represent contributions from different isotopes of
xenon. The reconstructed energy is shown in cyan, with the
Lindhard factor [27] applied to recover the full energy.

volume, serving as the veto PMTs for rejecting multiscatter
backgrounds. Unlike an electronic recoil (ER) event, only
part of the recoil energy E in a event is converted into the
scintillation photons and ionized electrons, which is mod-
eled through the so-called Lindhard factor [27]. The
reconstructed energy E from S1 and S2 of a given event is

s1 52,
PDE ' EEE x SEGb> - ®

E:l3.7er<

in which PDE, EEE, and SEG, are the photon detection
efficiency for S1, electron extraction efficiency, and the
single-electron gain using S2;, (the S2 collected from
the bottom PMT array), respectively, and the 13.7 eV is
the mean energy to produce a quanta in liquid xenon. The
data used in this Letter consist of five sets during
95.0 calendar days of stable data taking, with different
hardware configurations. The parameters used for energy
reconstruction in each set are summarized in Ref. [5].

At the end of the PandaX-4T commissioning run, we
injected 3*™Kr source (41.5 keV,,, electron equivalent
energy) [32] into the detector in order to perform a
three-dimension uniformity correction for Sls and $2s.
The energy resolution o /E is 6.8 + 0.1% at 41.5 keV,, in
a good agreement with the value (7.0%) given by our ER
signal response model, as shown in Fig. 2.

The signal response models in the PandaX-4T are built
based on the end-of-run low energy calibrations, including
220Rn, ' Am-Be neutrons, and deuteron-deuteron (D — D)
neutrons [5]. The response models follow the construction
of the standard NEST v2.2.1 package [33,34]. Taking into
account all possible detection effects, a simultaneous fit of
the ER and signal response models is performed, through
which the key parameters including the light yield, charge
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FIG. 2. Comparison between the ¥¥™Kr internal conversion
electron energy spectrum and the simulation result.

yield, and recombination parameters are determined [35].
The PandaX-4T signal response model and the NEST
values from a global fit to all available measurements are
consistent within the latest reported systematic uncertain-
ties of NEST [36,37].

Determining the energy resolution in the region of
interest (ROI) is essential for the monopeaked characteristic
of the fermionic absorption signal. For the low energy
range, due to the lack of a monoenergetic NR calibration
source, we compare the distributions of S1 and $2,
between simulation from our signal response model and
the neutron calibration data in a narrow energy window
(scanning from 1 to 16 keV,, with a window size of
1 keV,., which corresponds to the NR energy range from
6 to 70 keV ). Figure 3 shows such a comparison of NR
events in two energy windows for illustration. A good
agreement is observed, which indicates that the NR signal
simulation from our signal response model is consistent
with the data for energy within 70 keV,, The reconstructed
energy resolution within ROI given by the simula-

tion can be depicted as o, /Eg = +/a/Eg + b*/E%, where
Eg is in keV,,, a=0.85keV,,, and b=1.855keV,,. The
energy resolution is 49% (11%) at 6 keV,, (70 keV,,).

The consistency of the NR simulation with the data is
further validated through the D-D back-scatter energy
peaks. Simulation neutron events are generated by the
PandaX Monte Carlo package BambooMC [38] and
processed with the signal response model. The recon-
structed energy is compared with the data. A Gaussian
fit is performed on the right half part of the back-scatter
peak, where the detector resolution dominates; see Fig. 4.
The fitted width is consistent between the simulation and
the data. The relative difference (~5%) is taken as a
systematic uncertainty of the NR energy resolution.

The physics event selection criteria follow the WIMP
search analysis [5], aiming to remove noise, surface
backgrounds, accidentally paired events, and events with
low-quality signal waveform. In brief, our ROI is selected
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FIG. 3. Comparison between the simulated distributions
and 'Am-Be + D-D calibration data, using 1.5-2.5 keV,,
(8.2-13.0 keV,,) and 15.5-16.5 keV,, (68.2-72.1 keV,,)
energy windows for illustration. Black dot: normalized S1
or S2, distribution of > Am-Be and D-D calibration data. Red
line: simulated distributions.

with S1 from 2 to 135 PEs, raw S2 from 80 to 20 000 PEs.
The upper bound of this ROI corresponds to approximately
24 keV,. (~100 keV,,). In total 1058 events are identified
in the ROI from 86.0 live-day exposure data in the PandaX-
4T commissioning run, as shown in Fig. 5. The background
compositions are summarized in Ref. [5], which include
tritium, flat ER (83Kr, Rn, material), surface, '*’Xe, neutron,
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FIG. 4. The D-D reconstructed energy spectra from calibration
and simulation, with a Gaussian fit performing on the right half
part of the back-scatter peak (dashed curves).

neutrino, and accidental S1-S2 coincidence events. The 68%
and 95% contours of the probability density function for
DM mass m, = 100 MeV/ ¢? are overlaid for illustration.
The number of observed events within the 68% contour is
26, and the expected background contribution is estimated to
be 21.0 £2.2.

The signal of fermionic DM absorption is tested in the
ROI, with a two-sided profile likelihood ratio method [25].
The scanned DM mass parameter ranges from 30 to
125 MeV/c?, with the corresponding highest energy
deposit peaks at 64 keV,,. We construct a standard
unbinned likelihood function [39,40] as

Mset

Lopundax = [Hl En] x D;[G(&b;ab)] x |:1;[G(5p*,6p*)],
(7)

where ny; =5 as mentioned above, with the single set
likelihood function £, defined below as
[:n = POiSS( gbs |Ntr'llt)
Nn

obs

x [ (NPH(STL S2{p. )

i=1 fit

+ ) N1+ 6,)Py(S1L 820 {p. )| (8)
b

For each data set n, A" obs and N #, are the total observed and
fitted numbers of events, respectively; N and N}, represent
the amount of DM (signal) and background events;
P}(S1,82,) and P}(S1, S2;) denote their two-dimensional
PDFs. The systematic uncertainties of background esti-
mation (c,) and nuisance parameters (¢, ) are taken

into account via Gaussian penalty function G(8,0).
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FIG. 5. Distribution of the selected events in data ROI. The red

and cyan solid curves illustrate the 68% and 95% contours
of the fermionic DM absorption signal distribution with
m, =100 MeV/ c?. The red dashed line represents the fitted
NR median from the end-of-run *'Am-Be and D-D calibrations.
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FIG. 6. The 90% CL upper limits vs m,, for the absorption cross
sections of fermionic DM from the PandaX-4T commissioning
data. The green band represents +1o sensitivity band. The gray
shaded area describes the constraints from collider experiment for
7' [20,42]. The figure below displays limits and sensitivity bands

vs m, for the U(1) gauge coupling from the PandaX-4T
commissioning data. The level of fine-tuning needed in the
UV complete model to avoid rapid y — vwvv decay is denoted

with dashed gray contours labeled FT,.

The systematic uncertainties from NEST on the light yield
and charge yield for a low energy NR signal are also
considered in the hypothesis tests.

There is no significant excess identified in the fit. The
final 90% confidence level (CL) upper limit is shown at the
top of Fig. 6. This limit curve has a slight downward
fluctuation in the DM mass range below 60 MeV/c?,
which is power-constrained to the —lo sensitivity band
[41]. The strongest limit achieved is 1.5 x 107° cm? at a
fermionic DM mass of 40 MeV /c?. Direct constraint of Z’
from the collider experiments [20,42] is marked by the gray
shaded region in Fig. 6.

In the UV complete model with a mediator Z’, the DM y
can decay invisibly to neutrinos, y — vvv, which may yield
some anomalous change in the equation of the state of the
Universe from the era of the cosmic microwave background
(CMB) until present day [43]. For the interaction para-
meters adopted in Ref. [20], namely m, = 18 GeV/c?,
sinfg = 0.01, and Q, = 0.1, the CMB spectrum given by
the WMAP three-year data [44,45] provides very strong
constraints on this model through this triple-neutrino decay

channel. To avoid this indirect detection bound, fine-tuning
is needed [20]; the corresponding level is shown in Fig. 6.
Given the relationship between U(1)’ gauge coupling g,
and the energy cut-off scale A, the obtained upper limits of
the cross section in the top of Fig. 6 can be directly
translated into the constraints on the coupling g,, with

an order of 10710 (TeV - cm)!/2, as shown in the bottom
of Fig. 6.

In summary, we explore the neutral current absorption
signals of fermionic DM in the PandaX-4T 0.63-tonne-year
exposure data in its commissioning run, which is the first
search for a monoenergetic NR signature performed in
direct detection experiments. No significant excess is
observed above the expected background. A new model-
independent exclusion limit is set on the sub-GeV DM-
nucleon interactions, excluding the scattering cross section
with nucleon as low as 1.5 x 1075 ¢m? for DM mass of
40 MeV/c?. Together with cosmology indirect detection
and collider search, this result provides strong constraints
on the UV complete model with a Z’ mediator. Searching
for light fermionic DM absorption interaction with elec-
trons is also performed [46]. PandaX-4T continues taking
more physics data and is expected to improve the sensi-
tivity by another order of magnitude with a 6-tonne-year
exposure.

This project is supported in part by the National
Science Foundation of China (Grants No. 12090060,
No. 12090061, No. 12005131, No. 11905128,
No. 11925502, No. 11775141), the Ministry of Science
and Technology of China (Grant No. 2016YFA0400301),
and the Office of Science and Technology, Shanghai
Municipal Government (Grant No. 18JC1410200). This
project is also funded by China Postdoctoral Science
Foundation (No. 2021M702148). We thank the Double
First Class Plan of the Shanghai Jiao Tong University for
support. We also thank the Chinese Academy of Sciences
Center for Excellence in Particle Physics (CCEPP),
Hongwen Foundation in Hong Kong, and Tencent
Foundation in China and Yangyang Development Fund
for their sponsorship. Finally, we thank the CJPL adminis-
tration and the Yalong River Hydropower Development
Company Ltd. for indispensable logistical support and
other help.

"PandaX Collaboration Spokesperson.
jianglai.liu@sjtu.edu.cn
Corresponding author.
taoyi92 @sjtu.edu.cn
*Corresponding author.
nzhou@sjtu.edu.cn
[1] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).
[2] J. Liu, X. Chen, and X. Ji, Nat. Phys. 13, 212 (2017).
[3] J. Billard ef al., Rep. Prog. Phys. 85, 056201 (2022).

161803-5


https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1038/nphys4039
https://doi.org/10.1088/1361-6633/ac5754

PHYSICAL REVIEW LETTERS 129, 161803 (2022)

[4] L. Zhao and J. Liu, Front. Phys. 15, 44301 (2020).

[5] Y. Meng et al. (PandaX-4T Collaboration), Phys. Rev. Lett.
127, 261802 (2021).

[6] D. Akerib et al. (LUX Collaboration), Phys. Rev. Lett. 118,
021303 (2017).

[7] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
121, 111302 (2018).

[8] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. D 98,
102006 (2018).

[9] C. Cheng et al. (PandaX Collaboration), Phys. Rev. Lett.
126, 211803 (2021).

[10] X.Zhou et al. (PandaX Collaboration), Chin. Phys. Lett. 38,
011301 (2021).

[11] J. Xia et al. (PandaX Collaboration), Phys. Lett. B 792, 193
(2019).

[12] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Rev. D 78,
115012 (2008).

[13] H. An, M. Pospelov, J. Pradler, and A. Ritz, Phys. Lett. B
747, 331 (2015).

[14] Y. Hochberg, T. Lin, and K. M. Zurek, Phys. Rev. D 94,
015019 (2016).

[15] Y. Hochberg, T. Lin, and K. M. Zurek, Phys. Rev. D 95,
023013 (2017).

[16] I. M. Bloch, R. Essig, K. Tobioka, T. Volansky, and T.-T. Yu,
J. High Energy Phys. 06 (2017) 087.

[17] D. Green and S. Rajendran, J. High Energy Phys. 10 (2017)
013.

[18] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg, Phys.
Rev. X 8, 041001 (2018).

[19] J. A. Dror, G. Elor, and R. McGehee, Phys. Rev. Lett. 124,
181301 (2020).

[20] J. A. Dror, G. Elor, and R. Mcgehee, J. High Energy Phys.
02 (2020) 134.

[21] B. von Krosigk, M. J. Wilson, C. Stanford, B. Cabrera, R.
Calkins, D. Jardin, N. A. Kurinsky, F. Ponce, and C.-P. Wu,
Phys. Rev. D 104, 063002 (2021).

[22] J. A. Dror, G. Elor, R. McGehee, and T.-T. Yu, Phys. Rev. D
103, 035001 (2021).

[23] A. Mitridate, T. Trickle, Z. Zhang, and K. M. Zurek, J. High
Energy Phys. 09 (2021) 123.

[24] T. Li, J. Liao, and R.-J. Zhang, J. High Energy Phys. 05
(2022) 071.

[25] D. Baxter et al., Eur. Phys. J. C 81, 907 (2021).

[26] J.D. Lewin and P. F. Smith, Astropart. Phys. 6, 87 (1996).

[27] J. Lindhard, V. Nielsen, M. Scharff, and P. Thomsen,
Mat. Fys. Medd. K. Dan. Vidensk. Selsk 33, 10 (1963).

[28] K.J. Kang, J.P. Cheng, Y. H. Chen, Y.J. Li, M. B. Shen,
S.Y. Wu, and Q. Yue, J. Phys. 203, 012028 (2010).

[29] J. Li, X. Ji, W. Haxton, and J. S. Y. Wang, Phys. Procedia 61,
576 (2015).

[30] H. Zhang et al. (PandaX Collaboration), Sci. China Phys.
Mech. Astron. 62, 31011 (2019).

[31] Z. Qian et al. (PandaX Collaboration), J. High Energy Phys.
06 (2022) 147.

[32] D.Zhang, Y. Li, J. Bao, C. Fu, M. Guan, Y. He, X. Ji, H. Jia,
Y. Li, J. Liu, J. Xia, W. Xiong, J. You, C. Yuan, and N. Zhou,
Phys. Rev. C 105, 014604 (2022).

[33] M. Szydagis et al., Noble Element Simulation Technique
v2.0 (2018), https://zenodo.org/record/4569211.

[34] M. Szydagis et al., Instruments 5, 13 (2021), https://www
.mdpi.com/2410-390X/5/1/13.

[35] PandaX Collaboration (to be published).

[36] M. Szydagis, Bull. Am. Phys. Soc. W09.006 (2022).

[37] W. Ma et al. (PandaX Collaboration), arXiv:2207.04883.

[38] X. Chen et al., J. Instrum. 16, T0O9004 (2021).

[39] X. Cui et al. (PandaX Collaboration), Phys. Rev. Lett. 119,
181302 (2017).

[40] Q. Wang et al. (PandaX Collaboration), Chin. Phys. C 44,
125001 (2020).

[41] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, arXiv:
1105.3166.

[42] A. Belyaev, E. Bertuzzo, C. Caniu Barros, O. Eboli, G.
Grilli di Cortona, F. Iocco, and A. Pukhov, Phys. Rev. D 99,
015006 (2019).

[43] Y. Gong and X. Chen, Phys. Rev. D 77, 103511 (2008).

[44] G. Hinshaw et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 170, 288 (2007).

[45] D.N. Spergel et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 170, 377 (2007).

[46] D. Zhang et al. (PandaX Collaboration), Phys. Rev. Lett.
129, 161804 (2022).

161803-6


https://doi.org/10.1007/s11467-020-0960-x
https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.127.261802
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevD.98.102006
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1088/0256-307X/38/1/011301
https://doi.org/10.1088/0256-307X/38/1/011301
https://doi.org/10.1016/j.physletb.2019.02.043
https://doi.org/10.1016/j.physletb.2019.02.043
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1103/PhysRevD.78.115012
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1016/j.physletb.2015.06.018
https://doi.org/10.1103/PhysRevD.94.015019
https://doi.org/10.1103/PhysRevD.94.015019
https://doi.org/10.1103/PhysRevD.95.023013
https://doi.org/10.1103/PhysRevD.95.023013
https://doi.org/10.1007/JHEP06(2017)087
https://doi.org/10.1007/JHEP10(2017)013
https://doi.org/10.1007/JHEP10(2017)013
https://doi.org/10.1103/PhysRevX.8.041001
https://doi.org/10.1103/PhysRevX.8.041001
https://doi.org/10.1103/PhysRevLett.124.181301
https://doi.org/10.1103/PhysRevLett.124.181301
https://doi.org/10.1007/JHEP02(2020)134
https://doi.org/10.1007/JHEP02(2020)134
https://doi.org/10.1103/PhysRevD.104.063002
https://doi.org/10.1103/PhysRevD.103.035001
https://doi.org/10.1103/PhysRevD.103.035001
https://doi.org/10.1007/JHEP09(2021)123
https://doi.org/10.1007/JHEP09(2021)123
https://doi.org/10.1007/JHEP05(2022)071
https://doi.org/10.1007/JHEP05(2022)071
https://doi.org/10.1140/epjc/s10052-021-09655-y
https://doi.org/10.1016/S0927-6505(96)00047-3
https://doi.org/10.1088/1742-6596/203/1/012028
https://doi.org/10.1016/j.phpro.2014.12.055
https://doi.org/10.1016/j.phpro.2014.12.055
https://doi.org/10.1007/s11433-018-9259-0
https://doi.org/10.1007/s11433-018-9259-0
https://doi.org/10.1007/JHEP06(2022)147
https://doi.org/10.1007/JHEP06(2022)147
https://doi.org/10.1103/PhysRevC.105.014604
https://zenodo.org/record/4569211
https://zenodo.org/record/4569211
https://doi.org/10.5281/zenodo.1314669
https://www.mdpi.com/2410-390X/5/1/13
https://www.mdpi.com/2410-390X/5/1/13
https://www.mdpi.com/2410-390X/5/1/13
https://arXiv.org/abs/2207.04883
https://doi.org/10.1088/1748-0221/16/09/T09004
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1088/1674-1137/abb658
https://doi.org/10.1088/1674-1137/abb658
https://arXiv.org/abs/1105.3166
https://arXiv.org/abs/1105.3166
https://doi.org/10.1103/PhysRevD.99.015006
https://doi.org/10.1103/PhysRevD.99.015006
https://doi.org/10.1103/PhysRevD.77.103511
https://doi.org/10.1086/513698
https://doi.org/10.1086/513698
https://doi.org/10.1086/513700
https://doi.org/10.1086/513700
https://doi.org/10.1103/PhysRevLett.129.161804
https://doi.org/10.1103/PhysRevLett.129.161804

