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Outline

• Fermionic dark matter (FDM) absorption model

• Searching for neutral current nuclear recoil (NR) FDM-
absorption signal 

• Searching for electronic recoil (ER) FDM-absorption signal 

• Summary and outlook
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• Null results of WIMP search => lighter (< GeV) signal interests 

[1] Y. Hochberg et al., PRD, 2017. 
[2] P.W. Graham et al., PRD, 2010. 
[3] Y. Grossman et al., JHEP, 2017.
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FDM: Fermionic Dark Matter

Mono-energetic 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.023013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.063512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.063512
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Introduction of Absorption FDM Model

Detector Sensitive Volume
𝝌𝝌 𝜈𝜈

𝜃𝜃R𝐸𝐸R

FDM: Fermionic Dark Matter

𝜒𝜒 �̅�𝜒 + 𝐴𝐴𝑋𝑋𝑒𝑒 → 𝜈𝜈(�̅�𝜈) + 𝐴𝐴𝑋𝑋𝑒𝑒
𝜒𝜒 �̅�𝜒 + 𝑒𝑒− → 𝜈𝜈(�̅�𝜈) + 𝑒𝑒−

Absorption FDM Model:
• Dark matter 𝜒𝜒 being absorbed, 

with an out-going neutrino 𝜈𝜈

• Similar to WIMP scattering, 
detectable nuclear recoil (NR) 
and electronic recoil (ER) 
signals, respectively

• (Quasi-)Mono-energetic signal 
spectrum

• DM mass range

• NR: sub-GeV
• ER: sub-MeV

 NR-type：  ER-type：



Nuclear Recoil (NR) Absorption Signal

Jeff A. Dror et.al., PRL 124, 181301 (2020)
Jeff A. Dror et.al., JHEP 02 (2020) 134
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• Mono-energetic: Isotope dependent energy spectrum
• Sensitivity: energy threshold, exposure
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• Scanning 1-16 keVee 241Am-Be + D-D calibration data, 
compared with NEST simulated distribution

• Reconstructed energy resolution within ROI given by the 
simulation can be well depicted by 𝜎𝜎𝐸𝐸

𝐸𝐸
= 𝑎𝑎

𝐸𝐸
⊕ 𝑏𝑏

𝐸𝐸

• The NR energy resolution @1 keVee(16 keVee) is 59%(13%).

Energy resolution: Simulation vs. Data (NR)
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Low Energy Candidate Events

PandaX-4T Absorption DM Talk @CHEP2022

• PandaX-4T 95-day commission run data
• Follows the WIMP search analysis

• ROI:
• S1 2-135 PE
• Raw S2 80-20,000 PE

• Backgrounds: tritium, flat ER (Rn, Kr, 
Material), surface, accidental, neutron, etc.

• Total 1058 candidates
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+∑
𝑏𝑏

𝑁𝑁𝑏𝑏𝑛𝑛𝜖𝜖𝑏𝑏𝑛𝑛(1 + 𝛿𝛿𝑏𝑏)𝑃𝑃𝑏𝑏𝑛𝑛(𝑆𝑆1𝑖𝑖 , 𝑆𝑆2𝑏𝑏𝑖𝑖 |{𝑝𝑝∗})
𝑁𝑁fit
𝑛𝑛 )]

ℒtot(𝜇𝜇) = [ ∏
𝑛𝑛=1

nset
ℒ𝑛𝑛] × [∏

𝑏𝑏
Gaus(𝛿𝛿𝑏𝑏,𝜎𝜎𝑏𝑏)],[∏

𝑝𝑝𝑖𝑖
Gaus(𝛿𝛿𝑝𝑝∗ ,𝜎𝜎𝑝𝑝∗)]

𝑁𝑁fit
𝑛𝑛 = 𝑁𝑁𝜇𝜇𝑛𝑛𝜖𝜖𝜇𝜇𝑛𝑛 + ∑

𝑏𝑏
𝑁𝑁𝑏𝑏𝑛𝑛𝜖𝜖𝑏𝑏𝑛𝑛(1 + 𝛿𝛿𝑏𝑏)

×

ℒ𝑛𝑛 = Poiss(𝑁𝑁meas𝑛𝑛 |𝑁𝑁fit
𝑛𝑛 ) × [ ∏

𝑖𝑖=1

𝑁𝑁meas
𝑛𝑛

(
𝑁𝑁𝜇𝜇𝑛𝑛𝜖𝜖𝜇𝜇𝑛𝑛𝑃𝑃𝜇𝜇𝑛𝑛(𝑆𝑆1𝑖𝑖 , 𝑆𝑆2𝑏𝑏𝑖𝑖 |{𝑝𝑝∗})

𝑁𝑁fit
𝑛𝑛

PandaX-4T Absorption DM Talk @CHEP2022

Profile Likelihood Ratio (PLR) Analysis
arXiv:2105.0059 (white paper)

• Unbinned likelihood with nuisance parameters with (S1, S2b) observables

• nset = 5 penalty term
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• No significant excess above 1σ. 90% C.L. 
upper limit within the ±1σ sensitivity band (slight 
downward fluctuation in the DM mass range 
[40,55] MeV/c2, power-constrained to −1σ)

• The strongest limit achieved is 1.7×10−50 cm2 at 
a fermionic dark matter mass of 35 MeV/c2

• Constraints on the coupling 𝒈𝒈𝜒𝜒 to the order of 
𝟏𝟏𝟏𝟏−𝟏𝟏𝟏𝟏 𝐓𝐓𝐞𝐞𝐕𝐕 ⋅ 𝐜𝐜𝐜𝐜 𝟏𝟏.𝟓𝟓

Exclusion Limits of Neutral Current FDM Absorption (NR)

PandaX-4T Absorption DM Talk @CHEP2022
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Motivation for ER Absorption FDM Model

Observed in Perseus cluster 

and stacked X-ray spectra

Not following the DM profile 

for Perseus cluster and the 

Galactic center

Not in another stacked X-ray 

spectrum which expected to 

have lower backgrounds

XMM-Newton and Chandra 
(Esra Bulbul et. al. 2014 ApJ 789 13)

• Controversial 3.55 keV excess from Astro. X-ray observations
Allowed decay channel: 𝜒𝜒 → 𝜈𝜈𝜈𝜈

NuSTAR, PhysRevD.101.103011 (2020)
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Motivation for ER Absorption FDM Model

• XENON1T ER excess at low energy

XENON1T, PhysRevD.102.072004 (2020) XENONnT, arXiv: 2207.11330



Electronic Recoil (ER) Absorption Model

Vector 
operator

Jeff A. Dror et.al., PRD.103.035001 (2020)
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𝜒𝜒 �̅�𝜒 + 𝑒𝑒− → 𝜈𝜈(�̅�𝜈) + 𝑒𝑒−

SF Ge et.al. arXiv: 2201.11497 (accepted by JHEP)

A: axial-vector V: vector
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ER Absorption Signal Spectrum 
Absorption of FDM: characteristic mono-energetic signal (𝑬𝑬𝑹𝑹 = 𝒎𝒎𝝌𝝌

𝟐𝟐/𝟐𝟐𝒎𝒎𝑻𝑻，T=e-)
• Quasi-mono-energetic structure

• Intrinsic smearing with atomic effect: 𝑚𝑚𝜒𝜒 = 𝐸𝐸𝜈𝜈 + |𝐸𝐸𝐵𝐵𝑛𝑛𝑛𝑛| + 𝐸𝐸𝑅𝑅

Jeff A. Dror et.al., PRD.103.035001 (2020)
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Exclusion Limits of FDM Absorption on Electron

PandaX-4T Absorption DM Talk @CHEP2022

• A general fermionic (sterile neutrino-like) dark 
matter absorption on electron.

• In soft tension with XENON1T’s ER excess, 
consistent with XENONnT latest result.

• Strong sensitivity to vector and axial-vector 
mediators, complementary to astrophysical 
constraints, but much less theoretical 
uncertainties.

• Competitive constraint in 20-55 keV/c2 . 

𝜎𝜎𝑒𝑒𝜒𝜒𝜈𝜈𝐴𝐴 ≈ 3𝜎𝜎𝑒𝑒𝜒𝜒𝜈𝜈𝑉𝑉 w.r.t. the same Λ
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Summary and Outlook

PandaX-4T Absorption DM Talk @CHEP2022

• Explored fermionic DM absorption signals in the PandaX-4T 0.63 tonne-
year exposure data.

• First search for a mono-energetic NR signature in DM direct detection.

• No significant excess is observed for both absorption mechanisms  
(<1𝜎𝜎(NR) and <1.7𝜎𝜎(ER)).

• Competitive constraints on the interaction key parameters, compared to 
the astronomical and cosmological observations.

• Consistent with the latest global experimental results.

• Continue taking physics data.  Stay tuned!



Thank you for listening!



Backups
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NR Absorption: Neutral Current Model

PandaX-4T Absorption DM Talk @CHEP2022

• Suppose that DM mixes with the SM neutrinos through a Yukawa interaction of a scalar 𝜙𝜙

• Consider a model with lepton number charged DM and approximately massless Dirac neutrinos 
such that the U(1)’ invariant mass term is given by:

• After diagonalization, there is one massless state (identified with the SM neutrino) and one massive 
state with mass 𝑚𝑚𝑥𝑥

2 + 𝑦𝑦2 𝜙𝜙 2 . Furthermore, a mixing is induced with a mixing angle, 𝜃𝜃𝑅𝑅 given by: 
𝑠𝑠𝜃𝜃𝑅𝑅 = 𝑦𝑦 𝜙𝜙

𝑚𝑚𝑥𝑥
2+𝑦𝑦2 𝜙𝜙 2

• Effective operator at the nucleon scale is

ℒ ⊃
𝑄𝑄𝜒𝜒𝑔𝑔𝜒𝜒2𝑠𝑠𝜃𝜃𝑅𝑅𝒄𝒄𝜃𝜃𝑅𝑅

𝑚𝑚𝑧𝑧′
2 �𝑛𝑛𝜈𝜈𝜇𝜇𝑛𝑛 + �𝒑𝒑𝜈𝜈𝜇𝜇𝒑𝒑 �̅�𝜒𝜈𝜈𝜇𝜇𝑃𝑃𝑅𝑅𝜈𝜈 + 𝒉𝒉. 𝒄𝒄.



Xe Target Absorption Peak vs. 𝒎𝒎𝝌𝝌 at 𝓞𝓞(𝒗𝒗𝟏𝟏)
Non-linear Lindhard factor applied

Wider Split

8/10/2022 19PandaX-4T Absorption DM Talk @CHEP2022
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Energy resolution: Simulation vs. Data (NR)

PandaX-4T Absorption DM Talk @CHEP2022

• Fit 2.2MeV D-D back-scatter peak, 
right half peak by gaussian

• Resolution Consistency validation 
between simulation and data

• Uncertainty determination of 
energy resolution



2
1

𝜒𝜒

A new four-fermion interaction among 𝜒𝜒 (Dirac particle assumed), 𝜈𝜈 and 𝑒𝑒 treated 
with the effective field theory

Dimension-six operators (neutral) Leading decay channel(s)
• Charge conjugation
• Gauge symmetry in renormalization

Ref: PhysRevD.103.035001 (2021) and  arXiv:2201.11497 (accepted to JHEP)

Generalization of 𝜒𝜒𝑒𝑒 → 𝑒𝑒𝜈𝜈
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𝜒𝜒𝑒𝑒 → 𝑒𝑒𝜈𝜈

SF Ge et.al. arXiv: 2201.11497 (accepted to JHEP)

A: axial-vector V: vector

• Absorption signal of a sub-MeV fermionic dark matter on electron targets
• Energy conservation + atomic effects: 𝑚𝑚𝜒𝜒 = 𝐸𝐸𝜈𝜈 + |𝐸𝐸𝐵𝐵𝑛𝑛𝑛𝑛| + 𝐸𝐸𝑅𝑅
• Vector operator: 𝒪𝒪𝑒𝑒𝜈𝜈𝜒𝜒𝑉𝑉 = 1

Λ2
(𝑒𝑒𝜈𝜈𝜇𝜇𝑒𝑒)(𝜈𝜈𝐿𝐿𝜈𝜈𝜇𝜇𝜒𝜒𝐿𝐿)

• Λ [mass] reflects the mediator mass level scaled with a dimensionless coupling constant

PandaX-4T Absorption DM Talk @CHEP2022

Jeff A. Dror et.al., PhysRevD.103.035001 (2020)

ER Absorption Signal
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Best fit with (S1, S2b) projected onto ER

PandaX-4T Absorption DM Talk @CHEP2022

ee

• Represent global best fit (𝑚𝑚𝜒𝜒 = 130keV
/c2 ,Λ = 1.1TeV).1.7𝜎𝜎 excess is reduced 

to 0.6𝜎𝜎 with the look elsewhere effect

• ±1𝜎𝜎 uncertainty band (dashed lines) 
includes detector parameters

• 𝜒𝜒2 = 27.7 counts the statistical fluctuation 
in each bin
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