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A brief blo..

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

n college, | started to become more interested in theoretical particle physics, with inspirations
from Einstein, Feynman, Gell-Mann (who didn't?).

n graduate school, | started working on experimental particle physics (neutrinos) as we started to

nave breakthroughs in experimental particle physics during the time (Higgs boson discovery,
neutrino oscillation, gravitational waves..).

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

- ' work on experimental neutrino physics: how to detect, measure, and understand neutrinos and
their nature.

- Feel free to stop by 3-181 anytime to say hello or to ask/talk about anything.

- You can also email me with any questions: jjo@bnl.gov
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Particle physicist trying to understand ordinary matter..

EVERYDAY MATTER - CHEMISTRY - BIOLOGY INSIDE THE ATOM - PARTICLE PHYSICS
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tiniest building block of matter: elementary particles of the universe
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Standard model of particle physics

ordinary matter is well described by 12 building
blocks of matter and the force carriers through
which they interact

neutrinos make up three of the 12 building
blocks, with special characteristics of;

- neutral charge
- tiny mass
- weakly interacting only

all these characteristics make neutrinos almost
‘Invisible”

today, we will be talking about these neutrinos
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Standard model of particle physics

Table 10.5: Principal Z pole observables and their SM predictions (¢f. Table 10.4). The first
My is from LEP 1 [288] and the second from CDF [289]. The first 57 is the effective weak mixing
angle extracted from the hadronic charge asymmetry at LEP 1 [288], the second is the combined
value from the Tevatron [309], and the third is from the LHC [310-314]. The values of A, are (i)
from Aj i for hadronic final states [315]; (ii) from Ak for leptonic final states and from polarized
Bhabha scattering [316]; and (iii) from the angular distribution of the T polarization at LEP 1 [288].
The A; values are from SLD [316], the total 7 polarization from LEP [288], and from CMS [317],
respectively. Note that the SM errors in I'z, the Ry, and o0y,,q are largely dominated by the

uncertainty in ay.

Quantity Value Standard Model Pull
My [GeV] 91.1876 + 0.0021 91.1884 + 0.0019 —0.4
91.192 = 0.007 0.6

I'z [GeV] 2.4955 + 0.0023 2.4940 + 0.0009 0.7
Ohad [nb] 41.481 + 0.033 41.481 + 0.009 0.0
R, 20.804 =+ 0.050 20.736 = 0.010 1.4
R, 20.784 + 0.034 20.736 4 0.010 1.4
R, 20.764 + 0.045 20.781 + 0.010 —0.4
R, 0.21629 + 0.00066 0.21583 4 0.00002 0.7
R, 0.1721 4 0.0030 0.17221 + 0.00003 0.0
Al 0.0145 =+ 0.0025 0.01606 = 0.00006 —0.6
A% 0.0169 + 0.0013 0.6
AL 0.0188 = 0.0017 1.6
ALY 0.0996 + 0.0016 0.1026 + 0.0002 ~1.8
A% 0.0707 = 0.0035 0.0732 £ 0.0002 —0.7
A% 0.0976 + 0.0114 0.1027 + 0.0002 ~0.4
52 0.2324 = 0.0012 0.23161 = 0.00004 0.7
0.23148 + 0.00033 —0.4

0.23145 = 0.00028 —0.6

A 0.15138 = 0.00216 0.1463 + 0.0003 2.3
0.1544 = 0.0060 1.3

0.1498 =+ 0.0049 0.7

A, 0.142 + 0.015 ~0.3
A, 0.136 + 0.015 —0.7
0.1439 + 0.0043 —0.6

0.144 4 0.015 —0.2

A, 0.923 + 0.020 0.9347 —0.6
A 0.670 = 0.027 0.6674 4 0.0001 0.1
As 0.895 = 0.091 0.9356 —0.4

Quantity Value Value (universal) Standard Model
F - 83.87 £ 0.12 83.942 + 0.085 83.955 £ 0.009
Lt - 83.95 £ 0.18 83.941 4 0.085 83.955 £ 0.009
I+ - 84.03 £ 0.21 83.759 4 0.085 83.772 £ 0.009
Ly 498.9 +£2.5 500.5 1.5 501.435 £ 0.045
Iua — — 299.87 £ 0.20
Iz 300.3 +£5.3 300.0 £5.2 299.81 +0.20
L5 Iss — — 382.75 £0.14
I'i; 3774 £1.3 377.0 +£1.2 375.73 F0.18
I'had 1744.8 +2.6 1743.2 +£1.9 1740.88 =+ 0.86
I'y 2495.5 2.3 2495.5 +2.3 2494.00 £ 0.87

Table 10.6: Results derived from Table 10.5 and the corresponding covariance matrices [288,332],

and the SM predictions for the partial and total Z decay widths [in MeV]. In the (second) third
column lepton universality is (not) assumed.

Table 10.7: Principal electroweak SM fit result including mutual correlations.

My [GeV] 01.1884 + 0.0019
iy () [GeV] 163.18 + 0.54
T?lb(T?Lb) [GeV] 4.180 4 0.008
e(e) [GeV] 1.274 + 0.009
as(Mz) 0.1187 4 0.0017
Act?) (2 GeV) 0.00608 =+ 0.00004
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S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)
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. Ccontents

- Beta decay: how the neutrinos found

- Missing neutrinos. 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
L, Eag_ookhaven Jay Hyun Jo

aaaaaaaaaaaaaaa



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

- Wolfgang Pauli in 1930 postulated
exactly that:

an undetectable particle emittea
during the decay, sharing the energy
with the electron

- glven the observation, this particle had
to be electrically neutral and very light
— neutrino

210 210 /\

83B1 — 841:)0 - e +©
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Beta decay: Theoretical prediction (1930)

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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Bethe and

Pelerls (1934

Nature 133, 532 (1934)

Letter Published: 07 April 1934
The “Neutrino”

H. BETHE & R. PEIERLS

Nature 133, 532 (1934) | Cite this article

m Save article

5346 Accesses | 97 Citations | 8 Altmetric | Metrics

Abstract

THE view has recently been put forward! that a neutral particle of about electronic mass, and
spin ¥2h (where h = h/2) exists, and that this neutrino is emitted together with an electron in
decay. This assumption allows the conservation laws for energy and angular momentum to
hold in nuclear physics2, Both the emitted electron and neutrino could be described either (a)
as having existed before in the nucleus or (b) as being created at the time of emission. Ina
recent paper> Fermi has proposed a model of disintegration using (b) which seems to be

confirmed by experiment.

k? Brookhaven
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The following comparison of the structure given |

by Badami and by me for the line 256397
(6s °F, — 6p *8,) shows to what extent the hollow
cathode patterns are more clearly resolved :

- —————- . A e el -

0 206 450 584 760

Badami | g) ) @ @ (1) emx10
0 71 217 319 309 477 606

Tolanaky ' (10) (8) (9 (3) (3 B (5 m) em. x 104

It is seen that Badami's values are those which
would arise from the blending of components due
to excessive line width.

Full details with analysis will be communicated
elsewhere shortly,

S. TorANsSKY.

Astrophysics Department,

Imperial College of Science,

London, S.W.7.
March 3.

11, 8. Badami, Z, Phys., 79, 200 ; 1032,

The “Neutrino”

TaE view has recently been put forward' that a
neutral particle of about electronic mass, and spin
#h (where h=h/2r) exists, and that this ‘neutrino’ is
emitted together with an electron in f-decay. This
assumption allows the conservation laws forenergy and
angular momentum to hold in nuclear physics®, Both
the emitted electron and noutrino could be described
either (a) as having existed before in the nucleus or
(b) as being created at the time of emission. In a
recent paper’ Fermi has pro a model of §-
disintegration using (b) which seems to be confirmed
by experiment,

According to (a), one should picture the neutron
a8 being built up of a proton, an electron and a
neutrino, while if one accepts (b), the rbles of neutron
and proton would be symmetrical* and one would
expect that positive electrons could also somotimes
be created together with a neutrino in nuclear
transformations. Therefore the oxperiments of
Curie and Joliot* on an artificial positive f-decay
give strong support to method (b), as one can scarcely
assume the existence of positive electrons in the
nuclous,

Why, then, have positive electrons never been
found in the natural f-decay ? This can be explained
by the fact that radioactivity usually starts with
a-omission and therefore leads to nuclei the charge
of which is too small compared with their weight,
The artificial [f-emission was found for two unstable
nuclei (most probably N'* and P*?) formed by capture
of an a«-particle and emission of a neutron, and
therefore having too high a charge for their mass,

A consequence of assumption (b) is that two |

isobares differing by 1 in atomic number can only
be stable if the difference of their masses is less than
the mass of electron and neutrino together, For
otherwise the heavier of the two eclements would
disintegrate with emission of a neutrino and either
& positive or negative electron. There will be only a
limited region on the mass defect curve, probably
at medium atomic weight, where such small differences
are possible., In fact, neighbouring isobares have
only been found with the mass numbers 87, 115,
121, 123, (187), (208), while isobares with atomic
numbers differing by 2 are very frequent. In the

APRIL 7 1934

first case, one of th(- two nuclen (Bb) 18 knovm to
emit B-rays. In each of the last two cases one of the
two isobares is stated to be exceedingly rare and its
identification might be due to experumental error,
The other three cases actually lie close together and
have medium weight. A particular case of isobares
are proton and neutron. Since all experimentally
deduced values of the neutron mass lie between
1-0068 and 1-0078, they are certainly both stable
even if the mass of the neutrino should be zero.

The possibility of creating neutrinos necessarily
implies the existence of annihilation processes. The
most interesting amongst them would be the follow-
ing : a neutrino hits a nucleus and a positive or
negative electron is created while the neutrino dis-
appears and the charge of the nucleus changes by 1.

The cross section o for such processes for a neutrino
of given energy may be estimated from the lifetime
t of f-radiating nuclei giving neutrinos of the same
energy. (This estimate is in accord with Fermi's
model but is more general.) Dimensionally, the
connexion will be

g = Ajt

where A has the dimension em.® see. The longest
length and time which can possibly be involved
are h/me and hjme?®., Therefore

h?
O < mich
For an energy of 2:3 x 10% volts, ¢ is 3 minutes and
therefore o < 10-4¢ em.? (corresponding to a pene-
trating power of 10'* km. in solid matter). It is
therefore absolutely impossible to observe processes
of this kind with the neutrinos created in nuclear
transformations.

With increasing energy, o increases (in Fermi's
model® for large energics as (E/me*)*) but even if one
assumes a very steep increase, it seems highly
improbable that, even for cosmic ray energies, o
becomes large enough to allow the process to be
observed,

H. Berag,
R. PeigrLs,

Physical Laboratory,
University,
Manchesteor,
Feb, 20,

''W. Pauli, quoted repeatedly since 1031, to be publhhod shortly in
“"Rapports du bepuhne Consell sam Brussels”, 1933,
D. Ellis and N. ¥, Mott, noy.sockm 1088,
03 Formi, La Ricerca s-rwuu 2, No. 12; 193s.
* This polnt of view was first, put forward by 1. Curie and F. Jollot
At the Conseil Solvay, 1983,
* 1. Curie and F. ouot NATURE, 183, 201, Feb, 10, 1934,

Changes in the Lipolytic Activity of Different Organs
during Tuberculosis

IN continuation of our earlier work on lipases!, we
have followed the changes in the lipase content of
different organs of guinea pigs infected with bovine
tuberculosis. Lipase determinations were made from
liver, pancreas, lungs and blood serum, using tri-
butyrine as substrate. It appeared that, coincident

© 1934 Nature Publishing Group

Jay Hyun Jo

f, therefore, the
neutrino has no
iINnteraction with other
particles besides the
processes of creation
and annihilation
mentioned....one can
conclude that there is
no practically
possible way of
observing the
nheutrino.
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Detection of neutrinos Nobel Prize 1995 (113

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

- but before in 1951, they proposed to use nuclear bomb as a
source of neutrinos (and approved! &)

Figure 1. Detecting Neutrinos from a Nuclear Explosion

Nuclear Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
. 19
explosive tion detector suspended in the hole dug below ground at a distance of about Our crude knowledge of the expected
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan, energy spectrum of neutrinos from a fis-
/Flreball the antineutrinos would induce inverse beta decay, and the detector would record sion bomb suggested that the inverse

T the positrons produced in that process. This figure was redrawn courtesy of Smithsonian beta decay reaction would occur several

times in a several-ton detector located
Buried signal line about 50 meters from the tower-based

Institution.

30m i i : .
for triggering release explosion of a 20-kiloton bomb.
2 4Om | (Anyone untutored in the effects of
N nuclear explosions would be deterred
Back fill —1- \Vacuum by the challenge of conducting an
pump experiment so close to the bomb, but
Suspended —— ‘ we knew otherwise from experience
detector I\i/::uum and pressed on). The detector we
Vacuum —- drf:a.r.ned. up was a gian? liquid
tank Festhers ard scintillation device, which we dubbed
foam rubber ‘El Monstro.” This was a daring extrap-

(Reines, 1997)
k? Brookhaven Jay Hyun Jo 14
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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 ]
@ 36 KT

ENERGY d3'n

J

Nuclear fission .

9 U 236

J
92 U

141 B3
Unstable 56
nucleus

“~._ Series of beta decays

i
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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?

L? Brookhaven

National Laboratory
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Detection of neutrinos: more flavors

with following theories, different types of
neutrinos were hypothesized

- muons were 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)

L’,\ Brookhaven Jay Hyun Jo 17
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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”

k? Brookhaven

National Laboratory
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The solar neutrino problem

but detected number of (electron)
neutrinos seem to be too small.

o 8ol || Aengeoivenm | 5 exectedrate
2/ 3 of them were missing! g | I
§ : ! # ” | «6% -
. . ® 107 [ 1 I 5 | missing v?
- was the solar neutrino calculation off? g | ' Lol o1l §
'go.s; Lo "”"l | : an, r“ ||| ;CE:
. . . % L i WK i 8
- was it an error with the experiment? g | I H il 1 H Bist }-
R:E 001 ‘ it ‘ -LJ» l l'f f * 1 40 C?)
1970 1976 1980 1985 1990 1995

B. Pontecorvo suggested in 1969, that Year
nheutrinos could change in some way
while traveling from Sun to Earth

125 Brookhaven
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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

©

Brookhaven

National Laboratory
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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)

k? Brookhaven
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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

L? Brookhaven

National Laboratory
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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
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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 25



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

Jay Hyun Jo 20
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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
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w How do we detect

physicsopenlab.org

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

Neutrino

- #Q >
h
as technology develops, we began to gather ikl  SHRE
more and more information of these particles in water HESEEL

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)

«
!
'

:
' )
:
' - '3
» "'n,"u
' 2 " ' 44
»
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g e 0 w0 2.0
» Q
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R . . g
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‘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

L? Brookhaven

National Laboratory
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LArTPC principle: the MicroBooNE detector

at MicroBooNE's core Is an 85 ton N
LATPC

MicroBooNE's
TPC during assembly #&

L? Brookhaven

National Laboratory

Jay Hyun Jo 31



LArTPC principle: the MicroBooNE detector

at MicroBooNE's core Is an 85 ton
LArTPC

L~
Vil mmrmfrfrﬂm
.(‘ | ‘ i ‘
| [ [

TPC being moved
inside cryostat

k? Brookhaven

National Laboratory

Jay Hyun Jo
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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
Nati

aaaaaaaaaaaaaaa

Jay Hyun Jo
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Charged
particles!

k? Brookhaven
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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

k? Brookhaven
National Laborator Y

Jay Hyun Jo 36



Scintillation lLight
lonization Charge

8192 wires

Electric Field

QO
©
(o)
e
e
©
O

Liquid Argon @ 89 K Liquid Argon @ 89 K

k? Brookhaven Jay Hyun Jo 37
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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

k? Brookhaven Jay Hyun Jo 39
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Scintillation lLight
lonization Charge

8192 wires

TPC Z:
h
K
™ I -
.l
K O
s
1
-]
N '
1 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

— .
u» Brookhaven Jay Hyun Jo 41
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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

k? Brookhaven

National Laboratory
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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)

k? Brookhaven

National Laboratory
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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
@ Broakaven Jay Fyun Jo 44



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

National Laboratory



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)

Brookhaven

National Laboratory

Jay Hyun Jo



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 IS neutrino mass?
IS the neutrino

its own anti particle?

‘ Brookhaven '
\ National Laboratory 47



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 "extra’ neutrino

Beam Excess
N
(6]
&
w0
=
m
%

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

potentially detectable through impact on
neutrino oscillations

B s S R
o
- 4

04 06 08 1 1.2 14
L/E, (meters/MeV)

Q: can this new type of neutrino be solution to Bubil e Bume
these anomalies? =SS = :

A: unfortunately, it's not so simple.. there are | Sm====c=__2C

severe tension between different = P —
measurements &' Channels u’m .... ' —— sin®26=0.004, Am'=1.0eV*

- e gin'26=0.03, Am’=0.3eV’
. 1 T
: .....
»

k? Brookhaven Jay Hyun Jo 49
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Why do we want to detect neutrinos? Example of "extra’ 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 50
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k? Brookhaven
National Laboratory

There are tv’?/o possible outcomes: if the
result confirms the hypothesis, then
you've made é measu)y;ement If the

result is contra\@ to the hypéthems
then you've made a discovery.

Enrico Fermi

Jay Hyun Jo



Summary
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Backup

k? Brookhaven

National Laboratory

Jay Hyun Jo

53



Properties of neutrinos

- extremely weakly interacting with matter
+can pass through most materials without being detected
- travel close to the speed of light

- Important in various astrophysical processes and fundamental to our
understanding of universe

125 Brookhaven
L' National Laboratory Jay Hyun Jo
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The solar neutrino problem: neutrino oscillation

- flavor mixing: mismatch between
weak/flavor eigenstates and mass
elgenstates of fermions, due to

coexistence of 2 types of flavor (o = e, p, 1) © linear combinations < mass (i = 1, 2, 3)

INteractions
‘l/a> = ZU;Z |V2> % > ‘Vz> — ZUai ‘Va>

- weak eigenstates. members of |
weak i1sospin doublets transforming [ve] [Ua Ue Us][w
into each other through the | Vi | = [V U2 U |0
Vr _Url UT2 UT3_. V3

iNnteraction with the W boson .

N -
. v .
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

- mass eigenstates: states of definite
masses that are created by the
interaction with the Higgs boson
(Yukawa coupling)

125 Brookhaven
L' National Laboratory Jay Hyun Jo



Crack In the Standard Model: Massive neutrinos

- the Nobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita
and Arthur B. McDonald *for the discovery of neutrino oscillations,
which showed that neutrinos have mass’

- neutrino morph into another kind & back again: quantum mechanical effect

- If neutrinos oscillate, they must have mass

- depend on neutrino flavor and neutrino energy

L? Brookhaven
National Laboratory

Jay Hyun Jo



Why add extra neutrino?

since the detection of neutrino and oscillation, Phys. Rev.D 64 112007.2000  _____ PhysRewD103 052002f2020)

. A3 2 - o Data (stat err) -

many experiments start to collect & analyze  § 5| s = o hen =

neutrino data s 7 e Ty — e -

@ 7125 C I dirt N

- R 5 - [ other -

10 e ) + _______ (B)ggts::rlt Syst. Error _—

several experiments have found series of sl | 4Tl 3 4 E
anomalous results * i g

- anomalous In a way that "observation’ 07 o5 o5 T T2 17 bz s

L/E, (meters/MeV)

(detected/measured data) does not agree
with “prediction” (simulation/model generated

with the current best of our knowledge) e Py ——
11 E_“arXiv:2201.07364, PRC oogrg _l'_n; (’)5
- I_SN D measured More Ve than predICted 3 10_. .............................................................. S B —
;\‘ 0.9}
- MiniIBooNE: measured more ve than predicted o) ' ‘ t .
0.7
- GALLEX/SAGE/BEST. measured less ve than ST S @ P
| d 5 %Y’OQ’ & F & '—SVO
predicte ISR
() Brookhaven Jay Hyun Jo 57



Why add extra neutrino?

Experiment Type Channel Significance
LSND DAR v, = v, CC 3.80
MiniBooNE SBL accelerator v, = ve CC 3.40
MiniBooNE SBL accelerator v, — v, CC 2.80
GALLEX/SAGE | Source - e capture | v, disappearance 2.80
| Reactors w Beta-decay v, disappearance 0 3.00

K. N. Abazajian et al. "Light Sterile Neutrinos: A Whitepaper”
arxiv:1204.5379

taken individually, each anomaly is not significant enough to be convincing:
but they all are pointing toward the similar thing

most commonly interpreted as hint for one or more new “sterile” neutrino
(oscillates but does not interact weakly)

L? Brookhaven

National Laboratory
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https://arxiv.org/pdf/1204.5379.pdf

Why add extra neutrino?

- the number of weakRly interacting "active’
neutrino flavors is fixed to three, by the 7

V1 V2
width measurements (LEP) Ve . N

V3 V4

- but additional, non-interacting “sterile’ ve | W BB .
neutrino states could still exist U —
-|'m
- potentially detectable through impact on
neutrino oscillations Vs
- Q: can this new type of neutrino be solution to
these anomalies? Flavor transitions via this new mixing:

, Am?2, L
- A unfortunately, it's not so simple.. there are Pop = 4|Uq4|*|Ups|* sin® (1-27 5 : )
severe tension between different
measurements & channels

L? Brookhaven Jay Hyun Jo 59
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How can we detect sterile neutrino?

- sterile neutrino does not interact weakly, only

experience gravity: no way to directly detect it 3+1 mixing model
- but it still oscillates like other neutrino species, hence Vv
affecting neutrino oscillation pattern ! oo

- oscillation probability of how one neutrino state
morphs into the other state will be different if extra
neutrino exists (i.e. PMNS matrix changes)

??

mass
- Ve disappearance channel: ve—>Ve v .
3 e
- how many ve has been oscillated into other y I ~2.5x 10 eV?
(including vs) neutrino types? 5 |  —

- Ve @ppearance channel: vu—>Ve

- how many ve has been oscillated from v?

125 Brookhaven
k’ National Laboratory Jay Hyun Jo



The MiniBooNE Anomaly: Low Energy Excess (LEE)

MiniIBooNE observed low-energy excess
(LEE) of electron-neutrino-like events

- LEE: more events measured/detected
than predicted, in the low energy region

eV-scale sterile neutrino could explain
this excess

- the excess Is due to sterile neutrino
oscillated Into electron neutrino

- prediction is lower than observed
because the prediction Is made based
on 3-neutrino paradigm

Events/MeV

Pty
- :

Phys. Rev. D 103, 052002 (2021)
I 1 | J 1 I I | J | I 1 | I | I 1 | I
e Data (stat err.)

v, from p**
) v, from K
I v, from K°
I ~° misid

A — Ny
I dirt

5|1 [ other
Constr. Syst. Error

8.2 0.4 0.6 0.8 1 1.2 1.4 3.0
Ev" (GeV)
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The MiniBooNE Anomaly: Low Energy Excess (LEE)

MINIBoOoNE Is a Cherenkov detector

- mostly detecting outgoing leptons

(electrons, muons, e

C)

- cannot distinguish between electrons

and photons

this limitation makes it hard to interpret

the origin of LEE

- If electrons, this can be explained by
sterile neutrino oscillated into electron

neutrinos

- If photons, th
underestima
ohoton-prod

IS can be exp

ained by

‘ed prediction

of single-

UCIiNg SM process

/
L;lj(,)}l el /

neutrino
beam

>[l---->---

-~

t detected v_by the electrons —

oroduced in charged current (CC) e
iInteractions. v

produce extremely collimated ~ s >

electron/positron pairs produced

an identical Cherenkov ring
e

S, _—
.
( - o
X €
However, photons, that pair ¢

k? Brookhaven

National Laboratory
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LArTPC: Liquid Argon Time Projection Chamber

I_qu|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 Universll:n ;Vew 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 e
fully active target medium e 197

L? Brookhaven

National Laboratory
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Fermilab SBN program

I e e S [ N I T A A
. _‘!._‘-_.|,|1_L?_'1_| view of Fermilab short-baseline neutrino campus

three LArTPC detectors, with same neutrino beamline and different baseline
reduce statistical uncertainties with large mass far detector (ICARUS)

reduce systematic uncertainties with same LArTPC detector technology

Jay Hyun Jo



Fermilabb SBN program

MicroBooNE, 87 ton SBND, 112 ton ICARUS, 476 ton
2.3mx 2.5m x10.4m 4m x 4m X 5m 1.5mx2.2mx 18m x 4

three LArTPC detectors, with same neutrino beamline and different baseline
reduce statistical uncertainties with large mass far detector (ICARUS)

reduce systematic uncertainties with same LArTPC detector technology

k? Brookhaven

National Laboratory
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. MicroBooNE

pBooNE TPC

Dimensions

Drif'.':_i.re:;tion

Light collection system

Behind a 3-view wire plane

k? Brookhaven

National Laboratory
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. MicroBooNE

started taking data since 2015
finished operation in 2021

accumulated the world's largest
sample of neutrino interaction on argon

one of the first LArTPC detectors with
many new features

- Delivered POT - POT on tape .

| | Run 1 Run2 Run 3:
- cold, low noise electronics ,

(see Shanshan’s talk at 3pm) :

- excellent LAr purity

Cumulative POT

- piloneered LArTPC detector physics

- stable & long-term running 2015 ) — 201b

~
k, Brookhaven Jay Hyun Jo
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The MinIBooNE Anomaly: recap

this limitation makes it hard to
interpret the LEE

- If electrons, this can be explained
by sterile neutrino oscillated into
electron neutrinos

- 1If photons, this can be explained
by underestimated prediction of
single-photon-producing SM
ProCess

t detected v_by the electrons

produced in charged current (CC)

interactions. v,
----------------- - d"”

\

(

However, photons, that pair
oroduce extremely collimated ~N
electron/positron pairs produced

an identical Cherenkov ring
%
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MicroBooNE LEE result

first MicroBooNE result probed both
electron-like and photon-like

signals, with LArTPC's ability of e/y
separation

photon analysis targets NC A—>Ny
channel

- test If this channel is
underestimated In the standard
model

- result shows no evidence for
enhanced rate of single photons

from NCA decay

Events

Events
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All Other Backgrounds
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MicroBooNE LEE result

first MicroBooNE result probed both electron-
Like and photon-like signhals, with LArTPC's

ability of e/y separation

electron analysis selects electron neutrino
events

test if the MiniIBooNE low energy excess can
be seen

- probes 4 different topologies

- result shows the observation is iIn agreement
with prediction, no sign of MiniBooNE LEE

Events Observed / Predicted (no eLEE)

Phys. Rev. Lett. 128, 241801 (2022)

MicroBooNE 6.369 x 107 POT

wo BNB data, 338 Pred, unceraanmy
Others, WD NC, 22535
v, OC 193 v, CC, 333

« =« ¢LEE Model (x=1),370

# i

| =
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n
L
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o
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O
n

e
©
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Reconstructed E, (MeV)

Phys. Rev. Lett. 128, 241801 (2022)

‘T‘E“f‘

& MicroBooNE Observed
MNon-v. background
0 Intrinsic va
—_—— fe Total, no eLEE (x =0.0)
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|

1200 MeV.50
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. MicroBooNE sterile neutrino search

Phy. Rev. Lett. 130 011801 (2023)

107 £
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LEE results are re-interpreted under a sterile neutrino oscillation hypothesis

MicroBooNE could reject some portion of LSND and GALLEX/SAGE/BEST allowed region

updated result is aiming to exclude most of the allowed region
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Short Baseline Neutrino Detector: SBND

same LArTPC
technology with

High Voltage 4m x 4m x 5m active volume
some u [ ‘4 112 t LAr (active)
Feedth h
pg ade 1 eedthroug S

closer to the target.
much more neutrinos
detected

Anode

Wire
Planes

3 readout wire planes per anode
(2 induction, 1 collection); ¥11000 wires
Cold amplification & digitization
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Cold .
Electronics S ®

16 Field
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will start taking data
N late 2023

2
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MicroBooNE, 87 ton SBND, 112 ton ICARUS, 476 ton
2.3mx 2.5m x10.4m 4m x 4m X 5m 1.5mx2.2mx 18m x 4

Cathode
Frame
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ICARUS
2 LArTPC modules

Total of 760t LAr (467t active)

ant dlrectlon
1.5 meters
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cryostat
shipped from Europe (LSNQG), refurbished & upgraded

farther away from the target, but much larger volume

started taking neutrino data since 2021
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SBN program

= v, —* Vv, appearance i =" v, disappearance
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main goal is to definitively test sterile neutrino hypothesis
- confirm or dispute anomalies that can be explained by sterile neutrino hypothesis

also will measure & study how neutrino interacts with argon: important input to future
experiment

DUN
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LSND & MiniBooNE anomaly

Prompt Neutron 0od%s,
positron capture E~1GeV o** ., o
E ~ 30 MeV | -1k eec/y o8
800 Mev T —pu L -30m Bt | o Py
protons > ) CLE
_ —_— - - - -X- - = =N Booster I/,u, I/C
V I/C neutrino /n
Water Copper beam p
target beam stop
Phys. Rev. D64, 112007 (2001) arxiv:i2006. 16883
§ ® S Dat‘lzl (stat err) L
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| MiniBooNE (1998-2020)
- LSND (1990-2001) 04 06 08 1 12 14 INIBoo 99

L/E, (meters/MeV)

= — . measured v,-> ve and v -> ve appearance
. Y, -> Ve EXCESS over background suggests um> ve u=> Ve PP

evidence for oscillation at Amz2 ~ 1eVz
- the excess of events at low energy
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LArTPC: Liquid Argon Time Projection Chamber

Sense Wires
U. \[ V wire plane waveforms
. Liquid Argon TPC / ; (T
charged particle enters detector i
‘ Cha’rged Particles _. / E
scintillation light emitted by B pomet 17 1
excited Ar, detected by PMTs photons | i
-00/'/ /Y i
£ utit
& 0t gaﬂﬂﬂ ¥
S WA
lonization electrons drift to 7 l‘i]’ PMTS to detect
<« / ' scintillation photons
anode plane, detected by sense Farif
ral .

Wires

Y wire plane waveforms t
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LSND & MiniBooNE anomaly

Prompt Neutron 0od%s,
positron capture E~1GeV o** ., o
E ~ 30 MeV | -1k eec/y o8
800 Mev T —pu L -30m Bt | o Py
protons > ) CLE
_ —_— - - - -X- - = =N Booster I/,u, I/C
V I/C neutrino /n
Water Copper beam p
target beam stop
Phys. Rev. D64, 112007 (2001) arxiv:i2006. 16883
§ ® S Dat‘lzl (stat err) L
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e 15| 2 | - o :
s 15) i 4 — M :
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| MiniBooNE (1998-2020)
- LSND (1990-2001) 04 06 08 1 12 14 INIBoo 99

L/E, (meters/MeV)

= — . measured v,-> ve and v -> ve appearance
. Y, -> Ve EXCESS over background suggests um> ve u=> Ve PP

evidence for oscillation at Amz2 ~ 1eVz
- the excess of events at low energy
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tension in global picture

99.73% CL -

unfortunately, it's more complicated than

D
o S 2 dof that.
101} >
L 0 -=::::_ : : :
& ol significant tension between
O — v, appearance and
> |
~ — U, and v, disappearance
= 100F Appearance € K PP
< w/o DiF)
> lots of different independent
Disappearance observations currently unexplained
10_1 _: llj'rn(::dFlgllll)j;eszs |
104 102 102 10T we need to understand the anomalies
Sinz 29/16 bettel’!
From Pedro Machado's Neutrino 2020 talk: Sterile Neutrino Global Picture
Yale Jay Hyun Jo 78 I



short-baseline anomalies

PMNS mixing matrix

( v, )l 1 0 0 / +c, 0 +Sl3e'i5 \( +c,, +s, 0 \( Vv, \
Ve |=| O +cy 8y 0 1 0 -s,, +c¢, 0 v,
\ V. ]I\ 0 =83 TCy3 \ —SBe“S 0 +C; )\ 0 0 1 N Vs )
flavor Atmospheric mass
eigenstates eigenstates
(¢, =cosb;,s,; =smb,)
- three flavor neutrino states is well established by neutrino oscillation physics in . atmospheric,
and domains

» puzzling collection of short-baseline anomalies: reactor anomaly, gallium anomaly, LSND & MiniBooNE
anomaly

+ possible portal for new physics: the holy grail of the particle physics community
 correctly estimating backgrounds/oscillation is important for the future neutrino program such as DUNE

* need to resolve the anomalies -> MicroBooNE & SBN program
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Neutrino Oscillations ——~ ~—z

Oscillation probabilities for an initial muon neutrino
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MicroBooNE: ~0.5 km / ~1GeV,
negligible neutrino oscillation expected

from https.//en.wikipedia.org/wiki/Neutrino_oscillation

H v
D)y,
il (A,
H v
E— e m— ()’
(Amz)sol
— (m1)2 (m3)2l Y —
normal hierarchy inverted hierarchy

Neutrino flavor eigenstates are not the same as the mass eigenstates

Neutrinos generally are produced in a flavor eigenstate, which is a
superposition of three mass eigenstates

These mass eigenstates have different energies, and therefore
change phase over time at different rates according to Schrodinger’s

equation

This leads to neutrino oscillations when viewed in the flavor basis

The existence of sterile neutrinos (additional mass eigenstates) would
change the details of this picture

30


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

Detector mass needed for 1000 events/yr?

- the first most important consideration for

neutrino detection is the mass of detector Atmospheric Neutrinos
- O(1000) tons are needed for many @ =5000 m~*sec”
experiments E1GeV
- if flux is high, mass can be lowered o ~10""cm’

| Nucleons = 6 x10% ton™
- powerful neutrino beam

- proximity to neutrino source N =0.1events/ton/ yr

N=@+0+6x10”+3x10" ton 'yr™

- both energy and flux need to be known
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