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We present the constraints on the axial-vector and pseudo-scalar mediated WIMP-nucleus interactions
from the PandaX-4T experiment, using the data set corresponding to a total exposure of 0.63 tonne-year.
No significant signal excess is observed, and the most stringent constraints to date on the mediator mass
are set for the axial-vector and pseudo-scalar simplified models. The maximum excluded mass of an
axial-vector mediator is 825 GeV/c? and that of a pseudo-scalar mediator is 106 GeV/c2. In addition, the
upper limits on the spin-dependent WIMP-nucleon scattering cross-section for conventional neutron-only
and proton-only interactions are derived.
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There is plenty of evidence indicating that a large amount of
dark matter exists in our universe. However, its nature is still elu-
sive [1]. Weakly interacting massive particle (WIMP) is a plausible
dark matter candidate which arises naturally from many theories
beyond the Standard Model of particle physics like the super-
symmetry. Various methods are utilized to hunt for WIMPs, in-
cluding direct search, indirect search, and collider search. Based on
the dual-phase xenon time projection chamber (TPC), the sensi-
tivity of WIMP-nucleus interaction has improved significantly over
the past decades [2-7].

The PandaX-4T experiment, located at the China Jinping Under-
ground Laboratory (CJPL) [8,9], is one of the largest xenon TPC
experiments with 3.7-tonne of liquid xenon in the sensitive vol-
ume. The cylindrical TPC is covered by 24 polytetrafluoroethylene
(PTFE) panels on the side and 368 Hamamatsu R11410-23 3-inch
photomultiplier tubes (PMTs) on the top and bottom, with four
electrodes placed inside to construct the drift and extraction elec-
tric field. Once an incoming energetic particle scatters off xenon
nuclei or electrons, prompt scintillation light (S1) and ionized elec-
trons are generated, the latter then drift upward to the liquid
xenon surface and produce the electroluminescence light (S2) in
the gaseous xenon region under the electric fields. Both S1 and
S2 are detected by the PMTs, from which the scattering position
and deposited energy can be reconstructed. The ratio of S2 to S1
provides powerful signal-background discrimination. A more de-
tailed description of the PandaX-4T experiment can be found in
Refs. [5,10,11].

The PandaX-4T experiment has set stringent constraints on the
spin-independent (SI) WIMP-nucleon cross-section upper limits,
excluding 3.8 x 10747 cm? for a WIMP mass of 40 GeV/c® at 90%
confidence level (C.L.) [5], which is based on an effective field the-
ory (EFT) describing the Dirac fermion WIMP particle interaction
with the nucleon. The physics behind the EFT can be revealed
from a simplified model, where the interaction is introduced by a
mediator with couplings to WIMPs and quarks. A vector or scalar
mediator produces the SI WIMP-nucleon interaction. For an axial-
vector and pseudo-scalar mediator, the tree-level process yields
the spin-dependent (SD) WIMP-nucleus interaction instead [12,13].
Xenon-based experiments are also sensitive to the SD interac-
tions thanks to the significant abundance of odd-A xenon isotopes
with non-zero spin (26.4% spin-1/2 2Xe and 21.2% spin-3/2 131Xe
in natural xenon) [14,15]. The XENON1T experiment has pushed
down the SD neutron-only cross-section limits to 6.3 x 10~42 cm?
for WIMP mass of 30 GeV/c2. As for pseudo-scalar mediator, the
tree-level SD process has a strong momentum suppression [16,17],
there are no effective searches for this pseudo-scalar mediated SD
process in direct detection experiments. However, under the sim-
plified model, the next-to-leading-order (NLO) loop-level process
does not have this suppression and yields a SI process, which al-

lows the direct detection to be able to probe the pseudo-scalar
mediator too. In this letter, we present the search results of SD
WIMP-nucleus interactions and constraints on the axial-vector and
pseudo-scalar mediators, based on the PandaX-4T commissioning
run data.

As for axial-vector couplings to quarks and WIMPs, the WIMP-
nucleus SD cross-section can be evaluated from chiral effective
field theory (EFT) [18-20], which is related to the total spin ex-
pectation values of the protons and neutrons in the nucleus in the
limit of zero momentum transfer. Therefore, a common practice is
to consider two special cases where the WIMPs couple only to pro-
tons or to neutrons. The corresponding scattering cross-section is
expressed as below,

4 (MA
32J+1) \un
where N denotes the proton (p) or neutron (n), uy is the reduced
mass for WIMP scattering off the nucleon, 1,4 is the reduced mass
of WIMP and the target nucleus, Sy(g?) is the structure factor for
“proton-only” or “neutron-only” cases [18]. Due to the cancellation
between spins of nucleon pairs, the SD cross-section with a nu-
cleus is dominated by the unpaired nucleon, which is neutron for
129%e and 3'Xe. It should be noticed that the cross-section of the
“proton-only” case is significantly enhanced due to chiral two-body
currents involving the exchange of a pion.

The differential event rate for the WIMP SD interaction can be

then written as [21,22]

OA

2
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where m, and p, are the WIMP mass and local density respec-
tively, o4 is the WIMP-nucleus cross-section, n is the mean in-
verse speed of WIMP velocity distribution. It is recommended that
py = 0.3 GeV/(c2-cm3) and the WIMP motion obeys the standard
halo model [23]. Explicitly, the most probable velocity of WIMP
in Maxwellian distribution vo = 238 kmy/s, the galactic escape ve-
locity vesc = 544 km/s and the Earth velocity vg = 254 km/s are
adopted in this analysis. The typical event rate as a function of the
nuclear recoil energy is shown in Fig. 1. Both the SD “proton-only”
and “neutron-only” recoil energy spectra are plotted in addition to
the SI case for the WIMP mass of 40 GeV/c2 and 400 GeV/c2, with
the detection efficiency [5] overlaid.

We use the same data set and selections as the WIMP SI anal-
ysis [5]. In brief, the S1 signal region of interest requires the S1 in
the range of 2 to 135 photoelectron(PE) in the fiducial volume, and
the S2 signal collected in the bottom PMT array (S2y) is adopted
to avoid bias from PMT saturation. The data is divided into five
subsets, according to the detector status. The background models

n(E), (2)
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Fig. 1. Nuclear recoil energy spectra for the scattering of WIMP on PandaX-4T detec-
tor. The SI, SD proton-only, and SD neutron-only are illustrated in blue, green and
red curves with o = 10~#!cm? respectively. The dashed and solid curves represent
the 40 GeV/c? and 400 GeV/c?2 WIMPs respectively. The detection efficiency of the
PandaX-4T experiment is plotted in a dotted curve with the corresponding axis on
the right.

also inherit from Ref. [5] and the detailed values can be found in
the Table II of Ref. [5]. The total live time is 86.0 days and the
resulting exposure is 0.63 tonne-year.

The 90% confidence level (C.L.) upper limit of SD WIMP-nucleon
cross-section as a function of WIMP mass is calculated, utilizing
the same statistical inference (profile likelihood ratio) in Ref. [5,23].
The results are shown in Fig. 2, for “neutron-only” and “proton-
only” interaction respectively. Selected previous experiment results
are also plotted for comparison. In the WIMP mass above 6 GeV/c?
region, our most stringent upper limit for “neutron-only” inter-
action is 5.8 x 1074 c¢m? for a WIMP mass of 40 GeV/c?. For
the “proton-only” interaction, the minimal excluded cross-section
is 1.7 x 1074 ¢m? for 40 GeV/c*> WIMP mass. Recently, the LZ
experiment released its first result on the SD WIMP-nucleon in-
teraction [24], which extends the excluded SD parameter space
further.

To explore the physics behind the WIMP-nucleon interaction,
we consider the simplified model with a mediator. The axial-vector
mediator couples to all quark flavors equally with one unique cou-
pling constant g4, and thus it yields isoscalar couplings to neutrons
and protons. In this model, there are four free parameters: WIMP
mass m,, mediator mass my, the coupling of the mediator to
WIMP g, and the coupling of the mediator to quark gq. Follow-
ing the Ref. [25], both the tree-level amplitudes and the loop-level
amplitudes are calculated, and the latter is negligible. The cross-
section is given in Ref. [26,25] with the form

SD _ 0.31g787 1
ON="""% (3)
Tmy
where couplings gq =0.25 and g, =1 are adopted as a bench-
mark scenario. Based on this model, the signal energy spectra are
generated and the same analysis method is applied. The 95% C.L.
exclusion limit on mediator mass as a function of WIMP mass is
obtained, as shown in Fig. 3, with a comparison with other di-
rect detection experiments [27,15]. In addition, the renormalization
group evolution (RGE) effect is considered to account for the cor-
rections from the mediator mass scale to the nuclear scale in direct
detection [28]. The limit on the mediator mass with RGE effect is
also shown in Fig. 3. The maximum excluded mass of an axial-
vector mediator is 825 GeV/c?. Constraints on the mediators are
also provided by collider experiments such as the ATLAS and CMS
at the Large Hadron Collider (LHC) [29,30], with the benchmark
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Fig. 2. PandaX-4T 90% C.L. upper limit for the SD WIMP-nucleon (top: neutron-only;
bottom: proton-only) cross-section, overlaid with that from XENON1T 2019 [15] and
PandaX-Il 2018 [14]. The green band and dashed red curve represent the + lo
sensitivity band and the median, respectively.
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Fig. 3. PandaX-4T 95% C.L. exclusion limit on the mediator mass for a simplified
isoscalar model with an axial-vector mediator and a Dirac WIMP, where the cou-
pling constants g; and g, are 0.25 and 1, respectively. RGE effect is considered
in the signal rate calculation, shown as a solid red line. The limit without RGE
effect is shown as a dashed red line. The results from other direct detection ex-
periments, XENON1T [15] and PICO-60 [27], and collider experiments, ATLAS [29]
and CMS [30], are overlaid for comparison.

models summarized in Refs. [31,26,32]. This result is complemen-
tary to that obtained from the collider experiment in the WIMP
mass region above several hundred GeV/c?.

As for the pseudo-scalar mediator scenario, one gauge-invariant
and ultra-violet-complete extension of the simplified model is the
Two-Higgs-Doublet-Model-Plus-Pseudo-Scalar (2HDM+a) model,
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Fig. 4. The upper panel is the triangle diagram of scattering between WIMPs and
quarks in 2HDM+a model [33], where q; j represents the mediator a/A. The lower
panel is the corresponding box diagrams in 2HDM+a model [33].

as recommended by the LHC DM Forum [31]. It contains five Higgs
bosons: a light CP-even boson, h, a heavier CP-even boson, H, a
CP-odd boson, A, and two charged bosons, H*, where the lighter
CP-even boson h can be identified with the Standard Model Higgs
boson. A CP-odd pseudo-scalar mediator, a, is postulated with
Yukawa-couplings to both the SM fermions and the Dirac fermion
WIMPs, and mixes with the pseudo-scalar A with a mixing an-
gle 6. However, with a pseudo-scalar mediator, the amplitudes
of tree-level SD contribution are momentum-suppressed [16,17].
Therefore, the dominant processes are from the loop-level dia-
grams which give the SI interactions instead. The loop-level dia-
grams of interactions between WIMPs and quarks are shown as
Fig. 4, and the amplitudes can be calculated from the effective La-
grangian following Ref. [17,12,33].

This model contains 14 independent parameters: the masses of
Higgs bosons my, mpy, my, and my+; the mass of the mediator
mgq; the WIMP mass m,; the Yukawa coupling strength between
the mediator and the WIMP, g, ; the electroweak vacuum expec-
tation value (VEV), v; the ratio of the VEVs of the two Higgs
doublets, tan 8; the mixing angles of the CP-even and CP-odd weak
eigenstates, o and 6, respectively; and the three quartic couplings
between the scalar doublets and the mediator (Apy, Ap2, A3). In
this letter, the following values of these parameters are adopted as
suggested in Ref. [31]:

My =my+ =ma = 600 GeV/c?,
cos(B—a)=0, tanB =1, sind =0.35, (4)
gy =1, A3=Ap1 =Ap2=3.

With these parameters and signal rate calculation following
Ref. [33], the 95% C.L. exclusion limit on the pseudo-scalar me-
diator mass my as a function of the WIMP mass is shown in Fig. 5,
where the maximal excluded mediator mass is 106 GeV/c2. Since
the major contribution to the WIMP-nucleon scattering is from
NLO processes in this scenario, the limits are much weaker than
the axial-vector case, leaving a large parameter space viable for
WIMPs.

PandaX-4T direct detection and collider search complement
each other for this 2HDM+-a model, as illustrated in Fig. 6, where
the pseudo-scalar mass mg is fixed at 250 GeV/c? as the col-
lider search adopts. The exclusion limit is expressed in terms of
the ratio of the excluded cross-section (o) to the nominal cross-
section of the model (Otheory) calculated with the benchmark pa-
rameters. For m, = 250 GeV/c?, the predicted thermal relic density
as a function of WIMP mass in the 2HDM+a model [34] is also
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Fig. 6. PandaX-4T 95% C.L. normalized exclusion limit (red solid) for pseudo-scalar
mediator model as a function of WIMP mass. The green band shows the £+ 1o sen-
sitivity band. The normalized limit is expressed in terms of the ratio of the excluded
cross-section to the nominal cross-section of the model. The 95% C.L. from ATLAS
[34] (orange solid) is also shown for comparison. The relic density (blue dashed) for
each WIMP mass [34] is overlaid and described by the right blue axis, based on the
parameters shown in (4).

shown in Fig. 6, which indicates that only the WIMP mass range
around 125 GeV/c? or above 180 GeV/c? is allowed. Compared
with the results from ATLAS experiment [34], PandaX-4T experi-
ment has much a stronger sensitivity to WIMPs with mass above
180 GeV/c2.

In conclusion, this letter presents new constraints on the axial-
vector and pseudo-scalar mediated WIMP-nucleus interactions
from the PandaX-4T commissioning data of 0.63 tonne-year. The
most stringent constraints to date on the mediator mass are set
at 90% confidence level are set for the axial-vector and pseudo-
scalar simplified models, taking into account both the tree-level
and loop-level processes. The maximum excluded mass of an
axial-vector mediator is 825 GeV/c? and that of a pseudo-scalar
mediator is 106 GeV/c?. Direct detection and collider search are
complementary to each other and the combination of these two
directions covers a much larger parameter space of WIMPs and
mediators. In addition, the upper limits on the conventional spin-
dependent WIMP-nucleon scattering cross-section are derived,
with the minimum value of 5.8 x 10742 cm? and 1.7 x 10740 cm?
for neutron-only and proton-only interactions respectively. The
PandaX-4T experiment continues taking physics data and will scan
unexplored parameter space further.



Z. Huang, C. Han, A. Abdukerim et al.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
The authors do not have permission to share data.
Acknowledgements

We would like to thank Tong Li and Wei Chao for helpful dis-
cussion. This project is supported in part by grants from National
Natural Science Foundation of China (Nos. 12090061, 12005131,
11905128, 11925502, 11735003, 11775141), a grant from the Min-
istry of Science and Technology of China (No. 2016YFA0400301),
and by Office of Science and Technology, Shanghai Municipal Gov-
ernment (grant No. 18]C1410200). We thank supports from Dou-
ble First Class Plan of the Shanghai Jiao Tong University. We also
thank the sponsorship from the Chinese Academy of Sciences Cen-
ter for Excellence in Particle Physics (CCEPP), Hongwen Foundation
in Hong Kong, Tencent Foundation in China and Yangyang Devel-
opment Fund. Finally, we thank the CJPL administration and the
Yalong River Hydropower Development Company Ltd. for indis-
pensable logistical support and other help.

References

[1] Gianfranco Bertone, Dan Hooper, Joseph Silk, Particle dark matter: evidence,
candidates and constraints, Phys. Rep. 405 (2005) 279-390.

[2] D.S. Akerib, et al., Results from a search for dark matter in the complete LUX
exposure, Phys. Rev. Lett. 118 (2) (2017) 021303.

[3] Xiang Xiao, et al., Low-mass dark matter search results from full exposure of
the PandaX-I experiment, Phys. Rev. D 92 (5) (2015) 052004.

[4] Qiuhong Wang, et al., Results of dark matter search using the full PandaX-II
exposure, Chin. Phys. C 44 (12) (2020) 125001.

[5] Yue Meng, et al., Dark matter search results from the PandaX-4T commission-
ing run, Phys. Rev. Lett. 127 (26) (2021) 261802.

[6] E. Aprile, et al., XENON100 dark matter results from a combination of 477 live
days, Phys. Rev. D 94 (12) (2016) 122001.

[7] E. Aprile, et al, Dark matter search results from a one ton-year exposure of
XENONTT, Phys. Rev. Lett. 121 (11) (2018) 111302.

[8] Yu-Cheng Wu, et al., Measurement of cosmic ray flux in China JinPing under-
ground laboratory, Chin. Phys. C 37 (8) (2013) 086001.

[9] Zhao-Ming Zeng, Hui Gong, Jian-Min Li, Qian Yue, Zhi Zeng, Jian-Ping Cheng,
Design of the thermal neutron detection system for CJPL-II, Chin. Phys. C 41 (5)
(2017) 056002.

[10] Hongguang Zhang, et al., Dark matter direct search sensitivity of the PandaX-4T
experiment, Sci. China, Phys. Mech. Astron. 62 (3) (2019) 31011.

[11] Zhou Huang, et al., Neutron-induced nuclear recoil background in the PandaX-
4T experiment, Chin. Phys. C (2022).

Physics Letters B 834 (2022) 137487

[12] Nicole F. Bell, Giorgio Busoni, Isaac W. Sanderson, Loop effects in direct detec-
tion, J. Cosmol. Astropart. Phys. 08 (2018) 017; Erratum: J. Cosmol. Astropart.
Phys. 01 (2019) EO1.

[13] T. Alanne, F. Bishara, ]. Fiaschi, O. Fischer, M. Gorbahn, U. Moldanazarova, Z’-
Mediated Majorana Dark Matter: Suppressed Direct-Detection Rate and Com-
plementarity of LHC Searches, 2022.

[14] Jingkai Xia, et al., PandaX-II constraints on spin-dependent WIMP-nucleon ef-
fective interactions, Phys. Lett. B 792 (2019) 193-198.

[15] E. Aprile, et al., Constraining the spin-dependent WIMP-nucleon cross sections
with XENON1T, Phys. Rev. Lett. 122 (14) (2019) 141301.

[16] Tong Li, Revisiting the direct detection of dark matter in simplified models,
Phys. Lett. B 782 (2018) 497-502.

[17] Tong Li, Peiwen Wu, Simplified dark matter models with loop effects in direct
detection and the constraints from indirect detection and collider search, Chin.
Phys. C 43 (11) (2019) 113102.

[18] P. Klos, J. Menéndez, D. Gazit, A. Schwenk, Large-scale nuclear structure calcu-
lations for spin-dependent WIMP scattering with chiral effective field theory
currents, Phys. Rev. D 88 (8) (2013) 083516; Erratum: Phys. Rev. D 89 (2014)
029901.

[19] Fady Bishara, Joachim Brod, Benjamin Grinstein, Jure Zupan, From quarks to
nucleons in dark matter direct detection, J. High Energy Phys. 11 (2017) 059.

[20] Fady Bishara, Joachim Brod, Benjamin Grinstein, Jure Zupan, DirectDM: a Tool
for Dark Matter Direct Detection, 2017.

[21] C. Savage, G. Gelmini, P. Gondolo, K. Freese, Compatibility of DAMA/LIBRA dark
matter detection with other searches, . Cosmol. Astropart. Phys. 04 (2009) 010.

[22] ].D. Lewin, PF. Smith, Review of mathematics, numerical factors, and correc-
tions for dark matter experiments based on elastic nuclear recoil, Astropart.
Phys. 6 (1996) 87-112.

[23] D. Baxter, et al., Recommended conventions for reporting results from direct
dark matter searches, Eur. Phys. J. C 81 (10) (2021) 907.

[24] ]. Aalbers, et al., First dark matter search results from the LUX-ZEPLIN (LZ)
experiment, arXiv:2207.03764, 2022.

[25] Wei Chao, Direct detections of Majorana dark matter in vector portal, J. High
Energy Phys. 11 (2019) 013.

[26] Antonio Boveia, et al., Recommendations on presenting LHC searches for miss-
ing transverse energy signals using simplified s-channel models of dark matter,
Phys. Dark Universe 27 (2020) 100365.

[27] C. Amole, et al., Dark matter search results from the PICO-60 CsFg bubble
chamber, Phys. Rev. Lett. 118 (25) (2017) 251301.

[28] Francesco D’Eramo, Bradley J. Kavanagh, Paolo Panci, You can hide but you have
to run: direct detection with vector mediators, J. High Energy Phys. 08 (2016)
111

[29] Georges Aad, et al., Search for new phenomena in events with an energetic jet
and missing transverse momentum in pp collisions at /s =13 TeV with the
ATLAS detector, Phys. Rev. D 103 (11) (2021) 112006.

[30] Armen Tumasyan, et al., Search for new particles in events with energetic jets
and large missing transverse momentum in proton-proton collisions at /s =
13 TeV, J. High Energy Phys. 11 (2021) 153.

[31] Tomohiro Abe, et al., LHC dark matter working group: next-generation spin-0
dark matter models, Phys. Dark Universe 27 (2020) 100351.

[32] Matthew R. Buckley, David Feld, Dorival Goncalves, Scalar simplified models for
dark matter, Phys. Rev. D 91 (2015) 015017.

[33] Tomohiro Abe, Motoko Fujiwara, Junji Hisano, Loop corrections to dark matter
direct detection in a pseudoscalar mediator dark matter model, J. High Energy
Phys. 2019 (2) (February 2019) 28.

[34] Morad Aaboud, et al., Constraints on mediator-based dark matter and scalar
dark energy models using /s =13 TeV pp collision data collected by the AT-
LAS detector, J. High Energy Phys. 05 (2019) 142.


http://refhub.elsevier.com/S0370-2693(22)00621-9/bib969A40F12C29128F3C1587AACAB10F82s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib969A40F12C29128F3C1587AACAB10F82s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib1789E53787A551E1327C092AE2917FDBs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib1789E53787A551E1327C092AE2917FDBs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib8B968B36B75ADF9517ED1DC5EEBB0DC2s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib8B968B36B75ADF9517ED1DC5EEBB0DC2s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibDE8D18D1746BF22BC9F030C408995659s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibDE8D18D1746BF22BC9F030C408995659s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibCB6271C908B4F627904F81F38C1E4CB1s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibCB6271C908B4F627904F81F38C1E4CB1s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibCE74AB2E5E5AF1A5EF4F679A89A49D3Cs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibCE74AB2E5E5AF1A5EF4F679A89A49D3Cs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib276297FF9662270B5E3F784513D37B58s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib276297FF9662270B5E3F784513D37B58s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib55EA63A09A7408028CF98AD70BDB0297s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib55EA63A09A7408028CF98AD70BDB0297s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC62D6FFD881B4634808419DB14873443s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC62D6FFD881B4634808419DB14873443s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC62D6FFD881B4634808419DB14873443s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib255E277E0B17E38D4010D59DAF3C97FCs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib255E277E0B17E38D4010D59DAF3C97FCs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibFE5026DB58C3C2ACD18D7C117F929DCCs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibFE5026DB58C3C2ACD18D7C117F929DCCs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib6384B2460C0A3C2BF84A08271D4FD633s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib6384B2460C0A3C2BF84A08271D4FD633s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib6384B2460C0A3C2BF84A08271D4FD633s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib44E4384AC6E1ABFD811A7B3F918CB12Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib44E4384AC6E1ABFD811A7B3F918CB12Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib44E4384AC6E1ABFD811A7B3F918CB12Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibF1E89023A56D683DC540860612FA65FDs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibF1E89023A56D683DC540860612FA65FDs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib31FD2FA36DFD9202B1BC3B8C9BD9D960s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib31FD2FA36DFD9202B1BC3B8C9BD9D960s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib23E4BFF6DB520DA62E4497F1B48CCC0Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib23E4BFF6DB520DA62E4497F1B48CCC0Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib802333BABF7DD4FB19368D35F0549FD8s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib802333BABF7DD4FB19368D35F0549FD8s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib802333BABF7DD4FB19368D35F0549FD8s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC5FA6632CA60F1C2892F77813B85672Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC5FA6632CA60F1C2892F77813B85672Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC5FA6632CA60F1C2892F77813B85672Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibC5FA6632CA60F1C2892F77813B85672Bs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibF72F1DA2346D545670CA3A5FF24A6C74s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibF72F1DA2346D545670CA3A5FF24A6C74s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibE497F123B9C9715A60E5BDD5B9AFFF4Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibE497F123B9C9715A60E5BDD5B9AFFF4Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib895EF6A96192D5570746AD55F5E93DF4s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib895EF6A96192D5570746AD55F5E93DF4s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib17F7EF1C8791294BB6D5EA44EE33BDC5s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib17F7EF1C8791294BB6D5EA44EE33BDC5s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib17F7EF1C8791294BB6D5EA44EE33BDC5s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib641031FADCE4D30678EA71C07C1194ECs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib641031FADCE4D30678EA71C07C1194ECs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibAC65FFC5D1070AAE895D5EB1A77DB00Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibAC65FFC5D1070AAE895D5EB1A77DB00Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib2EA3DC8DDC0540E2A05B3D3C041DF7ACs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib2EA3DC8DDC0540E2A05B3D3C041DF7ACs1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibB0F11D25E576F72FD21385DF327A8A82s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibB0F11D25E576F72FD21385DF327A8A82s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibB0F11D25E576F72FD21385DF327A8A82s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibE316A2D38494EC9F8CEB58528C09D1E2s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibE316A2D38494EC9F8CEB58528C09D1E2s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibD316D1E1806C8C56C5F3AF9808BBC22Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibD316D1E1806C8C56C5F3AF9808BBC22Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibD316D1E1806C8C56C5F3AF9808BBC22Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib471D60BB324F7F514A8EBB46FF3FE344s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib471D60BB324F7F514A8EBB46FF3FE344s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib471D60BB324F7F514A8EBB46FF3FE344s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibAE80AB96034FB371FB4EE81F9B36D70Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibAE80AB96034FB371FB4EE81F9B36D70Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bibAE80AB96034FB371FB4EE81F9B36D70Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib8B923126BF6A7EE7492B11FFEC55E0D7s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib8B923126BF6A7EE7492B11FFEC55E0D7s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib0208077FFD9F4274092312DB6A3B0B00s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib0208077FFD9F4274092312DB6A3B0B00s1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib597542718BBBDD85B15614B199071A0Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib597542718BBBDD85B15614B199071A0Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib597542718BBBDD85B15614B199071A0Es1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib3AAB27C66B14A341248F3E9962210F1Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib3AAB27C66B14A341248F3E9962210F1Ds1
http://refhub.elsevier.com/S0370-2693(22)00621-9/bib3AAB27C66B14A341248F3E9962210F1Ds1

	Constraints on the axial-vector and pseudo-scalar mediated WIMP-nucleus interactions from PandaX-4T experiment
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


