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Dark Matter
• Strong evidences for the existence of dark matter

• The nature of dark matter is unknown

2



Dark Matter
•
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Dark Matter Candidates
• WIMPs, Axions, ALPs, …: covering extreme large mass range
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Dark Matter Detection
• General approaches

– direct detection

– indirect detection

– collider search Indirect
search

Direct search

Collider
production
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Indirect Detection
• AMS-02 experiment: positron spectrum

• DAMPE experiment: electron spectrum

Nature 552, 63–66(2017)
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Direct Detection
• Near the Solar system!dark matter density 0.3 GeV/cm3

• Every second, 100k dark matter particles (100 GeV/c2) pass through 1 cm2

DARK MATTER OVERVIEW: COLLIDER, DIRECT AND INDIRECT 
DETECTION SEARCHES - QUEIROZ, FARINALDO S. ARXIV:1605.08788
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Dark Matter Signals
• Scattering cross section on nuclei

– Spin-independent,  ∝ 𝐴!, Form factor

– Spin-dependent, spin structure factor

Kaixuan Ni                               Recent Results from Dark Matter Direction Detection                    CIPANP 2018, 5/29-6/3/2018, Palm Springs, CA

Standard Assumptions for Dark Matter Direct Detection 

• DM mass range: GeV~TeV 

• local WIMP density: 0.3 GeV/cm3 

• Isothermal velocity distribution:   
v0~220 km/s 

• WIMP escape velocity ~544 km/s 

• Standard channels: SI and SD
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WIMPs incoming DM particles

nuclear recoils
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Figure 11. Background sources and shielding in a typical direct detection experiment

neutrinos form a fundamental lower bound on the cross section for background-free WIMP detection [43].
Next generation experiments will have sensitivity within an order of magnitude of the neutrino signal for
most of the mass range, and will actually detect the 8B solar neutrino signal.

Finally, another method to deal with backgrounds is to exploit the fact that the Earth is moving through the
dark matter that surrounds our galaxy, yielding a “WIMP wind” that appears to come from the constellation
Cygnus. This should, in principle, create a small “annual modulation” in the detected WIMP rates, as well
as a somewhat larger daily modulation, as shown in Fig. 12. However, if such e↵ects were detected in an

Figure 12. Schematic of the possible sources of annual modulation (left) and daily modulation (right)
e↵ects if WIMPs are detected in direct detection experiments

experiment, there would still have to be a convincing demonstration that there are no such modulations in
background sources.
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利用 T�N0�t一期的探测器寻找低质量的暗物质 上海交通大学博士学位论文

图 lĢl假设自旋不相关散射截面，Sz−9 U$质量为 Szz ;3pg,2的rBKTc粒子与不同靶标核素碰撞的
积分能谱：t3，;3，�a和 M3。实线上的标记是各实验的典型探测阈值。来源见 `38Y )l4*。

子的平均自由程小于 k毫米，而 S K3p的伽马光子的平均自由程大约为 9公分。换而言
之，较大的原子系数使得液氙有较高的密度，从而使得液氙本身就可以对探测器外围的

伽马本底产生很好的屏蔽效果，这种屏蔽效应也被称为“自屏蔽”效应（c3I8Ac@C3I0CN<）。

l = (µ)−1 = (
µ

ρ
× ρ)−1 VlĢSW

由于液氙非常好的自屏蔽效应，在液氙探测器中，来自探测器外围的本底事例被极

大的降低。而实际上，在t2MQM和 Hmt实验中，外层的液氙将绝大多数的本底事例被
阻挡在置信区域之外，从而在置信体积内营造一个更为干净的暗物质探测区域。图Y lĢ:
显示了 Hmt探测器内不同位置的本底分布)e4*，颜色代表事例率，IR<10/`m，/`m定义
为“3q3Njc g0�w gG< gG3p”（每 S G3p能量沉淀每天在 S公斤液氙内产生的事例数）。图中
的虚线显示的是 Hmt最后选择的置信体积的边界。所以，基于低能区本底事例率的分
布与事例能量不相关的假设，我们可以很明显得看到，本底事例从探测器边缘到内部急

剧减少。相比较事例率最高的区域（暗红色），置信体积内的本底事例率减少了 l到 k
个数量级。

ġ :f ġ

Recoil energy spectrum
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Detection Strategy
• Recoil energy: light, charge, heat 

• Large target: multi-tonne scale

• Underground laboratory
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Excess in Xenon Detector
• XENON1T experiment，1 tonne-year exposure，

some small excess in nuclear recoil signal 
region
– fitted with WIMP of 200 GeV mass, 1.7 events

• 0.65 tonne-year exposure!3s excess in 
electronic recoil signal region
– fitted with solar axion, etc

• Need further cross-check with more sensitive 
detectors

原子核反冲数据

电子反冲数据

PRL 121, 111302 (2018)

PRD 102, 072004 (2020)
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Multi-tonne Xenon Experiments
• PandaX-4T, XENONnT and LZ

XENONnT, 6 ton
LNGS, Italy

LZ, 7 ton,
Sanford Lab, US

PandaX-4T, 4 ton,
CJPL-II, China
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China Jinping Underground Laboratory (CJPL)
• Deepest 

– 6800 m.w.e.

– < 0.2 muons/m2/day

• Horizontal access
– 9 km long tunnel
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PandaX Collaboration
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Xenon
• Dense and homogenous

• Self-shielding

• High light and charge yields

arXiv:2111.01492

3-4 

developments, again pioneered by LZ groups, have also made this possible: the development, in 
collaboration with Hamamatsu, of very-low-background PMTs compatible with LXe [21]; the 
identification via the LUX program of radio-clean titanium for cryostat fabrication [22]; and the 
development of krypton-removal and -screening technology capable of delivering sub-ppt concentrations 
[23,24]. 
This strategy leads to a WIMP-search background of order 1 event in 1,000 days of live exposure for a 
5.6-tonne fiducial mass. Remarkably, the remaining component will be due to astrophysical neutrinos, 
dominated by solar pp neutrino scattering from electrons, with a small fraction of these events mimicking 
NRs due to the finite S2/S1 discrimination power. Coherent scattering of atmospheric neutrinos from Xe 
nuclei (CNS) will constitute an even smaller, but irreducible, background. These rates are well understood 
and background expectations are calculable with small systematic uncertainty (e.g., these events are 
spatially uniform and their energy spectra are well known). With its pioneering capability, LZ will be 
sensitive to these ultrarare processes. 

3.2"""SelfOshielding"in"Liquid"Xenon"
At the core of any WIMP search experiment is a substantial screening and materials-selection program 
that controls the trace radioactivity of the detector components. In the case of LZ, however, backgrounds 
from detector radioactivity will also be rejected to unprecedented levels by the combination of self-
shielding of external particles and operation in anticoincidence with outer veto detectors. This will render 
external gamma rays and neutrons less problematic than in other experiments. 
The self-shielding strategy, in particular, relies on the combination of a large, dense, high-Z and 
continuous detection medium with the ability to resolve interaction sites in three dimensions with high 
precision. An outer layer of the target can therefore be defined (in data analysis) that shields a fiducial 
region with extremely low background at the center of the active medium. The nonfiducial layer will be 
only a few centimeters thick. Because the size of the LZ detector is much larger than the interaction 
lengths for MeV gamma rays and neutrons, as shown in Figure 3.2.1, when these particles penetrate more 
than a few cm they will scatter multiple times and be rejected (Figure 3.2.2). X-rays, with energies similar 
to WIMP events, penetrate only a few mm into the LXe. 
Double-phase Xe detectors implement this strategy very successfully, and this is reflected in their present 
dominance in WIMP sensitivity — with LUX being a prime example of this concept. In LZ, a fiducial 
mass of nearly 6 tonnes will be practically free of external gamma-ray or neutron backgrounds, which  

Figure"3.2.1.""Mean"interaction"lengths"for"neutrons"[25]"and"gamma"rays"[26]"in"LXe."
"
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上海交通大学博士学位论文 第二章 基于两相型液氙时间投影室的暗物质探测技术

其中，Mi 是被沉淀的能量所电离、平均电离能为 2i 的电子—离子对的数目；Mex 是被

沉淀的能量激发到平均能量为 2ex 的激发子数目；而 ε则是次级激发电子的平均动能。

电子—离子对的再结合可以产生受激发的氙“二聚体”（3u,CL3a），然后这些“二聚体”
的氙退激发便可以产生直接的闪烁光。而逃逸出去的自由电子则成为后面电离信号的源

头。这些相关的过程用图表的形式表示如图Y lĢ9：

图 lĢ9液氙中的电离和闪烁光产生的过程，参考 `38Y )4z*

具体来讲，在氙中沉淀的能量可以制造出一条由受激发的氙原子（t3∗）及电子—
离子对（t3+ Z 3ƣ）构成的“径迹”。然后受激发的氙原子与邻近的氙原子组合成所谓的

“二聚体”（t3∗2）。该过程描述如下（2\Y lĢk）：

Xe∗ +Xe → Xe∗2 VlĢkW

并且，电离的氙原子也可以通过如下过程形成“二聚体”：

Xe+ +Xe → Xe+2 ,

Xe+2 + e− → Xe∗∗ +Xe,

Xe∗∗ → Xe∗ + heat,

Xe∗ +Xe → Xe∗2,

VlĢ:W

ġ :O ġ
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PandaX Detector
• Dual-phase xenon TPC

– Large scale target

– Precise energy and 3D-positon reconstruction

– NR and ER discrimination power

15



PandaX Experiment
• Particle and Astrophysical Xenon Experiments

PandaX-I, 120 kg
operation

PandaX-II, 580 kg
operationPandaX-I startedCollaboration 

formed

PandaX-I apparatus 
moved to Jinping

2009.3 2014.3

2014.5-102012.7

2016.7
-2019.7

2019.8-

PandaX-4T
moved to CJPL-II
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PandaX-4T @ CJPL-II
•

• Sensitive volume: 3.7-tonne LXe
17



PandaX-4T Subsystems
• Kr distillation tower

Gas storage systemCryogenics system

TPC PMT Electronics

18



PandaX-4T Installation
•

19



PandaX-4T commissioning
• Stable data running period: 95.0 calendar days

20



Calibration Methods

Calibration source Position
83mKr/220Rn Injected from gas panel
241Am-Be Calibration tubes

D-D neutron Beam pipe

D-D generator

Gaseous source 
injection panel

Calibration tubes

21



Internal Calibration Source
• Large size of TPC

– External calibration sources can hardly produce events in the center

– Internal calibration sources: 83mKr, 220Rn

• 83mKr: proton beam bombarding natKr (p + natKr → 83Rb → 83mKr)
– optimal proton beam energy 20 MeV: limited access in China

– successfully produced with 3.4 MeV: first measurement of the low energy yield 

5

TABLE III: The total generated radioactivities and thick target yields for the production of rubidium isotopes with
the 3 MeV protons bombarding natKr determined by the spectra of zeolite samples and Al window before washing.

See context for more details.

Isotope Zeolite (Bq) Al Window (Bq) Average (Bq) Thick target yield (MBq/C)
83Rb 149 ± 89 136 ± 81 142 ± 60 0.041 ± 0.017
84Rb 18 ± 11 15 ± 9 16 ± 7 0.005 ± 0.002
86Rb 546 ± 328 556 ± 336 551 ± 234 0.16 ± 0.07
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FIG. 4: The thin target yield comparison between this work and extensions from previous works (“total” means
take all the previous data into account) for 83Rb (left) and 86Rb (right) [18–20]. The energy threshold, Eth, is

1.7 MeV for the 83Kr(p,n)83Rb reaction and 1.3 MeV for the 86Kr(p,n)86Rb.

do not fit this simple theoretical model. The extrapolation function is chosen as some power of the velocity with the
power being a free parameter to be fitted.

In the production, we observed a small amount of 84Rb unexpectedly. The protons are accelerated with a tandem
pelletron (1.7 MV, Model 5SDH, National Electrostatics Corp.) [22], the highest energy of incoming protons is
limited to 3.4 MeV with an uncertainty of 1 keV, which is below the theoretical threshold 3.46 MeV [18, 23] of the
84Kr(p,n)84Rb reaction. The 84Kr(p,n)84Rb reaction is unlikely to happen in this bombardment theoretically.

IV. PRODUCTION WITH 20 MEV PROTONS

Recently, a new proton facility- Chinese ADS Front End demo linac (CAFE) was built at the Institute of Modern
Physics, Chinese Academy of Sciences, with energy up to 25 MeV [24, 25]. As one of the first users, we conducted
another test with the 20 MeV proton beam bombarding 1.1 bar natKr. The total exposure to the protons was 9.7 µAh
(0.035 C).

We preserved the previous design of the target cell and added extra water cooling for the 20 MeV proton bom-
bardment. In this test, the main concern is the heat loads on the target cell instead of the Al window, because each
proton deposits only 0.11 MeV in the Al foil according to the stopping power on PSTAR [17]. To stop the 20 MeV
protons with 1 µA average currents, the heat gain on the back of the target cell is 20 W. The Al dump is cooled by
room temperature water with a flux up to 400 cm3/s.

Multiple 83Rb/83mKr sources from several kilo to mega Becquerel were obtained in the processing procedure. The
Al window and the target chamber were washed by deionized water separately (the chamber was washed three times).
The radioactivity ratio of the final zeolite samples is 1st : 2nd : 3rd : window = 1 : 0.050 : 0.0032 : 0.052. The
transferring e�ciency of the main target chamber in one wash was determined to be 90% as before. The strongest
83Rb/83mKr source obtained is approximately 10 MBq.

The cross-section (�) of natKr(p, xn)83Rb, natKr(p, xn)84Rb and natKr(p, xn)86Rb at 20 MeV measured by the Ge
detector is consistent with the previous measurements, as shown in Fig. 5. The initial proton energy calculated with

arXiv:2102.02490
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Detector Response Model
• Light/charge yield, as well as fluctuations

– Deuteron-deuteron (DD) neutron data used together with AmBe

– Rn data

Head-on 
collision peak

DD AmBe Rn

23



PandaX-4T Major Improvement
• Triggerless DAQ: low threshold

– read out pulses above 20 ADC (~1/3 PE)

• 222Rn: ~ 5 uBq/kg
– 1/6 of PandaX-II

• 85Kr: ~0.3 ppt mol/mol
– 1/20 of PandaX-II

Typical single 
photon pulse

Vertex distribution 
of β-γ candidates

average single 
photon detection 
efficiency: 96%.

24



DM Candidates
• FV: 2.67 tonne

• Exposure: 0.63 tonne-year

• Candidates
– 1058 candidates

– 6 below NR median line  

25



WIMP-nucleon SI exclusion limits
• Sensitivity improved from PandaX-II 

final analysis by 2.6 times at 40 
GeV/c2

• Dived into previously unexplored 
territory!

• Approaching the “low E” neutrino 
floor

arXiv: 2107.13438

SUSY benchmark contours (MasterCode)

EPJC 78, no.3, 256 (2018), EPJC 78, 158 (2018) 26



Next Plan: Tritium Removal
• Tritium spectrum identified in the data

• Likely originated from a tritium 
calibration at the end of PandaX-II

• Level floating in the final dark matter fit: 
~ 5(0.3)x10-24 (mol/mol)

• Xenon distillation to remove 
radioactive impurity like tritium

27



Multiple Physics Tasks
• Energy 1-30 keVee

– Dark Matter

• Energy < 200 keVee
– Astro neutrinos

• Energy > 2MeVee
– 0vDBD

2000 2100 2200 2300 2400 2500 2600 2700 2800
Energy[keV]

0

0.01

0.02

0.03

0.04

0.05Co
un

ts

Original: 4.8%

HE optimized: 1.5%
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Low Mass Dark Matter
•

neutrino floor

29



Low Mass Dark Matter
• Axions

• Boosted WIMP

• Migdal effect

• Electron scattering

WIMP

30



PandaX-II: electron scattering
• Signal: axions, neutrino magnetic moment

• Major background spectra obtained from calibration 
data directly

• Independent check of XENON1T low energy ER 
excess

CHIN. PHYS. LETT. Vol. 38, No. 1 (2021) 011301 Express Letter

to a nonlinear compression of the spectrum and appar-
ent excess of events towards the low end. A special cal-
ibration was carried out to measure the two suppres-
sion factors directly at different PMT gain settings,[28]
so the BLS effects can be properly corrected for the
entire data set. This is particularly important in our
understanding of the tritium spectrum, as its shape
could be distorted more acutely. The validity of the
BLS correction is demonstrated in Fig. 1(a), where
a comparison is made on tritium energy spectra in
T1 and T2, corrected for their corresponding BLS ef-
fects. The two spectra agree with each other with
�2/NDF = 69.4/50. The measured spectra are also in
good agreement with the tuned NEST2.0 model,[30]
with parameters identical to those used in the dark
matter analysis.[28]
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Fig. 1. (a) BLS-corrected tritium energy spectra from
T1 and T2, and the NEST model; (b) measured spectrum
of 85Kr, our best fit, and a recent theoretical evaluation;
(c) measured 220Rn calibration data in comparison with
the NEST model. The shaded area represents system-
atic uncertainty in spectrum shape due to PDE (4.9% rel.
uncert.), EEE⇥SEG(4.8% rel. uncert.), and the BLS cor-
rections.

The spectrum of 85Kr background is measured di-
rectly using our commissioning data sets (Run 8),
where a high 85Kr concentration is identified and con-
tributes to more than 98% of the low energy ER
events.[25] The shape of 85Kr is extracted by fitting
the data with an exponential function, as shown in
Fig. 1(b). A recent theoretical calculation[31] is com-
pared with the data, where a sizable difference is
observed, indicating potential systematics from both

ends. In this analysis, the difference is conservatively
taken as the shape uncertainty of 85Kr.

The shape of the flat ER background is studied
with the 220Rn injection data.[32] For comparison, us-
ing the ER model in Ref. [28] with a flat input energy
spectrum, the resulting Erec is in good agreement with
the data (�2/NDF =48.7/63), as shown in Fig. 1(c).
Theoretical shape uncertainties of the flat ER com-
ponents including 214Pb[20,31] are taken into account,
which are of up to a few percent level, and have less
than 1% impact on the final spectrum fit.

Totally 2121 events survive after all cuts, with 646,
249, 387, and 839 events in Run 9 (20.0 ton·day), Run
10 (19.4 ton·day), Run 11–1 (24.2 ton·day), and Run
11–2 (37.1 ton·day). With tightened fiducial volume
cut, we omit the position dependence in this analysis
and generate background and signal probability den-
sity functions in two-dimensional space of S1 and S2.
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Fig. 2. Electron recoil energy distributions for Runs
10, 11–1, and 11–2 with background-only pre-fits. Like-
lihood fits are performed in two-dimensional space. The
background due to 136Xe, neutron, and accidentals is not
drawn in the figure.

An unbinned likelihood fit is performed to test
the background and signal hypotheses, where the con-
struction of likelihood function is identical to that in
Ref. [26]. In Runs 10 and 11, to estimate the tritium
contribution, a background-only pre-fit is performed
independently for each run (span). The fit results are
shown in Fig. 2. The resulting tritium rates are 0.041±
0.013, 0.043±0.014, and 0.035±0.019µBq/kg for Runs
10, 11–1, and 11–2, consistent with a constant tritium
decay rate where the statistical uncertainty is domi-
nant. Another fit is performed with a common tritium
normalization in the runs. The best fit tritium rate is
0.040 ± 0.010 (stat. + sys.)µBq/kg, translating into a
concentration of (4.9±1.2)⇥10�24 mol/mol in xenon.
Similar fitting test is performed with Run 9 data, and
the result is consistent with the tritium-free scenario
as expected. Therefore, in the signal hypothesis test
discussed below, tritium background is not considered
in Run 9 and the overall tritium normalization in Runs

011301-3
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.
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Fig. 3. Low energy spectrum of electron recoil events for
the total 100.7 ton·day data. Simultaneous best-fit back-
ground contributions are overlaid, where tritium back-
ground rate is treated as the same in Runs 10 and 11.
The expected axion signal with XENON1T best-fit signal
strength is shown by the dashed grey line.

Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
127Xe 77.3 3.5 0.0 0.0
Tritium 0.0 49.6 60.1 92.2
85Kr 418.2 51.1 146.0 479.7
Flat ER 143.6 145.8 176.1 270.1
Accidental 1.5 0.8 0.8 1.2
Neutron 0.6 0.4 0.5 0.8
136Xe 2.3 2.2 2.7 4.1
Total 648.1±35.3 251.2±22.1 386.1±32.5 848.1±52.7
Data 646 249 387 839

Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.
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Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
127Xe 77.3 3.5 0.0 0.0
Tritium 0.0 49.6 60.1 92.2
85Kr 418.2 51.1 146.0 479.7
Flat ER 143.6 145.8 176.1 270.1
Accidental 1.5 0.8 0.8 1.2
Neutron 0.6 0.4 0.5 0.8
136Xe 2.3 2.2 2.7 4.1
Total 648.1±35.3 251.2±22.1 386.1±32.5 848.1±52.7
Data 646 249 387 839

Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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10 and 11 is floating in the fit.
Table 1 summarizes the background composition

from the background-only fit. The summed energy
spectrum from all runs is shown in Fig. 3, with best-fit
background contributions superposed. The data are
consistent within 1� fluctuation of the background-
only hypothesis.
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Table 1. Summary of the best fit background values and
data from the background-only likelihood fit.

Events Run 9 Run 10 Run 11–1 Run 11–2
127Xe 77.3 3.5 0.0 0.0
Tritium 0.0 49.6 60.1 92.2
85Kr 418.2 51.1 146.0 479.7
Flat ER 143.6 145.8 176.1 270.1
Accidental 1.5 0.8 0.8 1.2
Neutron 0.6 0.4 0.5 0.8
136Xe 2.3 2.2 2.7 4.1
Total 648.1±35.3 251.2±22.1 386.1±32.5 848.1±52.7
Data 646 249 387 839

Based on the above, we perform tests on the
axion and neutrino magnetic momentum hypotheses
with our data. For the axion hypothesis, we con-
sider the Atomic recombination and de-excitation,
Bremsstrahlung and Compton (ABC) solar axion
model.[11] The best fit axion signal yields 15.8
events with statistical-plus-systematic uncertainty
band [0, 84.8]. Assuming XENON1T best fit sig-
nal strength[28] (gAe = 3.15 ⇥ 10�12 for axion mass
smaller than 0.1 keV/c2), the expected number of sig-
nals would be 20.4 events in PandaX-II. Therefore, our
data is compatible with XENON1T excess within 1�
in number of events, but is also consistent with back-
ground fluctuations.

To set the exclusion limit, we use the so-
called CLs+b method[33] based on profile likelihood
ratio[34] to make differential comparison of our data
with background-only and background-plus-signal hy-

potheses. The best fit to our data is compared to
fits to pseudo-data sets produced at individual sig-
nal strength, including statistical fluctuations and
spectral shape uncertainties discussed earlier. Con-
straints on the coupling constant gAe at 90% confi-
dence level (C.L.) are shown in Fig. 4. For the axion
mass smaller than 0.1 keV/c2, the upper limit on gAe

is at 4.6⇥ 10�12, corresponding to 90.9 signal events.
The neutrino magnetic moment hypothesis is tested
in the same way, which yields an upper limit of µ⌫ at
4.9 ⇥ 10�11µB, corresponding to 191.6 signal events,
as shown in Fig. 5. They represent one of the tightest
experimental constraints on the solar axion-electron
coupling and neutrino magnetic moment.
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PandaX-II: WIMP-electron scattering
• Light WIMP scattering with electrons

• S2-only analysis"effective threshold 80eV

• 15-30 MeV/c2 WIMP: strongest constraints

field of 400 and 318 V=cm, respectively. In general, the
constant model predicts smaller charge yield in comparison
with NEST 2.0. For run 9, the PandaX-II model agrees with
other two models within 1σ at 0.9 keV. On the other hand,
for runs 10 and 11, the PandaX-II model agrees with the
constant model, but has slight tension with NEST 2.0.
Therefore, the constant model is selected as the nominal
model in this analysis to conservatively estimate the
number of primary ionized electrons, as well as to be
consistent with other analysis. But one should keep in mind
that for the charge yield in a liquid xenon detector, the
lowest energy measurement has only recently been made at
186 eV at 180 V=cm [37]. The spectrum of detected

ionization signals, i.e., US2 events in PE, can then be
predicted based on the measured detector parameters [28],
listed in Table I for convenience, and the efficiencies in
Fig. 2. The electron lifetime, i.e., the attenuation of ionized
electrons due to electronegative impurities, is incorporated

TABLE I. The PandaX-II detector parameters, including elec-
tron extraction efficiency (EEE), single-electron gain (SEG), and
its measured resolution (σSE) [28]. They are used to estimate the
relation between ER energy and detected ionization electrons.

Run 9 Run 10 Run 11

EEE (%) 46.4! 1.4 50.8! 2.1 47.5! 2.0
SEG (PE) 24.4! 0.4 23.7! 0.8 23.5! 0.8
σSE (PE) 8.3 7.8 8.1
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FIG. 4. Detected ionization signals (US2, black histograms)
and expected signals from DM-electron scattering with FDM ¼ 1
(upper) and α2m2

e=q2 (lower), with blue (red) histogram corre-
sponding to a DM mass of 20 MeV=c2 200 MeV=c2). The gray
shadow shows the ROI of this analysis. The excess in the data
peaking at ∼25 PE comprises single-electron events, likely due to
stray electrons in LXe.

TABLE II. The number of US2 candidates, exposure, and
known ER background events for the three DM search runs.
The span 1 and span 2 of run 11 are listed separately due to the
different background rates. ROI is chosen as 50 PE to 75 PE,
corresponding to a mean ER energy between 0.08 and 0.15 keV.
The flat ER background includes 85Kr, 222Rn, 220Rn, material ER,
solar neutrino, and 136Xe [28].

Run 9 Run 10
Run 11
span 1

Run 11
span 2 Total

Exposure
(tonnes/day)

9.3 9.0 28.6 46.9

DM-electron candidates
(events)
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FIG. 5. 90% C.L. upper limits (solid, the constant model;
dashed, NEST 2.0) on light DM-electron scattering cross section
from PandaX-II data for FDM ¼ 1 (upper) and FDM ¼ α2m2

e=q2

(lower). Results from XENON1T [15], XENON10 [40], Dark-
Side-50 [16], SENSEI [18], DAMIC [17], and EDELWEISS [42]
are also shown for comparison.
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field of 400 and 318 V=cm, respectively. In general, the
constant model predicts smaller charge yield in comparison
with NEST 2.0. For run 9, the PandaX-II model agrees with
other two models within 1σ at 0.9 keV. On the other hand,
for runs 10 and 11, the PandaX-II model agrees with the
constant model, but has slight tension with NEST 2.0.
Therefore, the constant model is selected as the nominal
model in this analysis to conservatively estimate the
number of primary ionized electrons, as well as to be
consistent with other analysis. But one should keep in mind
that for the charge yield in a liquid xenon detector, the
lowest energy measurement has only recently been made at
186 eV at 180 V=cm [37]. The spectrum of detected

ionization signals, i.e., US2 events in PE, can then be
predicted based on the measured detector parameters [28],
listed in Table I for convenience, and the efficiencies in
Fig. 2. The electron lifetime, i.e., the attenuation of ionized
electrons due to electronegative impurities, is incorporated

TABLE I. The PandaX-II detector parameters, including elec-
tron extraction efficiency (EEE), single-electron gain (SEG), and
its measured resolution (σSE) [28]. They are used to estimate the
relation between ER energy and detected ionization electrons.
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FIG. 4. Detected ionization signals (US2, black histograms)
and expected signals from DM-electron scattering with FDM ¼ 1
(upper) and α2m2

e=q2 (lower), with blue (red) histogram corre-
sponding to a DM mass of 20 MeV=c2 200 MeV=c2). The gray
shadow shows the ROI of this analysis. The excess in the data
peaking at ∼25 PE comprises single-electron events, likely due to
stray electrons in LXe.

TABLE II. The number of US2 candidates, exposure, and
known ER background events for the three DM search runs.
The span 1 and span 2 of run 11 are listed separately due to the
different background rates. ROI is chosen as 50 PE to 75 PE,
corresponding to a mean ER energy between 0.08 and 0.15 keV.
The flat ER background includes 85Kr, 222Rn, 220Rn, material ER,
solar neutrino, and 136Xe [28].
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FIG. 5. 90% C.L. upper limits (solid, the constant model;
dashed, NEST 2.0) on light DM-electron scattering cross section
from PandaX-II data for FDM ¼ 1 (upper) and FDM ¼ α2m2
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(lower). Results from XENON1T [15], XENON10 [40], Dark-
Side-50 [16], SENSEI [18], DAMIC [17], and EDELWEISS [42]
are also shown for comparison.

PHYSICAL REVIEW LETTERS 126, 211803 (2021)

211803-4

PRL 126, 211803 (2021)

32



0 2 4 6 8 10 12 14 16 18 20 22 24

Sidereal hour

0
1
2
3
4
5
6
7
8
9

10

Ev
en

ts
/2

 h
ou

rs

Data

BKG

)2cm-30=10cs=0.1 GeV, 
c

CRDM+Nominal BKG (m

PandaX-II: cosmic ray boosted DM
• Light DM with cosmic ray boosting

• Signature: diurnal modulation
• Using events below NR median

– 25 events (expected 26.6 background)

210 thus significantly attenuated by the Earth when the GC and
211 the detector are on opposite sides of the Earth but much less
212 affected if they are on the same side. To avoid confusion
213 with the usual diurnal effect for nonrelativistic DM [53,54],
214 we call this the “boosted diurnal effect.”
215 Figure 4 shows the diurnal modulation of the CRDM at a
216 direct detection experiment located at a latitude of 28°N
217 (approximate location of the China Jinping Underground
218 Laboratory) and a depth of 2 km underground. Within one
219 sidereal day, the underground lab rotates around the Earth
220 axis and its position is parameterized by the sidereal hour in
221 the range between 0 and 24 hours. We define a survival
222 probability as the ratio between the attenuated CRDM flux
223 in the underground lab and the one arriving the Earth. At a
224 cross section of 1 × 10−32 cm2, we observe significant
225 “boosted diurnal modulation” with the survival probability
226 varying in the range of 64%–95%. For comparison, we also
227 show the curves for a cross section of 3 × 10−32 cm2 where
228 a larger modulation can be observed. Given the DM
229 energy Tχ, the nuclear recoil has a wide distribution,
230 0 ≤ Tr ≤ Tmax

r ðTχÞ, and hence only a fraction,
231 1 − Tth=Tmax

r ðTχÞ, can pass the detection threshold, leading
232 to a reduction from the red curve to the blue one in Fig. 4.
233 Instead of via a numerical integration of Eq. (4), the
234 curves in Fig. 4 are obtained by Monte Carlo simulations.
235 Since the spectrum of the CRDM is almost independent of
236 its direction, it is a good approximation to first sample the
237 direction of the incoming DM particles according to the sky
238 map in Fig. 1 and then sample the boosted DM kinetic
239 energy Tχ according to the spectrum in Fig. 2. The incident
240 DM particle would then experience multiple scatterings
241 when crossing the Earth. For each interaction step, we first
242 sample the length that the DM particle travels before the
243 next scattering based on the mean free path and then sample

244the reduced kinetic energy. The simulation stops when the
245DM particle reaches the underground detector or drops
246below the detection threshold.
247Imposing the detection threshold on the nuclear recoil
248energy Tr ≥ 3 keV for a liquid xenon detector [72] would
249reduce the event rate but still keep the modulation behavior
250as illustrated in Fig. 4. This is because the diurnal modu-
251lation mainly comes from the high recoil part, as illustrated
252in Fig. 3. For two years of data at a benchmark liquid xenon
253detector PandaX-4T (5.6 tons × year exposure) [73], on
254average 8.1 (55) events are expected for σχp ¼
2551ð3Þ × 10−32 cm2 and mχ ¼ 10 MeV, which is quite sig-
256nificant compared to the background level [74]. For the same
257detector, the event rate and hence the sensitivity is roughly
258independent of the DM mass for mχ ≲ 0.1 GeV. In addition
259to a quadratic scaling with the cross section, one from the
260CRDM production and the other from its detection, the event
261rate also receives suppression due to the attenuation from the
262Earth for a sufficiently large cross section (∼10−28 cm2)
263[36]. The cross section region that this technique can probe
264spans roughly 4 orders of magnitude.
265Another factor is the scattering angle, which leads to
266deflection [19]. For the relativistic CRDM with typical
2671 GeV kinetic energy, mass mχ ¼ 10 MeV, and typical
268momentum transfer Q ≈ Λ ≈ 200 MeV [56], the scattering
269angle is 3°–5°. Although not completely negligible, the
270scattering angle does not affect the diurnal modulation
271effect due to the following arguments. For the peak region
272of Fig. 4, the DM from the GC only needs to penetrate
273Oð1Þ km. With a mean free path of around 17 km, most
274CRDMs experience only one scattering at most. Therefore,
275the peak region would not be affected significantly.
276Multiple scatterings will further suppress the valley region
277of the curve and therefore enhance the modulation effect.
278The recoil energy spectra for incident CRDMs along
279different nadir angles in a liquid xenon detector are shown
280in Fig. 5. Since the recoil energy can reach Oð1 MeVÞ,

F4:1 FIG. 4. The survival probability of CRDM arriving at an
F4:2 underground lab at latitude 28°N and a depth of 2 km vs the
F4:3 sidereal hour relative to those arriving at the Earth for two
F4:4 different cross sections σχp ¼ 1ð3Þ × 10−32 cm2. The red curves
F4:5 correspond to the total CRDM arriving at the detector with
F4:6 Tχ ≥ Tmin

χ , and the blue curves are those above the detector
F4:7 threshold (Tr > 3 keV for a liquid xenon detector).

F5:1FIG. 5. The nuclear recoil spectrum, including the 3 keV
F5:2detector threshold, for a xenon detector with 1 ton year exposure.
F5:3To illustrate the attenuation effect, each curve corresponds to the
F5:4integrated DM flux at a given nadir angle θnadir.

11

12

13

14

15

PHYSICAL REVIEW LETTERS VOL..XX, 000000 (XXXX)

4

S. Ge, J. Liu, Q. Y, NZ     PRL 126 (2021) 9, 091804
0 5 10 15 20 25

Energy [keV]

0
1
2
3
4
5
6
7
8
9

10

Ev
en

ts
/k

eV

Data

BKG

)2cm-30=10cs=0.1 GeV, 
c

CRDM (m

33



3rd Generation Xenon Experiments
• Darwin experiment

– 60tonne xenon!100-150M Euros

Nature 586, 344-345 (2020)
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R&D of PandaX-xT
• Low background PMT

• Large size TPC

• Xenon isotope separation
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Unit: mBq/pc R12699 (30T) R11410 (4T)

Co-60
0.05±0.06
<0.15

1.16±0.72
<2.34

Cs-137
0.12±0.08
<0.25

0.52±0.81
<1.85

K-40
36.91±2.45 8.37±8.47

<22.31

Th-232(early)
0.35±0.35
<0.92

4.33±2.16
<7.88

Th-232(late)
0.80±0.29
<1.28

1.50±0.96
<3.08

U-235
0.00±0.17
<0.28

13.13±8.53
<27.16

U-238(early)
2.26±4.36
<9.44

26.29±16.90
<54.09

U-238(late)
0.63±0.26
<1.07

2.05±1.18
<3.99
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“Neutrino Floor” 
• Non-uniform atmosphere neutrinos 

distribution, due to magnetic field

• CJPL has a unique advantage towards 
the “neutrino floor”

Honda et al. arXiv: 1502.03916magnetic field neutrino flux 36



Collider Searches
•
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Dark Matter Models
• Phys. Dark Univ. 9-10 (2015) 8-23

Generic Searches Specific Searches
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Simplified Model with Mediator
• keep the mediator information

– mass: mZ’

– spin : vector, axial-vector, etc

– coupling: gq gl gDM

• simplified model:
– starting point to build complete theories

– colliders can search for the mediator directly
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Mono-X Search
• dark matter production in association with X

– dark matter escape detection

– X: visible particles

– ET
miss: momentum imbalance in transverse plane

18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(mc)

c(mc)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

e±

g
jet

t±

ET
miss

µ±
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Di-jet Resonance
• direct search of the mediator

• dijet resonance: inclusive, 1 or 2 b-jets  2

matter in Sec. III. We continue in Sec. IV with the com-
parision of limits on the e↵ective couplings and show that
at the Lhc contact interaction bounds lead to more strin-
gent limits. Di↵erent fundamental theories may be ex-
pected to have di↵erent bounds on the underlying cou-
plings and we address these questions in Sec. V. We con-
clude the paper in Sec. VI.

II. EFFECTIVE COUPLINGS FROM A
FUNDAMENTAL MODEL

We start with a simple formulation of an example
model to describe the interaction of a new dark matter
particle � with Standard Model quarks q. We choose � to
be a Dirac fermion and analyze pair production qq ! ��
from initial state quarks, via a heavy vector mediator V
from an U(1) gauge theory. A particle X is assumed to
have mass MX . We consider the following Lagrangian
for this model,

LUV = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

+
1

2
M2

V VµV
µ � 1

4
V µ⌫Vµ⌫

� gq q̄�
µPLqVµ � g��̄�

µPL�Vµ, (1)

where we have used the projection operator

PL ⌘ (1� �5)

2
. (2)

The first four terms include both kinematic and mass
terms for all the fields (with the standard Abelian field
strength tensor V µ⌫ ⌘ @µV ⌫�@⌫V µ for the vector medi-
ator). The last terms describe chiral interactions of the
vector particle V µ with both fermions � and q via di-
mensionless coupling strengths gq and g�. The particular
choice of a chiral interaction leads to e↵ective operators
that are commonly analysed in experimental studies, e.g.
[32, 34]. We consider di↵erent operators in section V.

The DM particle � is assumed to interact with the
Standard Model only by exchanging the new mediator
V , i.e. it is uncharged under any Standard Model gauge
group and neither couples to the respective gauge bosons
nor the Higgs particle.

The new mediator leads to new interaction channels for
the Standard Model quarks, which are shown in Fig. 1.
At a hadron collider, an o↵-shell mediator that is created
by two initial state quarks can either produce a pair of
quarks, describing elastic quark scattering, or produce a
pair of the new particle �. Since both processes depend
on the strength of the initial state coupling gq, their cross
sections are related.

If we now assume that the mass of the mediator, MV ,
lies far beyond the accessible center of mass energy

p
ŝ of

the partons in any scattering process we want to analyse
at a hadron collider, we can integrate out the vector field
and expand the remainder of the e↵ective Lagrangian up

q

q̄

q

q̄

gq gq
V

(a) Elastic quark scattering

(plus a corresponding

t-channel contribution).

q

q̄

�

�̄

gq g�
V

(b) Pair production of �.

FIG. 1. New interaction modes for quarks in the initial state,
given by the model introduced in (3).

to leading order in ŝ/M2
V (see e.g. [36]),

Le↵ = q̄(i/@ �Mq)q + �̄(i/@ �M�)�

�
g2q

2M2
V

q̄L�
µqLq̄L�µqL � gqg�

M2
V

q̄L�
µqL�̄L�µ�L

�
g2�

2M2
V

�̄L�
µ�L�̄L�µ�L, (3)

with the left–handed component of the quark field qL ⌘
PLq. The last term describes the scattering of the dark
matter particle � with itself, which is of no interest in this
analysis and is therefore omitted henceforth. We combine
the pre-factors of the two remaining e↵ective vertices by
defining the e↵ective couplings Gq ⌘ g2q/M

2
V , describing

a contact interaction (CI) between four Standard Model
quarks, and G� ⌘ gqg�/M2

V , which gives the scattering
strength between quarks and the DM particle �.
To be consistent with the perturbative approach of us-

ing tree-level diagrams only, the dimensionless couplings
g must not be larger than

p
4⇡. Thus, in addition to the

restriction M2
V � ŝ demanded for the e↵ective approx-

imation to be valid, only the limited parameter space
0 < Gi < 4⇡/ŝ is allowed for both e↵ective couplings Gi.

III. EXPERIMENTAL LIMITS ON THE
EFFECTIVE COUPLINGS

The two e↵ective couplings we derived have to be
probed di↵erently at a hadron collider. Firstly, Gq de-
scribes the elastic scattering of quarks and can be anal-
ysed by looking for deviations compared to Standard
Model predictions for high energy di-jet production. This
analysis has been performed by both the Atlas [32] and
Cms [34] collaborations at the Lhc. Since there also ex-
ist Standard Model diagrams for this type of scattering,
limits on Gq depend on how the Standard Model terms
interfere with the new contribution of the e↵ective oper-
ator. We conservatively take the lowest limits given for
destructive interference, which Cms quotes as,

Gq  4⇡(7.5 TeV)�2 (4)

at 95% CL, determined with an integrated luminosity of
2.2 fb�1 at 7 TeV center of mass energy.
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Combined Constraints
• With direct detection experiments

自旋相关自旋无关
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• dark matter mass from Higgs mechanism in dark sector
– dark Higgs boson s : can be even lighter than DM

– simplified model: dark Higgs + Z’ mediator + DM

– dark Higgs mixing with SM Higgs: decay to vector bosons

Dark Higgs

JHEP 1704 (2017) 143
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Mono-S(VV) 
• reconstruct dark Higgs with a fat jet 

(containing 2 V -> 4 jets)
– track-assisted reclustering (TAR) algorithm: 

better jet substructure resolution 

PRL 126 (2021) 121802
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Summary
• Dark matter detection plays a key 

role in new physics search. 

• Quick progresses in recent years

• In China, a sizeable team has 
formed, producing leading results

• Active communication among  
theorists and experimentalists

谢谢大家！
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