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| am an experimental physicist working at the intersection of
nuclear physics, particle physics, and astrophysics.
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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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Four naturally-occurring long-lived
chains

232Th: 1.4x10%y
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Four longived chains

Uraniurm

Protactinium

Thoriurm

238: 4.5x10° vy

Lead

Thalliurm

Mercury
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Four longived chains

23>5: 7.1x10%y
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Four long-lived decay chains in nature

40K. 1.3x10°y
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Secular equilibrium (assumption)

* A>B—>C, . .
= N, =N, eV
= dNg/dt = N,/t,- Ng/15
Note: Ry = No/T,, Rg = Ng/15
= Condition for a constant decay rate for B:
dNg/dt =0
Na/Ta= Ng/1g

When t,-- 15 this condition quickly met when t,
>> 1 >> Tg

Methods in experimental nuclear and particle physics
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Particle energy loss mechanisms

» Heavy charged particles (through ionization)
* |nteraction of electrons/positrons

= Photon interaction
= Neutron interaction

= Optical photons produced in these
processes

Methods in experimental nuclear and particle physics 11




Particle energy loss mechanisms

» Heavy charged particles (through ionization)
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Bethe and Bloch

Bethe-Bloch equation

2 12

L, 2meB s o ] lomade
2

K 4t NprZmec e?

- — with classical electron radius fe = 5
A A MmecC*

2 . . . e
Tmax ~ 2mec“52'y2 max. energy transfer in a single collision,
for M > me

| =(10+1)-Z eV mean excitation energy (for elements beyond oxygen)

and 'density correction’ §/2: with increasing particle energy — Lorentz contraction of electric
field, corresponding to increase of contribution from large b with In 3~

* z:charge of incident particle, Z: charge of absorber, p:
density of absorber
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lonization threshold energy and W value

= |, :lonization threshold
energy for the molecule

also ionization of inner shells

= Ni=AE/W where W is an
average value of energy to
produce an electron/ion
pair
excitation that may not lead

to ionization In gases
~ 30 eV

Methods in experimental nuclear and particle physics 16




Particle ID

-
H
o

Results from the
BaBar drift chamber

corrected DCH dE/dx
> ]
(=] o
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A simultaneous measurement of dE/dx an
can provide particle identification.



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
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Particle energy loss mechanisms

* |nteraction of electrons/positrons

Methods in experimental nuclear and particle physics
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Soft and hard collisions

e Similar to heavy charged particles, electron energy
loss process also contains
 soft collision ( )
* Hard collision ( ) & delta rays
e Radiation ( )

Methods in experimental nuclear and particle physics
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| Famous PDG curve

Bremsstrahlung

strange
unit?

Ionization

,‘)

_fPos!tr'on___,
anrnlhll::iltloln| 0

10

X, is the famous “radiation length”
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Interpretation
» 1/E dE/dx (X, 1) is the

= (dE/dx x X,)/E
» High E: (dE/dx x X,)/E ~ 1

. er (e
sitron
[—
0

AL >
annihilation

Physical meaning of X:
Consider an exponential attenuation of energy E(x) = E e/
dE/dx = -1/A E(x)

Methods in experimental nuclear and particle physics 29




Radiation length

p (g/cm®) Xo (cm)

= Xor fur)dament_al property or iq H, 0071
material, just like density C 2.27

= Several interpretations: EE 171'8375

the mean distance over which a air 0.0012

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

Methods in experimental nuclear and particle physics
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So does this make sense for electron?

-
H
o

Results from the
BaBar drift chamber
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10" 10
LAB momentum, GeV/c
A simultaneous measurement of dE/dx and momentum
can provide particle identification.

32



Particle energy loss mechanisms

= Photon interaction

Methods in experimental nuclear and particle physics
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Mean free path

= Unlike charged particles, photon loses
energy in a non-continuous fashion

= Useful to consider mean free path (A):
average material a gamma traverse before

the first scatter

Quiz: how to relate
scattering cross section

with A7

ental nuclear and particle physics 34



Underlining processes

= Growing importance with increasing energy
Photoelectric effects
Compton scattering
Pair productiori

= Other processes
Rayleigh scattering (coherently with an atom)

Methods in experimental nuclear and particle physics
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| Famous PDG figure
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Mean free path

'1 MeV photon travels in
Pb aboutl cm: :
~inCabout5cm

Absorption length A (g/cm?)

10eV 100 eV 1 keV 10keV 100kev 1Mev 10Mev 100MeV 1GeV 10 GeV 100 GeV
Photon Energy

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?

Methods in experimental nuclear and particle physics
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Particle energy loss mechanisms

= Neutron interaction

Methods in experimental nuclear and particle physics
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How to make neutrons

= Neutrons are around us
= Produced via

Spontaneous fission of U238
0+ |47.3077 | 4.468x10% y 6 | 99.2742% 10 : 100.00 %
SF 5 4E-5 9%

Estimate the # of n/s fora 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 tlmeS GaIIJCQrd(perimentalnuclearand particle physics >~ MeV 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.

E:EmW
2

E =(ko 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

77



& https://www.nndc.bnl.gov

NSR || XUNDL | ENSDF
NuDat Databases MIRD

Main

AMDC Atomic Mass Data
Center, Q-value Calculator

Covariances of Neu
Reactions

ENSDF Evaluated Nuclear
Structure Data File

NMMSS & DoE NMIRDC
Safeguards & inventory decay
data standards

NucRates MACS & Astro-
physical reaction rates

XUNDL Experimental Un-
evaluated Nuclear Data List

Methods in experimental nuclear and particle physics

National Nuclear Data Center

Structure & Decay

Neutron interaction

Nuclear Tools and
Wallet Publications

uclear Data
i

Reactions

Atlas of Neutron Resonances
Parameters & thermal values

CSEWG Cross Section
Evaluation Working Group

IRDFF IRDFF International
Reactor Dosimetry and Fusion
File

NSR Nuclear Science

References

NuDat Nuclear structure &
decay Data

Bibliography

nnoymﬁ:ma :
NATIONAL LABORATORY oite Index

Nuclear Data Sheets Special Issue available!

Nuclear Data Week 2018

Nuclear Data Roadmapping and Enhancement Workshop:!

Networks & Links

CapGam Thermal Neutron
Capture y-rays

CSISRS alias EXFOR
reaction experimental deffa

MIRD Medical Internal
Radiation Dose

Nuclear Data Sheets Nuclear
structure & decay data journal,
Special Issues on reaction data

USNDP U.S. Nuclear Data
Program

Publications  Meeting

ENDF Evaluated Nuclear
(reaction) Data File, Sigma

Nuclear Wallet Cards Ground
& isomeric states properties,
Homeland Security version

USNDP/CSEWG GForge
Collaboration Server
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Neutron interaction cross section

. Common light element moderators, reflectors and absorbers
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M, number of neutrons
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Neutron capture examples

: the neutron capture cross
section increases as 1/Vv.
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+ 1190 -> 116|n*.
>116Sn+e (54m).




Neutron reaction

: transformation of the n
and colliding nucleus to something else

E.g. neutron activation:
n+A—-B
to study trace of U/Th

Methods in experimental nuclear and particle physics
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Particle energy loss mechanisms

= Optical photons produced in these
processes

Methods in experimental nuclear and particle physics
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Optical photons

= Differs from “g¢amma” ray in that they are
normally about ~eV energy related to the
lonization 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!

Methods in experimental nuclear and particle physics 51




Cerenkov radiation

» Energetic charged particle traveling through
the medium displaces electrons in some

atoms along its path => EM radiation by
displaced electrons

= Condition: V00 < Venarged

"

52



Cerenkov radiation

Lo
X/ ',:lf

cosO = 1/(np)
= By = 1/n, at which point 0 = O deg
= When B =1,6,, =cos’(1/n)

maXx



Reconstruction

* PMT timing:

“vertex”
lrapure water * Direction of
particle: based on
chzed the charge pattern
| (cone)
e Total detected

photons oc energy
loss (approximately,
see |ater)

Methods in experimental nuclear and particle physics 57




Radiation spectrum

The number of photons produced per unit path length of a particle with charge ze and
per unit energy interval of the photons is
d2N az? .9 ez 1
= sin“ 6. = 51— ===
dEdx he T'e MeC Ben<(E)

~ 370 sin’ 0.(E) e\_"_lcm_1 (z=1),

or, equivalently,

UV and blue dominated
e Very fast (promptly produced)

Total energy deposition approximately scale with the total
photon detected

Careful designs give (eco1) = 90%. For a photomultiplier with a typical bialkali cathode,
\fﬁ;}s@’ ~ 0.27 eV, so that Qay 7 _’1_

Np.e./L~ 90 cm s 0,)  (i.e., Ng =90 cm™1) . (34.8) |
~ ,




Three main types of detectors

= Charge-collecting gas detector
= Solid state charge detector
= Scintillator

60



Charge-collecting gas detectors

= Collecting electrons and ions produced by
the passage of a particle in a gas or liquid

= Chamber

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.

Methods in experimental nuclear and particle physics 61




Table 5.1 Values of the Energy Dissipation per Ion Pair (the W-Value) for
Different Gases?

W-Value eV/ ioh pair)

First lonization
Potential (eV) Fast Electrons Alpha Particles

157 264 26.3
245 413 427
15.6 36.5 36.4
155 34.8 36.4

33.8 35.1
12.5 30.8 322
145 27.3 29.1

“Values for W from ICRU Report 31, “Average Energy Required to Produce an Ion Pair,”
International Commission on Radiation Units and Measurements, Washington, DC, 1979.

Methods in experimental nuclear and particle physics 62



Different regions of gas detector

Pulse
amplitude
{log scale)

Limited

rop.
1 MeV prop

__ region
l Proportional

, lon region

| saturation | I

Figure 6.2 The different regions of operation of gas-filled detectors. The
observed pulse amplitude is plotted for events depositing two different
amounts of energy within the gas.

|
|
|
|

Applied voltage




Table 11.1 Properties of Intrinsic Silicon and Germanium

Atomic number

Atomic weight

Stable isotope mass numbers
Density (300 K); g/em?

Atoms/cm?

Dielectric constant (relative to vacuum)
Forbidden energy gap (300 K); eV
Forbidden energy gap (0 K); eV
Intrinsic carrier density (300 K}; em™3
Intrinsic resistivity (300 K);, Q2 - cm
Electron mobility (300 K); cm?/V - s
Hole mobility (300 K); cm?/V - s
Electron mobility (77 K);cm?/V - s
Hole mobilit

Energy per electron-hole pair (300 K); eV

Energy per electron-hole pair (77 K); eV
Fano factor (77 K)

Si
14
28.09
28-29-30
233
4.96 x 1022
12
1.115
1.165
1.5 x 10'0
23 % 10°
1350

0.143 (Ref. 7)
0.084 (Ref. 8)
0.085
to  p(Ref 12)
0.137
0.16 (Ref. 13)

Silicon and Germanium: two typical
semi-conductors

72.60
70-72-73-74-76
5.32
441 x 102
16
0.665
0.746
2.4 x 1013
47
3900
1900
3.6 X 104
42 % 10*

0.129 (Ref. 9)
0.08 (Ref. 10)
< 0.11 (Ref. 11)

0.057
0.064
0.058 (Ref. 14)

}(Ref. 12)




Need for a depleted zone (P-N junction)

Depleted zone:

e excess of electrons
and holes builds
up across the
junction (radiation
detector)

 with reverse
biasing, the bulk
material can be
the detector

<
©
e}
o
-
c
<
v
[
o
Vv

[log scale)

carme

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

Figure 12.7 Comparative pulse height spectra recorded using a sodium iodide scintil-
lator and a Ge(Li) detector. The source was gamma radiation from the decay of
108mA g and 10mAg Energies of peaks are labeled in keV. (From Philippot.!?)




Scintillating detectors

= Detection of radiation using scintillation light
IS an old technology.
Energy oc photons
Transparent!
Decay time of induced luminescence short

= Organic or crystal




Photosensors

High energy
photon

Photocathode

lonization track

-

Low energy photons

Scintillator

/

|
Primary
electron

Focusing electrode

Secondary
electrons

Dynode

Anbde

Photomultiplier Tube (PMT)

Connector
pins
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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

A generic
detector
material

Intrinsic

Other
radioactive Mass
gas, e.g. Kr- Spec
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Outline

= Unit 1: Detector and low background
techniques 101

= Unit 2: Neutrinos, weak interactions
= Unit 3: Neutrino oscillations

=

C

= |

nit 4. From neutrino coherent scattering to
ark matter detection

nit 5: Neutrinoless double beta-decays




Standard Model of Particle Physics

Quarks
i

oDl \

VeiVer Vi Vs V., Ve

Leptons Three flavors

T ™ Weak interactions “only”

, “No” mass
|




| Everywherel

Cosmological v

Solar v

Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

v from AGN

Cosmogenic

10° 10° 10° 102 16%= 10'®
keV MeV GeV TeV PeV EeV
Neutrino energy




Weak interactions

Charged current Neutral current
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First proposal of neutrino “detection”

Indirect Detection (Kan Chang Wang, 1941)

My first successful experiment was a study of the recoil energy of a "Li nu-
of "Be. In "Be

1

Physical Review 61 (1-2): 97

In my experiment, the energy spectrum of a rec

deposit of "Be was measured and found to agree with that expected from the

A Suggestion on the Detection of the Neutrino
Kay Cuaang Waxe

Depariment of Physics, Nelional University of Chekiang Tsunyi,
Kuweschow, Chine

October 13, 1941

emission of a single neutrino (Davis, 1952). This was a very nice result, but I

was scooped by a group from the University of Illinois (Smith and Allen,

Beltex—=Lit 454 (1 Mev)

BTt ex—(LiN* 47+ (0.55 Mev), [
e Ray Davis, Nobel lecture




Man-made neutrinos: nuclear
reactors/bombs

Nuclear Reactors: Source of v,

Uranium

1 Fission < 200 MeV < 6 v,
So 1 GWth (typical power reactor) = 2x102°v,_ /s

76



Proposal to directly measure neutrinos

Direct measurement Fred Reines, Cowan

. Muclear
" explosive

b

\ _Fireball

-

Buried signal line
for triggering release

Back fill

Suspended —— [
detector Wacuum
line

Vacuum

tank Feathers and

foam rubber
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1953-1955: inverse beta decay
(actually worked!)

vV + p - n+ e

Detection of the Free Neutrino*

F. REINES AND C. L. CowanN, JR.
Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico
(Received July 9, 1953; revised manuscript received September 14, 1953) Fred Reines 1995




| Inverse beta decay cross section

(a) Isotope v, spectra (1/fission/MeV)
(b) IBD cross section (cm® x 107*%)

(c) Expected v, in near site ADs (105/MeV)

see annotations
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What about neutral current interaction?

Neutral current

80



What about neutral current interaction
Gargamelle @ CERN (late 60’s to 70’s)

12 m3 heavy-liquid Freon CF,Br.
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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
= boiling as a result of the energy
they deposit by ionizing the atoms along the
track

82




| First leptonic NC events

360000 pictures scanned
[solated forward e observed
at AachenDec 1972.
Interpretation:

VeV e
Properties of electron :
» ldentification : unique by
bremsstrahlung and curling

» Energy 385+100 MeV
» Angle 1.4+ 1.4degree

Background : 0.03 +0.02

V1l -3¢ P
(proton invisible)




First hadronic NC events

How do we tell a hadronic vertex from a leptonic vertex?
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Energy production from the sun

= Sun: mass = 2x103° kg

= Known: Energy is released via proton-proton
fuse into He4 in the core, about 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 = Hed

Change 2 p into 2 n, each is giving out an
electron neutrino!

ptp+tp+tp=>at+ter+et+v, +v,
= Quiz: can you estimate electron neutrino per
sec created from the sun?

e Sun: mass = 2x103° kg (homework #1)

* 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) 87



Standard solar model (John Bahcall)

%
pt*+p"—=2H+e"+v, }799’77 p*+e +p"—=2H+ v,

1075 %

2H + p* =°%He +y —°He +p*—“He +e" + v,

15,08 %

- Be + Yy

99,9 %

‘Be + e” = 7Li + v, Be + p* =% + vy

*He + °He — *He + 2p* Li + p* — *He + *He °B - ®Be* + e* + v,




Pontecorvo

= |talian born physicist. Fermi’s
student

= Theoretical physicists with
fundamental contributions to

neutrinos

On a method of detecting free
neutrinos (19406)

v, +37Cl = 37Ar + e~



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

Ar37

= (P,N) =(20, 17)

= Decay mode: electron capture!
Ar37 + e =CI37 + ve

= Half-life: 35 days

= 2.8 keV x-ray




What does it take?

= Get a big chunk of CI37

= 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

etrachioroet
370 _ ?
Ve ¢ tetrachloroethylene
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How it worked

= Hed 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!

1

H

3] 4 5 6 7

Li | Be BJCI]IN

11§12 13141511

Na § Mg AlLgRSij P S
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The first exposure was 48 days. The tank was
purged with 0.50 million liters of helium. A vol-
ume of 1.27 std cc of argon was recovered from
the tank, and this volume contained 94 9 of the
carrier Ar®® introduced at the start of the expo-
sure. It was counted for 39 days and the total
number of counts observed in the Ar®" peak posi-
tion (full width at half-maximum) in the pulse-
height spectrum was 22 counts. This rate is to
be compared with a background rate of 31+ 10
counts for this period. The neutrino-capture
rate in the tank deduced from the exposure,
counter efficiency, and argon recovery from this

experiment was |(—=1.1+1.4) per day.
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First search of solar neutrinos

* https://journals.aps.org/prl/pdf/10.1103/P
hysRevlLett.20.1205

VoLuME 20, NUMBER 21 PHYSICAL REVIEW LETTERS 20 May 1968

SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Davis, Jr., Don S. Harmer,T and Kenneth C. Hoffman
Brookhaven National Laboratory, Upton, New York 11973
(Received 16 April 1968)

A search was made for solar neutrinos with a detector based upon the reaction C13"(v,
e )Ar®". The upper limit of the product of the neutrino flux and the cross sections for
all sources of neutrinos was 3x107% sec™! per CI1°" atom. It was concluded specifical-
ly that the flux of neutrinos from B decay in the sun was equal to or less than 2x 10%
cm™2 sec” ! at the earth, and that less than 9% of the sun’s energy is produced by the
carbon-nitrogen cycle.
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Solar neutrino detection and “problem”

(1 FWHM Results)
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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

Ay

Raymond Davis Jr. Masatoshi Koshiba
Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Physics 2002 was divided, one half jointly to Raymond
Davis Jr. and Masatoshi Koshiba
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Cheat sheet: neutrino interaction

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

Antineutrino-nucleon Elastic scattering

« For proton, IBD highest

« Neutrino-neutron cross
section also “big” (but
difficult to measure due to
small recoils)
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| Insights: coupling in neutrino interactions

_- Cv(p) = _Cv(e)
=-1/12 C,(n)
=1/12 C (v)!!!

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




Outline

= Unit 1: Detector and low background
techniques 101

= Unit 2: Neutrinos, weak interactions

s

nit 3: Neutrino oscillations

nit 4. From neutrino coherent scattering to
ark matter detection

nit 5: Neutrinoless double beta-decays




Pontecorvo Explanation

= Neutrino can change species:

Leptons

20. B. Pontecorvo, “Mesonium and antimesonium,” Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki, vol. 33,
p. 549, 1957, Soviet Physics—]JETP, vol. 6, p. 429, 1958. View at Google Scholar

21. B. Pontecorvo, “Inverse beta processes and nonconservation of lepton charge,” Zhurnal Eksperimental noi
i Teoreticheskoi Fiziki, vol. 34, p. 247, 1957, Soviet Physics—]ETP, vol.7, pp. 172-173, 1958. View at Google
Scholar



| Origin of SNO

Herbert Chen, B&R1EFR,

1942-1987

VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen

Department of Physics, University of California, Irvine, California 92717
(Received 27 June 1985)

A direct approach to resolve the solar-neutrino problem would be to observe neutrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrino flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detector, sensitive to neutrinos from B decay via the neutral-curent reaction v +d — v +p +nand
the charged-current reaction v, +d — e~ +p + p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh



Three detection channels in SNO

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

v.+H—e +p+p (CC)

CCoce
v.+e —=v_+e (ES)

EScle+1/7 x

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

v +‘H—=v_+p+n (NC)

NCocle+1x
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SNO solving solar neutrino mystery

Art McDonald

-~
~

-
8
S
i
|
—
F
—
-
—_
o
Om—
-
[
—

CCxxe

A ESc 1e+1/7x
9..(10 ¢ =s")

NCocle+1x

115




Neutrino Oscillation

Source Fly In Space Detection
S
V(%)) =[v,) |V(5E:.s‘)> = COS E}‘ vl>ef{E‘F“E1'f}

:cosﬂ‘vl>+5in 6’|v2>

Linear Light /
——

- Py, —»v,)=[v,|v() ¥
+ sin 5‘| Vz}e’m'kﬂ'x} : : |< : >‘

Birefringent Crystal &—} E Analyzer




H“ Two-flavor Neutrino Oscillation in Vacuum
]

P(A—B. appearance) = sin’20sin?(1.27Am’L/E)
P(A—A. survival) =1 - sin’26sin*(1.27Am"L/E)

Am*=m,;>-m,* in eV?>
Lin m, E in MeV

prob [l-f,—n;‘]

~— gin® 28 —w=

LI

1 1
- — o —i-
Tw=——

AT - ]
1.27Am

vV, cos@ smé | v,
Vg —smé cosl Vy Given L/E sensitive to a range of Am?: MeV neutrino &
1000 m = Am?~107eV?




Atmosphenc heutrinos

&Atmos herlcv
B R
7 . Quiz: pi+ = (ud),
LT R can you draw the
‘/;A PRt Feynman diagram
A % of its decay? How
P o
i, about mu+?

Note that Pi+
decays into e+ is

Roughly hugely suppressed
o = - v,iv, - 1:2 due to the so-
y b called helicity
| suppression
Methods in experimental nuclear and particle physics 118
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Methods in experimental nuclear and particle physics

How did the “ring” form

Super Kamiokande




Events in Super K

ultrapure water

charged

particle &

Each dot represents
a PMT hit by light

Methods in experimental nuclear and particle physics 120




Neutrino oscillation smoking gun from
Super K

& days Preliminary
Fenith

Isotropic The of multi-GeV mu-like (FC+PC)
COSIMIG Fiy'S

;
}ﬂ 000 -

« Data

[7] Predicted

— NUmMU=nutau osc,

Methods in experimental nuclear and particle physics 121



Neutrino mixing

Transformation from mass to weak eigenstates

Solar: 6,,~32°  Atmospheric: 0,;~45°

0,5~9°
o: CP Violation Phase

Am?, =2.4x103eV?

Am2_ ~ 7.6x107 eV?




| The last mixing angles 0,4

1 «\ sin’ 26‘13» cos? B1slsin® Azl + sin? 05

— cos® f13 sin” 26,5 sin? A

Far
Am;,2=2.4X103 eV?,

!lc l}
) W,

reactor neutrinoEv~4 g
MeV,L=2 km 1(

Unoscillated flux




Daya Bay Experiment

Inverse Beta Decay Y 2.2 MeV
_ . Y 511keV
V, = p—n + €

Use liquid scintillator
doped with Gd

Coincidence signal: detect
Prompt: e annihilation E =KE_ + 1.8
MeV g
Delayed: n capture on proton (2.2 MeV) or ;
Gd (8 MeV)

At (delayed-prompt) ~ 28 usec for 0.1% Gd- : e I
doped LS ? PO TP IO

econstructed Energy [MeV]




RIS R R =S

8 functionally identical detectors
reduce systematic uncertainties

3 zone cylindrical vessels

Liquid Mass  Function

Inner Gd-doped 20 t Antineutrino
acrylic liquid scint. target

Outer Liquid 20 t Gamma
acrylic scintillator catcher

Stainless  Mineral oil 40 t Radiation
steel shielding

192 8 inch PMTs in each detector

Top and bottom reflectors increase light yield
and flatten detector response
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| L/Efinal data set

{EH1 {EH2 {EH3

Best fit (3-flavor osc. model)

] |
I | 1 l 1 I I I I

] 1 ] I ] 1 |
200 400 600 300
L,/<E > [m/MeV]




| Another big question:
Mass ordering???

= |Amg 2| =2.4x103 eV?, Am,,?
= 7.5x107° eV?

Mass hierarchy:
Is m, the lightest (normal) or m; the

lightest (inverted)?

Mass [gig a-electron-volis)

Am?>

atm

¢ ¥
v3 ]
Inverted hierarchy

ved Vu O

10#
10#

10t
Charm quark

Down quark

o Up quark

Electron
i

107

L
V2 T |
v A'mscnl
1 | | | |

Normal hierarchy

vr ]

FERMIOMNS® BOSONS
First Second Third
Generation Generation Generation
Top quark Hipgs
. '@

»

l“;'.

Botiom quark

T e e e MASSLESS

m-m
Muon-
neutring

107t Electron- J
neutring

iu-IE‘

BOSONS

J

Tau- _} Photan

neutring
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| An “upgrade” of Daya Bay Experiment

cos® 013 sin22912 sin? Aoy

—I sin22813 (cos2912 sin2A31 + sin2912 sin2A32)

0054913 sin22912 sin2A21 —I sin22813 sin2Aee Aj = Amj —
-

» L

iap

Am?® = effective neutrino
mass-squared difference
(beat frequency)

o
[ o]

Am3, = Am3, + Am3,
Am3, | [Ami,| + |Amy, |
AmZ,| = [Amdy| — |Am2,|

1
= =
E= [=)}

Oscillation probability

. 2 2
with Am 15 << Am i

=
o

— different beat frequency
(Am? ) for both hierarchies

Vacuum oscﬂlatlon probablhty P(v =)
Here for Am +&m , = 2x2. 49x10° c\r

full red line - normal hierarchy
dashed blue line - inverted hierarchy

~50-60 km for "\,
energies of reactor v \'/)Qr,\\

5000 10000 15000
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| JUNO Experiment

(D
Guefngzhou xS odE
: i ﬂOl‘»%-ﬁ‘ﬁG&.ﬁaz‘*Wﬁ% Fie#l 2>

Dongguan ; : The 220 JONG Callnharation Mesting

FRm

— 2 e
f‘\@henzhen L\\t:' '; D.YB n _HUiZhOU
= i i NPP
‘/@ Daya Bay+

1 NPP
"\4?1 Hong Kong < <
~ JUNO collaboration: >700 collaborators,

il ey 74 institutions, 17 countries/regions

) JUNOSTAO
" Taishan NPP

,.,YangiiahéN;;' :
Yangjiang NPP: 2.9 GW x 6

Taishan NPP: 4.6 GW x 2
Equal baseline: 52.5 km

20 kton Liquid Scintillator _' _:. . 17612 20-inch PMTs for CD
Spherical Acrylic Vessel $35.4 m ; - | 2400 20-inch PMTs for WC
35 kton water shielding b . Average photon
Cylindrical Water Pool 43.5x44 m detection eff. 30.1%
700 m overburden THR ' !" 25600 3-inch PMTs







Outline

= Unit 1: Detector and low background
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Coherent elastic neutrino-nucleus
scattering (CEVNS)

Quantum mechanics: 200 MeV ~ 1 fm
So MeV neutrino cannot resolve nucleons in nucleus

Coherent effects of a weak neutral current

Daniel Z. Freedman
Phys. Rev. D 9, 1389 — Published 1 March 1974

References Citing Articles (412) m Export Citation

If there is a weak neutral current, then the elastic scattering process v + A — v + A should have a
sharp coherent forward peak just as e + A — e + A does. Experiments to observe this peak can give
important information on the isospin structure of the neutral current. The experiments are very difficult,

—38 9
3 ¢m? on carbon) are favorable. The coherent cross

although the estimated cross sections (about 10
sections (in contrast to incoherent) are almost energy-independent. Therefore, energies as low as 100
MeV may be suitable. Quasi-coherent nuclear excitation processes v + A — v + A* provide possible
tests of the conservation of the weak neutral current. Because of strong coherent effects at very low

energies, the nuclear elastic scattering process may be important in inhibiting cooling by neutrino

emission in stellar collapse and neutron stars. 133






scintillation

scatte_red
neutrino

secondary
recoils

Approximation, N=num neutrons

Y "EA

Amax
FIG. 1. Recoil-energy spectrum of the struck nucleus A4 in
elastic neutrino scattering.

E = E%(E/l MeV)?* keV




COHERENT Experiment

Hg TARGET

Oak Ridge

Proton beam: 1 GeV, pulsed
Neutrino energy: 16-53 MeV
Live time: 154 days
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Light yield ~1.17 PE/keV,,

. ++ $-1 +‘
t
3‘5 4'5 5 1‘5 2l5 3.5
Number of photoelectrons (PE)

Res. counts / 2 PE

Beam OFF v v, v, Beam ON
1T prompt n T

'

Res. counts / 500 ns

-f+++f+++f+++f+++f*

1 3

Pyl
7 9 11 1
Arrival time (us)

Cite as: D. Akimov et al., Science
10.1126/science.aa00990 (2017).

Observation of coherent elastic neutrino-nucleus scattering



“Application” of a low E neutral current
detector

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10"* GeV.

In this paper, we will calculate the sensitivity of the
detector considered in Ref. 5 to various dark-matter can-
didates. Although this detector is not very sensitive to



Discoveries by astronomers

Fritz Zwicky
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Large scale structure of the universe




Standard Cosmology: ACDM

-

Dark Energy 68.3%

s T Ny T




Expanding and cooling universe

History of the Universe
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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

= |n 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

Comoving Number Density

= “Eternity!”: a constant relic!

10 100
x=m/T (Ltime =)

Comoving: a volume which increases as the universe expands



| HgavwaSM,
partlcles (wea&ly—
|n$éract| &

mass ive partlples)

WIMP Miracle! ! !

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

Quite accurately measured by gravitational dynamics:
DM mass density around us: 0.3 GeV/cm?
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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 recoill
(Goodman & Witten, 198b)
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Dark matter beam

= | ocal density of DM: 0.3
GeV/cm?3
* 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

* |f 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=m,/m,.
= Collision with atomic nuclei.

A=1, T reaches maximum

T..ax = Eg When the collision angle is either O or 180
degree.




UMM,
M CE

s || ST Liquid density:3 g/cc

5

TR TR
HIR BT B R (A 0 3

Boiling pt: -100C

Annual production:
~100 ton

*:
IR BT MRS 11200147
AR R, SR Ay
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Dual-phase time projection chamber

Gamma

electron recoil

WIMP

nuclear recoil

Dark matter: nuclear recoil v background: electron
(NR) recoil (ER)

s1 Drift time 52 S1 M 52

(S2/81)\r<<(S2/S1)cr

Multi-site scattering
background (ER or NR)

Detector capability:

e Large monolithic target

e 3D reconstruction and
fiducialization

* Good ER/NR rejection

e Calorimeter capable of seeing a
couple of photons/electrons
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China Jinping underground Laboratory
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2018.4 water 2019.8 PandaX-4T 2020.5 liquid xenon 2020/6-2020/11
tank instllation filling intearation tests
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Background: name of the game

Tritium: lifetime 18 years

We discovered a tritium level of 20/kg-of-xenon! Now
managed to reduce it to 2/kg-of-xenon ...
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Upper limit : “Nothing” is still
meaningful
= For a Poisson
distribution, if we
measure O
If mean value = 2.3,

10% of the probability
of measuring O!

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




| Turning the absence of DM into a limit

1r|

— PandaXx-4T 2021
XENONnT 2023
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e PandaX-4T 2024 (this work)
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| Solar neutrinos again
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A 4-ton detector, but with CEVNS

1:,@_

scattered
10 neutrino RunO+Runl

nuclear

. &

; / W' secondary

) 'S recolls
scintillation

Fitted excess due to B8

5
2

Co_unts/O. e

B16-GS98 prediction
XENONIT
PandaX-4T (2023)

PandaX-4T (paired & US2 combined)

10 15
Solar B v flux [x 10%cm=2s1)
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A 4-ton detector, but with CEVNS

- L[REYSICAL REVIEW CERIERS - | PHYSICAL REVIEW LETTERS

First indication of solar 3B First indication of solar 8B
neutrinos through coherent neutrinos via coherent elastic
elastic neutrino-nucleus neutrino-nucleus scattering with
scattering in PandaxX-4T XENONRNT

Phys. Rev. Lett. Phys. Rev. Lett.

Zihao Bo et al. E. Aprile et al.

Accepted Accepted
11 September 2024 25 September 2024

1 1
5 10 15 20

Solar 3B v flux [x100cm=2s~1
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A 4-ton detector, but with CEVNS

APS 2024 Top Ten Highlights




Future: PandaX-xT

Outer VETO: 3000 m3 of ultrapure water

Middle VETO, 1000m3 of ultrapure water

—
o ——

= 47-ton xenon, including

Inner vessel, ]

S _Cuztan 43-ton sensitive volume
| 2.7 meters in diameter
and height
el e Eliminate LXe veto
|| e | Cold LS veto right
* outside Cu cryostat
Staged and upgradable

Inner VETO: liquid
scintillator, 30 ton
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Majorana particles

* Majorana, 1937
* Can be tested via neutrinoless double 3 decay, W. Furry, 1939




What happens with matter-antimatter
meet?




Another big mystery: why Universe
almost has no anti-matter?
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One promising theory: leptongenesis

* |f neutrino is Majorana, then it “may” be
able to explain the 10 asymmetry produced
In the early universe
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Neutrinoless double beta decay

Fven Mass Number

Nuclear Mass

N, 7 odd

I I
7=2 =1 Z 7+1 742

« Neutrinoless double beta decay Atomic Numher
— The nature of neutrinos, Dirac or Majorana el
i — lepton number violation E 2vpp
» Extremely rare events T > 104 year.

0.4

() |°
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“The Magnificent Nine”

Zr ''Nd g, (24Bi) = 3.27 MeV

100
Sel BCocl6cd  E, (2%T1) = 2.615 MeV

(69

Abundance (%)

~~
>
v
z
v
3
©
%
Q

124 129

130 131 132 134 136

Xe Isotopes

Mass number

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

48 .
Ca, 2v2p —
T,,=4%x107yr

Ov. T,,,=10* yr

\l, 172~

FWHM=2.5%

3800 4000 4200 4400 4600 4800
Energy (keV)

Ov, T, ,,=10""yr

FWHM=2%

3800 4000 4 4600 4800
Energy (keV)
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Front runners

Experiment Isotope Resolution
CUORE

EXO

GERDA 6Ge
KamLAND-Zen 136Xe

Table 1.1: Proposals considered in the n
with estimates (

175

1440
2700

(meV)

per unit of energy, time and isotope mass — are given. Two possible ()pem‘ru n phases, with estimates hn ‘rhp (thP( tor

mass and the background rate achieved,

are given for each experiment.




Experimental techniques
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Where we expect the signal?

Current direc

DESI 2024

Inverted MO 2m,<0.073 eV




Potential new comers

PandaX-xT CDEX-1T JUNO-DBD
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PandaX4T latest result
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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)
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