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G0 experiment at Jefferson Lab UCNA spectrometer at Los Alamos

Daya Bay Neutrino Experiment PandaX Dark Matter Experiment

I am an experimental physicist working at the intersection of 
nuclear physics, particle physics, and astrophysics.



Low-energy and low-background 

methods
▪ You are probably here for “high energy 

physics”: at the highest energy regime, 

events are “clean” and “rare”

▪ Low-energy: ~<10 MeV characteristic energy. 

This is an energy overlapping with typical 

nuclear-levels

▪ Intrinsically dirty!

▪ However, we need to find/study the rarest 

interactions in this regime
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Outline

▪ Unit 1: Detector and low background 

techniques 101

▪ Unit 2: Neutrinos, weak interactions

▪ Unit 3: Neutrino oscillations

▪ Unit 4: From neutrino coherent scattering to 

dark matter detection

▪ Unit 5: Neutrinoless double beta-decays
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Four naturally-occurring long-lived 

chains

Methods in experimental nuclear and particle physics 6

232Th：1.4x1010 y



Four long-lived chains
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238U：4.5x109 y



Four long-lived chains
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235U：7.1x108 y



Four long-lived decay chains in nature

40K：1.3x109 y



Secular equilibrium (assumption)

▪ A→B→C 。。。

▪ NA = NA
0 e-t/A

▪ dNB/dt = NA/A - NB/B

 Note: RA = NA/A , RB = NB/B

▪ Condition for a constant decay rate for B: 

dNB/dt = 0

 NA/A = NB/B

 When A >> B, this condition quickly met when A 

>> t >> B
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Particle energy loss mechanisms

▪ Heavy charged particles (through ionization)

▪ Interaction of electrons/positrons

▪ Photon interaction

▪ Neutron interaction

▪ Optical photons produced in these 

processes
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Bethe and Bloch
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• z: charge of incident particle, Z: charge of absorber, : 
density of absorber
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Ionization threshold energy and W value

▪ I0 :ionization threshold 

energy for the molecule

 also ionization of inner shells

▪ Ni = E/W where W is an 

average value of energy to 

produce an electron/ion 

pair

 excitation that may not lead 

to ionization 
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Particle ID

Methods in experimental nuclear and particle physics 20

Black, green, red, and blue curves corresponding to muon, pion, 
kaon, and proton, please label them



Bragg peak

▪ When a fast charged particle moves through 

matter, it ionizes atoms of the material and 

deposits a dose along its path. 

▪ Energy lost by charged particles is inversely 

proportional to the square of their velocity 

(Bragg peak)

https://en.wikipedia.org/wiki/Ionisation


An ideal imaging detector

Methods in experimental nuclear and particle physics 24



Particle energy loss mechanisms

▪ Heavy charged particles (through ionization)

▪ Interaction of electrons/positrons

▪ Photon interaction

▪ Neutron interaction

▪ Optical photons produced in these 

processes

Methods in experimental nuclear and particle physics 25



Soft and hard collisions
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• Similar to heavy charged particles, electron energy 
loss process also contains 
• soft collision (ionization) 
• Hard collision (Moller scattering)  delta rays
• Radiation (Bremstrahlung)



Famous PDG curve
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What is 
this 
strange 
unit?

X0 is the famous “radiation length”



Interpretation

▪ 1/E dE/dx (X0
-1) is the 

fractional energy loss per 

radiation length!

 (dE/dx × X0)/E

▪ High E: (dE/dx × X0)/E ~ 1
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Physical meaning of X0: 
Consider an exponential attenuation of energy E(x) = E e-x/

dE/dx = -1/ E(x)



Radiation length

▪ X0, fundamental property of 
material, just like density

▪ Several interpretations:
 the mean distance over which a 

high-energy electron loses all but 
1/e of its energy by 
bremsstrahlung

 Estimate energy loss of a 1 GeV 
electron in 2 cm LH2

 7/9 of the mean free path for pair 
production by a high-energy 
photon (discuss later)

 Note also Moliere’s formula for 
multiscattering angle
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So does this make sense for electron?
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Particle energy loss mechanisms

▪ Heavy charged particles (through ionization)

▪ Interaction of electrons/positrons

▪ Photon interaction

▪ Neutron interaction

▪ Optical photons produced in these 

processes
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Mean free path

▪ Unlike charged particles, photon loses 

energy in a non-continuous fashion

▪ Useful to consider mean free path (): 

average material a gamma traverse before 

the first scatter
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Quiz: how to relate 
scattering cross section 
with ？



Underlining processes

▪ Growing importance with increasing energy

 Photoelectric effects

 Compton scattering

 Pair production

▪ Other processes

 Rayleigh scattering (coherently with an atom)
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Famous PDG figure
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Mean free path
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Quiz: based on the gamma-Pb and gamma-C cross section 
from PDG, can you estimate the mean free path for a 1 MeV 
gamma. Why they are roughly the same at 1 MeV?



Particle energy loss mechanisms

▪ Heavy charged particles (through ionization)

▪ Interaction of electrons/positrons

▪ Photon interaction

▪ Neutron interaction

▪ Optical photons produced in these 

processes
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How to make neutrons

▪ Neutrons are around us

▪ Produced via

 Spontaneous fission of U238

 Estimate the # of n/s for a 1 gram of U238

 (alpha, n) reaction on light elements

 Cosmic ray bombardment

 Nuclear reactors (fission of heavy elements)

▪ These neutrons are “high energy” neutrons or 

some times called “fast” neutrons >~ MeVMethods in experimental nuclear and particle physics 39



Moderators and thermal neutrons
▪ Light nuclei + low absorption.

▪ Elastic collisions between the nucleus and the 
neutron

▪ Moderated neutrons take on the average kinetic 
energy of the moderator, set by its T.

▪ At room temperature, neutron on average do not 
gain or lose energy, therefore becomes “thermal”

▪ Calculate the KE of thermal neutrons

▪ What is its speed?

▪ Calculate the wavelength of thermal neutrons

TkE B=

2

2

1
mvE =



Neutron interaction database
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Neutron interaction cross section

Methods in experimental nuclear and particle physics
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Dashed: capture/absorption
Solid: scattering



Neutron absorption (capture)
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Element capture

（barn)

H 0.3

Xe 23.9

B 767

Cd 2450

Gd 49000

Thermal neutron 
capture cross 
section by element



Neutron capture examples

▪ Neutron capture: the neutron capture cross 

section increases as 1/v. 

 E.g. n+p -> D + 2.2 MeV (gamma) 

 There are also resonances with certain nuclei 

such as Cd and In. 

 In capture can be used to measure the flux of 

epithermal neutrons (1 eV): n+ 115In -> 116In*-

>116Sn+e (54m). 



Neutron reaction

▪ Nuclear reaction: transformation of the n 

and colliding nucleus to something else

 E.g. neutron activation:

n +𝐴 → 𝐵

to study trace of U/Th
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Particle energy loss mechanisms

▪ Heavy charged particles (through ionization)

▪ Interaction of electrons/positrons

▪ Photon interaction

▪ Neutron interaction

▪ Optical photons produced in these 

processes
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Optical photons

▪ Differs from “gamma” ray in that they are 

normally about ~eV energy related to the 

ionization energy of electrons, thus the 

name “optical”

 Scintillation is the main process produced 

together with ionization, but we will leave this 

discussion to later

 Cerenkov radiation and Cerenkov photons (Noble 

prize 1958). Unimportant for eloss, but 

important for detection!
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Cerenkov radiation

▪ Energetic charged particle traveling through 

the medium displaces electrons in some 

atoms along its path => EM radiation by 

displaced electrons

▪ Condition: vphoton < vcharged
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Cerenkov radiation 

cos = 1/(n)

▪ thre = 1/n, at which point  = 0 deg

▪ When  = 1, max = cos-1(1/n)



Reconstruction
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• PMT timing: 
“vertex”

• Direction of 
particle: based on 
the charge pattern 
(cone)

• Total detected 
photons  energy 
loss (approximately, 
see later)



Radiation spectrum
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• UV and blue dominated
• Very fast (promptly produced)
• Total energy deposition approximately scale with the total 

photon detected



Three main types of detectors

▪ Charge-collecting gas detector

▪ Solid state charge detector

▪ Scintillator
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Charge-collecting gas detectors

▪ Collecting electrons and ions produced by 

the passage of a particle in a gas or liquid

▪ Chamber containing inert gas and two 

electrodes (cathode and anode).

▪ Anode: collect electrons which drift though 

the chamber much more rapidly, the signal 

can be amplified. 

▪ The average energy for producing an 

electron-ion pair is about 30±10eV.
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Different regions of gas detector



Silicon and Germanium: two typical 

semi-conductors



Need for a depleted zone (P-N junction) 

Depleted zone: 
• excess of electrons 

and holes builds 
up across the 
junction (radiation 
detector)

• with reverse
biasing, the bulk 
material can be 
the detector

Based on these, which side should apply positive voltage?
Which side collects electron and which side collects hole? 



Spectrum comparison 

▪ HPGe: excellent 

energy resolution

▪ Very useful in 

gamma ray tracing



Scintillating detectors

▪ Detection of radiation using scintillation light 

is an old technology.

 Energy  photons

 Transparent!

 Decay time of induced luminescence short

▪ Organic or crystal
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Photosensors

68



Semi-conductor photosensors (PD & 

APD) 
▪ Solid state instead of 

vacuum tube 

technology

▪ APD: biased to produce 

avalanche but below 

breakdown

▪ Gain can be up to 100

▪ Similarity with gas 

proportional counter!

Methods in experimental nuclear and particle physics 69



Low background techniques

70

70

Rn gas 
counter

/
detector

A generic 
detector 
material

Rn emanation

Intrinsic 
bkg

HPGe

ICPMS
Other 
radioactive 
gas, e.g. Kr-
85

Mass 
spec

NAA
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Standard Model of Particle Physics
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  ,;,;, ee

Three flavors
Weak interactions “only”
“No” mass



Everywhere!
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Weak interactions
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p, n

p, n



First proposal of neutrino “detection”

Indirect Detection (Kan Chang Wang，1941）
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Ray Davis, Nobel lecture



Man-made neutrinos: nuclear 

reactors/bombs
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Proposal to directly measure neutrinos

Direct measurement

77

Fred Reines, Cowan



1953-1955: inverse beta decay 

(actually worked!)
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Fred Reines 1995



Inverse beta decay cross section
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What about neutral current interaction?

80

Or q

Or q



What about neutral current interaction

Gargamelle @ CERN (late 60’s to 70’s)
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12 m3 heavy-liquid Freon bubble chamber CF3Br. 



Bubble chamber

▪ The bubble chamber, invented by Donald 

Glaser in 1952, consists of a tank of 

unstable (superheated) transparent liquid 

▪ Sensitive to the passage of charged 

particles  boiling as a result of the energy 

they deposit by ionizing the atoms along the 

track
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First leptonic NC events
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First hadronic NC events
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How do we tell a hadronic vertex from a leptonic vertex?
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Energy production from the sun

▪ Sun: mass = 2x1030 kg 

▪ Known: Energy is released via proton-proton 

fuse into He4 in the core, about 10% of the 

mass

▪ Known: Sun will burn for 10 billion years 

(1e10)
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Neutrino flux from the sun

▪ Mostly p+p+p+p  He4

 Change 2 p into 2 n, each is giving out an 

electron neutrino!

 p + p + p + p   + e+ + e+ + ve + ve

▪ Quiz: can you estimate electron neutrino per 

sec created from the sun?
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Standard solar model (John Bahcall)



Pontecorvo

▪ Italian born physicist. Fermi’s 

student 

▪ Theoretical physicists with 

fundamental contributions to 

neutrinos

On a method of detecting free 

neutrinos (1946)

νe + 37Cl ⇒ 37Ar + e−

https://discovery.nationalarchives.gov.uk/details/r/C637283


Ar37

▪ (P,N) = (20, 17)

▪ Decay mode: electron capture!

 Ar37 + e = Cl37 + ve

▪ Half-life: 35 days

▪ 2.8 keV x-ray



What does it take?

▪ Expected Ar37 atom: ~2e-3 per day/ton

▪ Get a big chunk of Cl37

▪ Go deep underground to reduce background

▪ Ultrapure environment

▪ High and known efficiency to extract Ar37

▪ High and known efficiency to measured 

Ar37 



Hunters for solar neutrino

Also >50 years ago, Baksan observatory got started. Many 
interesting experiments since then. The Sage experiment using 
the electron-capture of Ge71 was another crucial player in the 
field!



30 years of solar neutrino 

measurement

94

615 T of C2Cl4
tetrachloroethylene



How it worked

▪ He4 bubbles the Ar out of the detector

▪ Ar trapped by LN2 cooled charcoal

▪ Ar released into a ionization gas detector to 

measured Ar37 one by one!
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First search of solar neutrinos

▪ https://journals.aps.org/prl/pdf/10.1103/P

hysRevLett.20.1205
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Solar neutrino detection and “problem”



Solar neutrino problem

▪ Davis is WRONG?

▪ Bahall is WRONG? (many places can be 

wrong, the flux, the cross section, etc …)

▪ Or both of them are WRONG?



But: 2002 Nobel Prize

103

The Nobel Prize in Physics 2002 was divided, one half jointly to Raymond 
Davis Jr. and Masatoshi Koshiba “for pioneering contributions to 
astrophysics, in particular for the detection of cosmic neutrinos“ …



Cheat sheet: neutrino interaction 

scattering cross sections
▪ http://cupp.oulu.fi/neutrino/nd-cross.html

104

• For proton, IBD highest
• Neutrino-neutron cross 

section also “big”(but 
difficult to measure due to 
small recoils)



Insights: coupling in neutrino interactions
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f

f’

W/Z

2

Cv(p) = -Cv(e) 
= -1/12 Cv(n)
=1/12 Cv(v)!!!

Neutrons and 
neutrinos see more 
weak force than 
proton and 
electrons!

2

Sin2w = 0.2312
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Pontecorvo Explanation

▪ Neutrino can change species: 

neutrino oscillation!

 Electron neutrino may have oscillated 

into other species!



Origin of SNO

Herbert Chen, 陈华森, 

1942-1987



Three detection channels in SNO

111

Let us call the flux of ve “e”, other neutrinos “x:

CC  e

ES  1 e + 1/7 x

NC  1 e + 1 x

What are the actual interactions?
Can you explain why “x” is suppressed?









SNO solving solar neutrino mystery

115

CC  e

ES  1 e + 1/7 x

NC  1 e + 1 x

Art McDonald

2015年诺奖
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Atmospheric neutrinos
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Quiz: pi+ = (ud), 
can you draw the 
Feynman diagram 
of its decay? How 
about mu+?

Note that Pi+ 
decays into e+ is 
hugely suppressed 
due to the so-
called helicity 
suppression



Super Kamiokande
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How did the “ring” form????



Events in Super K

Methods in experimental nuclear and particle physics 120



Neutrino oscillation smoking gun from 

Super K
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Neutrino mixing
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The last mixing angles 13

m31
2 = 2.4×10-3 eV2, 

reactor neutrino E ~ 4 
MeV, L = 2 km



Daya Bay Experiment
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大亚湾中微子探测器
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L/E final data set
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Another big question: 

Mass ordering???
▪ |m31

2|= 2.4×10-3 eV2, m21
2

= 7.5×10-5 eV2

▪ Mass hierarchy: 

Is m1 the lightest (normal) or m3 the 

lightest (inverted)?



An “upgrade” of Daya Bay Experiment
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sin2212

sin2213

m2
12



JUNO Experiment
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Coherent elastic neutrino-nucleus 

scattering (CEvNS)
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Quantum mechanics: 200 MeV ~ 1 fm
So MeV neutrino cannot resolve nucleons in nucleus
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CEvNS
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Approximation，N=num neutrons



COHERENT Experiment
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• Oak Ridge
• Proton beam：1 GeV，pulsed
• Neutrino energy：16-53 MeV 
• Live time：154 days



Results

137

Light yield ~1.17 PE/keVnr



“Application” of a low E neutral current 

detector
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Discoveries by astronomers
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𝑣 𝑟 =
𝑀𝐺

𝑟

Vera Rubin

Fritz Zwicky



Large scale structure of the universe



Dark Matter 26.8%Dark Energy 68.3%

4.9%

Normal matter

Standard Cosmology: CDM



Expanding and cooling universe



Dark matter and known matter: fossils 

from the earliest soup!
▪ Known matter forms atoms

▪ DM: cannot be made by known particles!

▪ “Lucky guess” of DM mass: 100 GeV-10TeV

▪ In thermal equilibrium with known matter in 

early universe



Dark matter “freeze-out”

▪ Universe cools => DM can
not be created

▪ Universe expands => DM 
cannot find a DM to 
annihilate either

▪ “Eternity!”: a constant relic!

Comoving: a volume which increases as the universe expands



Heavy BSM 
particles (weakly-

interacting 
massive particles)

WIMP Miracle！！！

Observed relic 
density

There are other highly motivated models: axions, sterile 
neutrinos, even primordial black holes…, but none leads to 
convincing signals so far …



Dark matter: dominating aggregator of 

our own galaxy

148

Quite accurately measured by gravitational dynamics: 
DM mass density around us: 0.3 GeV/cm3



So back to Witten’s proposal

▪ The solar system is cycling 

the center of galaxy with 

220 km/s speed

▪ DM direct detection: wait 

for DM interacting atomic 

nucleus in the detector, 

and detect its recoil 

(Goodman & Witten, 1985)
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Dark matter beam

▪ Local density of DM: 0.3 

GeV/cm3

▪ Mass of DM = Mx, then DM 

particle incoming flux J = 0.3 

GeV/Mx *220 km/s

▪ Quiz: compute the flux of 

100 GeV DM
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Elastic scattering

▪ If the DM particle scatters with ordinary matter 

through some interactions, it can interact with 

both electrons and nuclei. 



Collision energy

▪ Use energy and momentum conservation,  

kinetic energy of the particles after collisions

where A = m2/m1. 

▪ Collision with atomic nuclei. 

 A=1, T reaches maximum

 Tmax = E0 when the collision angle is either 0 or 180 

degree.  



Xenon

157

Liquid density:3 g/cc

Boiling pt：-100C

Annual production: 
~100 ton



Dual-phase time projection chamber
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Detector capability: 
• Large monolithic target
• 3D reconstruction and 

fiducialization
• Good ER/NR rejection 
• Calorimeter capable of seeing a 

couple of photons/electrons



China Jinping underground Laboratory
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Particle and Astrophysical Xenon observatory
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2018.4 water 

tank 

construction

2019.8 PandaX-4T 

instllation
2020/6-2020/11 

integration tests

2020.5 liquid xenon 

filling



Tritium: lifetime 18 years

We discovered a tritium level of 20/kg-of-xenon! Now 
managed to reduce it to 2/kg-of-xenon …

每公斤氙中20个！
氚：3H

Background: name of the game





Upper limit : “Nothing” is still 

meaningful 
▪ For a Poisson 

distribution, if we 
measure 0

 If mean value = 2.3, 
10% of the probability 
of measuring 0!

 So we usually say 2.3 is 
the (90%) upper limit 
when we measure 
NOTHING



Turning the absence of DM into a limit
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Solar neutrinos again
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Solar B8 neutrinos

/
k
e

V
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A 4-ton detector, but with CEvNS

168

信号谱

Fitted excess due to B8

𝛎



A 4-ton detector, but with CEvNS
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信号谱

Fitted excess due to B8

𝛎



A 4-ton detector, but with CEvNS

170

信号谱

Fitted excess due to B8

𝛎

APS 2024 Top Ten Highlights



Future: PandaX-xT

▪ 47-ton xenon, including 

43-ton sensitive volume

 2.7 meters in diameter 

and height

 Eliminate LXe veto

 Cold LS veto right 

outside Cu cryostat 

 Staged and upgradable
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Majorana particles

• Majorana, 1937
• Can be tested via neutrinoless double  decay, W. Furry, 1939



What happens with matter-antimatter 

meet?
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Another big mystery: why Universe 

almost has no anti-matter?
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Early UniverseToday



One promising theory: leptongenesis

▪ If neutrino is Majorana, then it “may” be 

able to explain the 10-9 asymmetry produced 

in the early universe

176



Neutrinoless double beta decay



“The Magnificent Nine”

Advances in High Energy Physics Vol 2012, 857016
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Needle from a haystack
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Front runners



Experimental techniques

181

181

CUORE/CUPID

Microcalorimeter

LEGEND family

Ionization

KamLAND-ZEN

Liquid scintillator

EXO/nEXO

Time projection 

chamber

136Xe (8.9% natural abd.)130Te/100Mo 76Ge



Where we expect the signal?
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DESI 2024：
mv<0.073 eV



Potential new comers
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PandaX-xT CDEX-1T JUNO-DBD



PandaX-4T latest result

184

arXiv:2412.13979

Lifetime
> 2.1 × 1024year 

90% CL

Median sensitivity
2.7 × 1024year 



Global race
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Projection for PandaX-40T
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Even future development

Xenon with artificially modified isotopic abundance (AMIA), 

either via a split of odd and even nuclei, or further 

enrichment of 136Xe, to improve sensitivity to spin-

dependence of DM-nucleon interactions and NLDBD (Y. 

Suzuki，arXiv:hep-ph/0008296, 2000)

187

Discovery smoking gun！

AMIA1 AMIA2
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