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A brief blo..

- | always was fascinated with the stars and galaxies (who aren't?), wanted to
become an astrophysicist as a kid (like Hawking)

- In college, | started to become more interested in theoretical particle physic,
with inspirations from Einstein, Feynman, Gell-Mann (who doesn't?)

- In graduate school, | started working on experimental particle physics
(heutrino) as we started to have breakthroughs in experimental particle physics
during the time (Higgs boson, neutrino oscillation, gravitational wave..)

+ - as a postdoc, | also worked on dark matter detection for few years, then came
back to neutrino physics as a faculty here at BNL

- stop by 3-181 anytime to say hello or to talk about anything!
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Particle physicist trying to understand ordinary matter..

tiniest building block of matter
elementary particles of the umiverse

Neutrinos!

tiniest building block of matter:

elementary particles of the universe
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Standard model of particle physics

. . . Standard Model of Elementary Particles
ordinary matter is well described by d

three generati_ons of matter interactior;)s; Is L(:‘r:e carriers
12 building blocks of matter and the . e — e
force carriers through which they ol I a e | @ Y
interact i Bl | v | il || o
up charm top gluon higgs
heutrinos make up three of the 12 ‘@ IF® IF® |I
pouilding blocks, with special down )| strange J| bottom j| photon
CharaCteriStiCS Of: 10.511 MeV/c? :—'1105.66 MeV/c? _=11.77686eV/02 :91.1QGeV/cz N
® |'® |0 (@ |5
Z boson 2
- neutral charge 0 23
% O10 evic? <0.17 MeV/c? <18.2 MeV/c? ~80.39 GeVi/c? LL|8
, [w w | w e |
- tiny mass - ﬁL‘iﬁ‘r’.‘r’,’; neutrino neff’::‘.no W boson | 7

- weakly interacting only
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. Ccontents

- beta decay. how the neutrinos found
- missing heutrinos: how the neutrinos change their flavors

- detecting invisible particles: what and how we detect neutrinos
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Beta decay: how the neutrinos were found
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Beta decay: Theoretical prediction

- the beta decay Is a radioactive
decay In which a proton in a
hucleus is converted into a
neutron (or vice-versa)

- In the process, the nucleus
emits a beta particle (electron
or positron); hence beta decay

number of protons
and neutrons

\
210

/

number of protons —
n—,p —+e

1899 — 1927
Rutherford, Meitner, Hahn, Chadwick, Ellis, Mott, et. al
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Beta decay: Theoretical prediction

- If the decay happens with the atom
nucleus at rest, the energy of the
electron is expected to be always the
same considering energy conservation

- but iInstead “spectrum” of energies was
observed, always less energy than
expected

Expected
electron

energy

Observed
spectrum of
energies

Number of electrons

- maybe there's an invisible particle that
takes away the energy?

Energy

Endpoint of
spectrum

N
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Beta decay: Theoretical prediction

- Wolfgang Pauli in 1930 postulated
exactly that:
an undetectable particle emittea
during the decay, sharing the energy
with the electron

- given the observation, this particle had - o o
. . - v
to be electrically neutral and very light < spectrum of | electron
— neutrino % energies energy
©
3
N g
pd
210 p: 210 — =
83B1 — 841:)0 + € +\9 Energy \Endpointof
spectrum
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Beta decay: Theoretical prediction

Translation of the open letter sent by Wolfgang Pauli to Lise Meitner and Hans Geiger and a group of
radioactive people at the Gauverein meeting in Tubingen.

Zlrich, Dec. 4, 1930

Physics Institute of the ETH
Gloriastrasse

Zlrich
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more detail,
because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I have hit
upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of conservation
of energy. Namely, the possibility that in the nuclei there could exist electrically neutral particles,
which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further differ
from light quanta in that they do not travel with the velocity of light. The mass of the neutrons should
be of the same order of magnitude as the electron mass and in any event not larger than 0.01 proton
mass. - The continuous beta spectrum would then make sense with the assumption that in beta decay,
in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the
neutron at rest is a magnetic dipole with a certain moment u. The experiments seem to require that
the ionizing effect of such a neutron can not be bigger than the one of a gamma-ray, and then u is
probably not allowed to be larger than e » (10 -13cm).

But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear
radioactive people, with the question of how likely it is to find experimental evidence for such a
neutron if it would have the same or perhaps a 10 times larger ability to get through [material] than a
amma-ray.

admit that my remedy may seem almost improbable because one probably would have seen those
neutrons, if they exist, for a long time. But nothing ventured, nothing gained, and the seriousness of

the situation, due to the continuous structure of the beta spectrum, is illuminated by a remark of my
onored predecessor, Mr Debye, who told me recently in Bruxelles: ”OF, It's better not to think about
this at all, like new taxes." Therefore one should seriously discuss every way of rescue. Thus, dear
radioactive people, scrutinize and judge. - Unfortunately, I cannot personally appear in Tubingen since
I amindispensable here in Zirich because of a ball on the night from December 6 to 7. With my best
regards to you, and also to Mr. Back, your humble servant

W. Pauli

Wolfgang Ernst Pauli

Pauli in 1945

But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear
radioactive people, with the question of how likely it is to find experimental evidence for such a
neutron if it would have the same or perhaps a 10 times larger ability to get through [material] than a
gamma-ray.

I admit that my remedy may seem almost improbable because one probably would have seen those
neutrons, if they exist, for a long time. But nothing ventured, nothing gained, and the seriousness of
the situation, due to the continuous structure of the beta spectrum, is illuminated by a remark of my
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. Detection of neutrinos

neutrinos were first detected experimentally in 1956 by Clyde
Cowan and Frederick Reines

the experiment took place in the Savannah River Plant using a

@

nuclear reactor as the neutrino source

92
2% Kr

J

ENERGY d3'n
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92 U 236 |, : J
92
141 B3
Unstable 56
nucleus

“~._ Series of beta decays

Sy

Nuclear fission
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. Detection of neutrinos

neutrinos were first detected experimentally in 1956 by Clyde
Cowan and Frederick Reines

the experiment took place in the Savannah River Plant using a
nuclear reactor as the neutrino source

- the detection was made with the inverse beta decay process:
neutrino interact with proton, turning it into neutron and emitting positron

- using water (with large number of protons) with cadmium chloride
- signal 1: positron interact immediately with electrons, create gamma rays

- signal 2: neutron captured by cadmium, gives off a gamma ray

- note: notice "beta’ particles (electrons) are always associated here?
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Detection of neutrinos: more flavors

with following theories, different types of
neutrinos were hypothesized

- muon was discovered in cosmic rays In
1936; very similar to electrons, but heavier

- muon neutrinos, associated with muons

instead of electrons, then may exist World’s first accelerator neutrino experiment
15 GeV dermensiratn of e doublet Siucturs of e leplons irough the dlscovery of he
: remember how beta decay always Be Target N \\\\\ \ jJﬂJJJ
involves electrons? 2= B N\ NN sh,\;,d.\\
G . , -— :_:_‘:‘:: ~ ~ RN \l\\k
. . ]‘ ‘ | m21 mm::iecay | { Il \\\\\\}}\\\‘\\\\3\'\{\§\\\§\§\\’\\ |\ i
- at BNL in 1962, using proton beam on Be A it u]]ﬁ I | \ |§ - iy
target, Lederman/Schwartz/Steinberger - 1 L.
discovered neutrinos producing muons AGS - el

chambers)

similarly, followed by tau lepton discovery,
tau neutrino was discovered by DONUT V,+n—pu +p
experiment at Fermilab (2000)
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Missing neutrinos: how neutrinos change their flavors
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The solar neutrino problem Nobel Prize 2002 ()

. ] . + v 52 + . 99,77 % 0,23% | _ PN 21—1?
- the Sun is a huge source of neutrinos from nuclear fusion {P £ ptH + e v, R S P et H
crp e : . —i84’92% °H + p*—3He + vy SHe + p*—*He + e* + v,
- ~100 billion neutrinos from the Sun pass through your thumbnail = ﬁ;
every second! ot + e~ 7Be +y |2
99,9 %
- J. Bahcall calculated expected number of solar neutrinos expected Be+e =Litv, || Be+p =Bty |
to arrive at Earth

‘ ' SB
3He + 3He — *He + 2p* [ Li + p* — *He + *He { ®B — %Be* + e* + v,
[ 8Be* — ‘He + “He

- all the neutrinos generated in the Sun was to be electron neutrinos

- R. Davis used the Homestake experiment to detect these neutrinos
IN 1068

- buried deep underground (1500m) to avoid cosmic ray background

- one needs to detect chlorine-to-argon conversion, from an
Interaction from the electron neutrinos

/“NEUTRON_ SH

Ve + 35Cl - +e”
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The solar neutrino problem

but detected number of (electron)
neutrinos seem to be too small.
2/ 3 of them were missing!

8ol | | vegeotiosnng | 5 expectedrate
- was the solar neutrino calculation off? 3 1 | || | | | | | %

8 g | missing v?
- was it an error with the experiment? & g
B. Por?tecorvo suggested_m 19069, that = 1.3
nheutrinos could change in some way oo
while traveling from Sun to Earth
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. Neutrino oscillation: model

- flavor mixing: neutrinos are special, as they

have two different eigenstates with weak/
flavor & mass

- weak/flavor eigenstates: states
assoclated with the weak interaction, In
which neutrinos are produced & detected;
‘Interaction basis’

- mass eigenstates. states of definite mass,
which propagate through space-time;
‘propagation basis’

- note: in order to have this “oscillation”
neutrinos need to have mass!

Mass
elgenstates

flavor
elgenstates

©
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. Neutrino oscillation: model

- flavor mixing: neutrinos are special, as they

have two different eigenstates with weak/ NN\ N T
ﬂaVOr & MAass V(X /\M/\/ Vﬂ
- weak/flavor eigenstates: states AVAVAVAVAVA

associated with the weak interaction, in e | Jotector
which neutrinos are produced & detected; ~ ”
‘Interaction basis’

- mass eigenstates. states of definite mass,

which propagate through space-time; »
‘propagation basis’

- note: in order to have this “oscillation’ Production Propagation Detection

neutrinos need to have mass! ,
Flavour Massive states Flavour

states (eigenstates of the states
Hamiltonian)
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. Neutrino oscillation: model

flavor (a = e, u, 1) < linear combinations & mass (i = 1, 2, 3)

‘l/a> = ZU;Z |Vz> % N |Vz> = ZUaz’ ‘Va>

| |

Ve Uer Ue UeB 1
RZ Un Upx Ugs] Lvs
“_ B,

LY .
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

PMNS matrix can describe the mixing
between these two eigenstates
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. Neutrino oscillat

on: model

orobabilities between
neutrinos

PMNS matrix contains different
oarameters, such as mixing angles and &

- mixing angles represent the oscillation

two flavors of

Ocp represents the difference in oscillation

between neutrinos anc

antineutrinos

- 1f dcp =0, neutrinos and antineutrinos will
nehave/oscillate in same fashion

- 1f not, CP violation exist in the neutrino
sector: which is a necessary condition for

explaining matter-ant
INn our Universe

imatter asymmetry

Ve Uer Ue Ues V]

Vp | = (U U Us | |2

Vr UTl U7'2 U’T3 V3
— _

Y .
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Mixing angles = (9,,,6,,,0.,) , 0O.is the CP-violation phase
( | 0 0 \ ( C13 () 62‘6(-“?313 \ ( ci2  S12 0 \
Upmns = 0 o3  So3 0 1 0 —S12 C12 0

N ——— A ———
I I1 I11

atmospheric reactor solar

where: C_q = COS BGB : Seg = sin GGB

Nonzero BCP ———> neutrinos and antineutrinos oscillate different

\O — 893 C23/ \—6_’.1‘5(7‘})813 0 C13 ) \ 0 0 1}
——— N ——p—

L’,\ Brookhaven

National Laboratory

Jay Hyun Jo

20



Neutrino oscillation: confirmation

- neutrino changing its flavor during travel (neutrino
oscillation) can explain why we detect only 1/3 of
expected electron neutrinos,; but can this neutrino
oscillation be experimentally confirmed?

-
.

- two separate experiments, Super-Kamiokande (L
and SNO, confirmed this: Y7

.\
/ -
o
m.‘l\
n..
Sy
e /,
i ]
o, .

SNO detected different interactions from solar
neutrinos, sensitive to different neutrino flavors:
confirming electron neutrino indeed changed
iInto muon/tau neutrinos

7, 8 me  Expected number without neutrino oscillation SK data
- SK observed a deficit of muon neutrinos coming % - — e 1
from the opposite side of the Earth (longer travel 2] e IS |
distance), compared to those coming from right T £ ) | =0
. . 3
above (shorter travel distance): confirming )
muon neutrinos oscillating into tau neutrinos ! ' C l I 1
O() 1 2 3 4 5 6 Upward Horizontal Downward
¢, (10° cm? s
(¢) Brookhaven Jay Hyun Jo 21



Detecting invisible particles: what, how, & why we detect neutrinos
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What

do we detect

- neutrinos are really hard to detect: they carry no charge,
interact very rarely, and only through the Weak force

- but we can detect what comes out of the interaction of
the neutrinos

- electrons, muons, hadrons, photons, ..

- what do we need?

- heed a source of neutrinos: either natural or artificial

- need a big detector, to increase probability of the

neut

1IN0 INteraction

- need to detect the outgoing particles precisely

- need good theoretical predictions/models of

neut

'IN0 production, propagation, and interaction

Vy——

Production Propagation Detection

12 m

Cathode planes Anode planes
Anode planes Cathode planes Anode planes

14 m

L? Brookhaven

National Laboratory

Jay Hyun Jo

23



w How do we detect

- at the end of the day, we want to (precisely)
detect outgoing particles:
their type, direction, energy, ..

- as technology develops, we began to gather
more and more information of these particles

- an example: water Cherenkov detector of
Super-Kamiokande, where charged particle
generating a "light shock wave™ as It travels
through water

- here we take a look at state-of-the-art
neutrino detection technology:

Liquid Argon Time Projection Chamber
(LArTPC)

physicsopenlab.org

Cherenkov light

Neutrino
J +J)—
Charged

particle
In water
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http://physicsopenlab.org

‘How do we detect: Liquid Argon Time Projection Chamber

quU|d argon (LAr) as tOta[ NUCLEAR INSTRUMENTS AND METHODS 120 (1974) 221-236; © NORTH-HOLLAND PUBLISHING CO.
absorption calorimeter LIQUID-ARGON IONIZATION CHAMBERS AS TOTAL-ABSORPTION DETECTORS*

—_ dense’ abunda nt’ Cheap Department of Physics, Yale Universllz,n :’ew Haven, Connecticut 06520, U.S.A.

- jonization and scintillation signals e 1974
Time Projection Chamber (TPC) as A new 4n detector far charged particles

47 charged particle detector David R. Nygren

Lawrence Berkeley Laboratory
Berkeley, California 97420 1 976

- 3D reconstruction with a fully
active volume

THE LIQUID-ARGON TIME PROJECTION CHAMBER:

A NEW CONCEPT FOR NEUTRINO DETECTORS

LAr+TPC: fine-grained 3D tracking
with local dE/dx information and N
fully active target medium e 1977
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LArTPC principle: the MicroBooNE detector

at MicroBooNE's core Is an 85 ton N
LATPC

MicroBooNE's
TPC during assembly #&
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LArTPC principle: the MicroBooNE detector

at MicroBooNE's core Is an 85 ton
LArTPC

L~
Vil mmrmfrfrﬂm
.(‘ | ‘ i ‘
| [ [

TPC being moved
inside cryostat
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LArTPC principle: the MicroBooNE detector

iN addition there Is a

light detection syste

consistin@igiBR8-inch

PMTSI o :
K

|

MicroBooNE's
8" Photomultiplier Tubes

(& Brookhaven
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aaaaaaaaaaaaaaa

Jay Hyun Jo

23



Charged
particles!
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Scintillation lLight

_-_:)

P and N

o

| = | ] | |

| | | | | | | | | | | | | | | | | | | | | | | |
] || | ] || | ] || - ] || | ] || | |

|| | ] | | | || | ¥ | | |

Liquid Argon @ 89 K
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Scintillation lLight

Liquid Argon @ 89 K Liquid Argon @ 89 K

Cr V ostat
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Scintillation lLight
lonization Charge

8192 wires

Electric Field

QO
©
(o)
e
e
©
O

Liquid Argon @ 89 K Liquid Argon @ 89 K

— .
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Scintillation lLight
lonization Charge

8192 wires

TPC :
.k
NN
III
L
i
-]
:I!
1 O
-
1
S :">O
o ‘] 3
S o 18
5 Electric Field 1o
—

Liquid Argon @ 89 K Liquid Argon @ 89 K
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Scintillation lLight
lonization Charge

8192 wires

Electric Field

QO
©
(o)
e
e
©
O

Liquid Argon @ 89 K Liquid Argon @ 89 K
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Scintillation lLight
lonization Charge

8192 wires

TPC :
h
K
™ I -
.l
K O
s
1
-]
N '
O O

™ I L
1

5 Ty,

£ 13

& Electric Field e
+— |

Liquid Argon @ 89 K Liquid Argon @ 89 K
cxal sxal
cy© cy©
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Scintillation lLight
lonization Charge

8192 wires

Electric Field

QO
©
(o)
e
e
©
O

Liquid Argon @ 89 K Liquid Argon @ 89 K
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LArTPC principle: the MicroBooNE detector

Photon
", Candidates

Protoh
Candidate

NC z° + 1 proton candidate data event CCv_+1 proton candidate data event
Run 15318 Subrun 159 Event 7958 Run 8617 Subrun 46 Event 2328

capable of separating electrons from photons, with gap and calorimetry
iNnformation
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‘Long-baseline neutrino experiment principles

artiﬁcial neutrino beam generated accelerator| |near detector far detector
'
at an accelerator | l s
S
measure rate of neutrino events ir 1
the near detector by T
s > w | ' u:"#”: e S

- use the measurement to predict

the neutrino flux at far detector N,(E,) = g(E,)P, (E,)e(E,) N,(E,) = P(v, = v)0(E,)®, (E,)e(E,)
[ Ne(Ey) = P = v00 (B0 (B)e(Ey

Interaction Detector
cross section Neutrino flux effects

Oscillation probability

measure rate of (un/oscillated)
neutrino events in the far detector Ar2L

P(v, — vy) ~ sin”26 sin” (4Etrue)
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DUNE: next-generation long-baseline neutrino experiment

Sanford Underground
Research Facility

Fermilab

—
'_——--— B e T
-~ ™ ~

//

Far Site Near Site N
» 1300km from the proton source  550m from proton source
* very large LAr TPCs (each 17 ktons) e on-site at Fermilab
* underground in South Dakota » both stationary & moveable detectors
() Brookhaven Jay Hyun Jo 39



Why do we want to detect neutrinos?

remember heutrinos need to have
mass to oscillate?

- the Standard Model, which predicts
hundreds of properties of all the
particles we can measure precisely,
assumes the neutrinos to be massless

- discovery of neutrino oscillation, starts
to make a crack in this incredibly
successful model of particle physics

k? Brookhaven Jay Hyun Jo
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Why do we want to detect neutrinos?

"mwghﬁﬁﬁﬂdﬁylL~ AT

: ( "’j with |al® + 15| =1
aWV«MVWJJ b) ‘

The most general st:
A LAV ARE™ 7

YRET X 1¢tAanian Mma2 MF‘J 1S
Suppose the Hamiltonian matria s

T { he ‘ r e denend nt } ( N (f 1 'f‘;f} ’:;;'U,:‘;;\/"‘f <,';7(3 UL’LHQ}I 5»2’%’{1

"At present this is highly speculative —
there IS no experimental evidence for neutrino oscillations”

D. J. Griffith, Introduction to Quantum Mechanics (p.120, 1995)
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Why do we want to detect neutrinos?

standard model beyond the standard model

could CP violation in neutrino
Interactions explain the
matter/antimatter asymmetry??

are there new interactions
we could discover via neutrino?

are there additional neutrinos
beyond known three types?

what Is the ordering of the
neutrino mass?

what I1s neutrino mass?

IS the neutrino
its own anti particle?

=’

(& Brookhaven
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Why do we want to detect neutrinos?

Phys. Rev. D 64 112007, 2001

17.5 ® Beam Excess

151

Beam Excess

| pM,e)n

- we are already starting to see few
‘anomalies” in the neutrino physics 0| 4

|
I I I I — o e e TS Tt FOTRTe o0 6 %0%6%
B ALK
T T S e e S SS b e

L e A S

TSI 2000002000300 % %% s 2000000 290038 sSetetezazezer "z
e a S u e e tS a d O u b e S t ~0s o8 1 1 2
I l I I I I l I I I I I 0.4 0.6 0.8 1 1.2 1.4

L/E, (meters/MeV)

prediction of neutrinos start to | SND anomaly

Events/MeV

Phys. Rev. D 103, 052002 (2021)

[ 1 I I I 1 I 1 1 1 I 1 1 1 I I 1 1 I I I 1
- e Data (stat err.)
—_+— ] v, from p*” .
7= O v, fromK™
- I v, from K°
6~ -- I ~° misid _
C 1 H- . A—>Ny :
I N dirt .
5 [ other ]
: * Constr. Syst. Error
P e Best Fit
4 : g
3 + —
2 | S _:
1 I* - ------ | __
=== ]
8.2 0.4 0.6 0.8 1 1.2 14 3.0
ESE (GeV)

Mini

BooNE anomaly

disagree L2 Xiv:2109.11482, PRL
- remember the Solar neutrino
problem?

. -O .
lllllll

R meas. /Rpred.
=
O
|

Combined:
0.80 £+ 0.05

o
- will these lead to a discovery of new T e
. & Q;Y' ’C} ,C} \QQO O\}\c
pohysIcs? & & PP F

Gallium anomaly
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Why do we want to detect neutrinos? Example of “sterile” neutrino

maybe adding an extra, "sterile” neutrino
help resolving these anomalies

potentially detectable through impact on
neutrino oscillations

Q: can this new type of neutrino be solution to
these anomalies?

A: unfortunately, it's not so simple.. there are
severe tension between different
measurements & channels

Beam Excess

" :.I.I.:.I.I-l.l.i... ' l“{l l-:.l.I.l.l.l.l.l' llllll
N

2 % St S s i
. 1 12 14

----------------

L/E  (meters/MeV)

o
w

o o
o -
‘l‘l'l"'
Jq |
e

Events/MeV

t

Fit Regi

on

.....

v, &7, fromu* -

v, &7, romK™

¢  Data - expected background
"""" Best Fit
e 5in'20=0.004, Am’=1.0eV*
— gin"26=0.03, Am'=0.3eV"

k? Brookhaven Jay Hyun Jo

National Laboratory

44



Why do we want to detect neutrinos? Example of "sterile” neutrino

- maybe adding an extra, "sterile’ neutrino
help resolving these anomalies

Vv
- potentially detectable through impact on U =
neutrino oscillations Vr
- Q: can this new type of neutrino be solution to vs
these anomalies?
- Arunfortunately, it's not so simple.. there are Flavor transitions via this new mixing:
severe tension between different
measurements & channels

Paﬁ = 4|Ua4‘2‘U54|2 Sin2 (1.27

L? Brookhaven Jay Hyun Jo 45
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Summary

- neutrino physics is relatively young, but started to have a big impact in our
understanding of the Universe

- at the heart of neutrino physics, there iIs massive neutrino & neutrino oscillation
- detecting neutrino is challenging, yet we can do it.. and pretty well!

+ precise measurements of neutrino's behavior will open a new era of particle
physics

— .
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