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A little bit of v history (experimental)
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A little bit of v history (experimental)

pdecay:n—->p+e

Intensity

Predicted
Observed

0 02 04 0.6 08 10 12
Kinetic energy, MeV

Desperate Remedy!
n—->p+e+v,

Solar neutrino
problem
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Homestake

v

1930

Neutrino Postulated
Pauli: “WiH—nrever

1960 Only 1/3 v, observed
than predicted

First observation of
neutrinos (anti v,, v,)

1990 2020

Discovery of Neutrino Oscillations!
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A little bit of v history (experimental) lceCube
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Desperate Remedy!
Double Chooz

n—->p+e+v,
RENO
PROSPECT
JUNO
Borexino
SNO+
SuperK PTOLEMY
1930 1960 (:‘nly 1/3‘;‘/8 observed 1999 2020 . '.
. than predicted Discovery of tau neutrino Measuring Oscillation

Neutrino Postulated parameters

Pauli: “Wit-revel First observation of Discovery of Neutrino Oscillation! :

bedetected2 neutrinos (anti v,, v,)



Neutrinos are the least known particles in the Standard Model

S

Unlkne
M @ S?ﬂ @M § Kn OW n s >THE STANDARD MODEL <
Unlkne
ew particles Known o
ew Svmmetrie CP violation?
iararchv proble Unknowns Mass ordering?

Dirac or Majorana?
GUT Absolute mass?
Extra dime ferons Matter-antimatter asymmetry?

Mysterious neutrinos provide the ideal experimental playground for new physics discovery
6
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The Knowns - “v-101"

 Electric charge neutral lepton

* 3flavors: ve, vy, vy

* Interact only through weak interaction

* Only left handed v’s are observed

Reactor

Accelerator
Geoneutrinos

10 10* 10° 10* 10° 10% 10" 10° 10"
Neutrino Energy (eV)

>TYHE STANDARD IMODE!
. TP o 7 r<TTT]

Most abundant matter particle
* “Wild”: cosmic, sun, earth, bananas!
» “Artificial”: accelerator, reactor

Energy span over 20 orders of magnitude
Weakly interact: cross-section ~1038 cm?/GeV

Oscillate -> have mass



Neutrino Oscillation

Neutrino oscillation

Mixing angle 8 determines the
amplitude of oscillation

V1

Born & detected as
Flavor States

1%

") =

P(vq — vg) = sin*(20) sin?

Am?L
4E,

Sne cose) ()

Mixing matrix

Am? determines the frequency of
the oscillation as function of L/E

Experiments choose [ and neutrino flavors, measure the oscillation probability as a
function of neutrino energy (£, to determine oscillation parameters 8, Am?.



Measure oscillation parameters

v, disappearance v, disappearance N
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Known
Unknowns

QOUESTIONS

Other oscillation parameters?

What’s the absolute neutrino
masses?

What’s the origin of neutrino mass?

Are there more than 3 types of
neutrinos?

10



1%

Find answers in long baseline v
oscillation experiments

NOvVA: 14 kton liquid scintillator cells
E~2GeV,

T2K: 50 kton water Cherenkov detector
E~0.6GeV,;

Both measure v, disappearance v,
appearance rates at far detector and
constrain the systematics using near
detector data.

The Known Unknowns — More oscillation parameters

CP phase
dcp

Mass ordering
m,; >or<m;

0,3 Octant
> or <45°7?

NOVA: Best fit land
in Normal Ordering
m;>m;

Still relatively low
sensitivity d¢p

No evidence of
deviation from
maximum mixing
Both measure
0.4 < sin? 6,3 < 0.6

best fits from the two
exps. do not agree
completely (depend
on mass ordering)

T2K: Not very
sensitive

Current experiments still cannot provide a clear picture (>30)
of these oscillation parameters. How do we move forward?
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40 kton Liquid Argon detector

Next gen. long baseline v exp. located ~1 mile underground

More advanced detectors L e
More optimal baseline and neutrino energy .-~ e ~1\( f ——

More powerful beam
Higher statistics
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“It” detector — Liquid Argon Time Projection Chamber

Charged particles lose energy through Ar
collision (scintillation light) and ionization
(drift electrons)

Fast scintillation light signal triggers the
recording of events.

lonization electrons drift towards anode
wire planes under E field.

Capability of full 3D reconstruction in 4.

Amount of charge collected indicates the
amount of energy loss from ionization.

Liquid Argon TPC

Charged Particles
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Future long-baseline program

nBooNE
=

Neutrino

Initial State Final State

P\ /p

‘-

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016

V.CC

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017

+
anti-neutrino mode

EJPC 80 (2020) 978
DUNE prospects

40 - 26
 DUNE Sensitivity 336 kt-MW-years

- DUNE Sensitivity

— All Systematics

[ Normal Ordering

| sin20,, = 0.088 +0.003
0.4 < sin%,, < 0.6

336 kt-MW-years
624 kt-MW-years - All Systematics
= Median of Throws 35—Normal Ordering

1c: Variations of C sinzze13 =0.088 +0.003
:_0.4 <sin%,,<0.6

l. DUNE Sensitivity

L. All Systematics

- Normal Ordering

1c: Variations of - sin’20,, = 0.088 + 0.003
statistics, systematics, 2.55-90%C.L. (2d.0.f.)

and oscillation parameters

——— 336 kt-MW-years
624 kt-MW-years
——— 1104 kt-MW-years
NuFIT 4.0 90% C.L.
*  True Value

624 kt-MW-years
= Median of Throws

statistics, systematics,
and oscillation parameters 30
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Unrivaled ability to resolve
mass ordering

>50 discovery potential
for half of 6¢p values

World leading result
for theta 23

One experiment to measure all oscillation parameters at once.

In parallel, another large scale long-baseline exp. HyperK @ Japan. Different
detector technology and beamline offer complementarity.

Combined result from both experiments offer stronger constraint oscillation
parameters. 14




The Known Unknowns — Absolute Neutrino mass

Direct neutrino mass measurement through high energy resolution of
the tritium beta decay spectrum

A sensitive neutrino mass
2 - 2 2
m?(ve) = ) [Uail? - m3 . |
: experiment needs:
l
region close to 3 end point L
o e Strong tritium source for
3 | signal statistics
10 i )
: entire = 06 [ m(ve) =0 eV
pectrum ¥ i
08 ® / * Low background
E . //
06 5 ) only 2 x 103 of all
0s 02 wecays® it 1 &¥ * Excellent energy
N g Mive) = 16V resolution (sub-eV)
| ] ! - = = . .
B e o 3 2 1 0 * Precise understanding of
electron energy E [keV] E-Eqy[eV]

the beta decay spectrum
(modeling)

From Susanne Mertens Neutrino 2020 talk 15



Direct neutrino mass experiments

Karlsruhe
Tritium
N Neutrino
S, Experiment

KATRIN Experiment
Beta-decay electrons are:

» produced from gaseous tritium source (101! decays/s)
» transported with strong magnetic field (4T)

» energy measured by spectrometer with ~1eV resolution
» rate counted by the Focal Plane detector

m,, Sensitivity designed goal: 0.2 eV.

Latest Result (from Nature):

m,, sensitivity = 0.7 eV at 90% CL
Upper limit: m, < 0.9 eV c?

—2100 —1(|)0 ?
Los Alamos (1991) | @
Tokyo (1991) &
Zirich (1992) o
Mainz (1993) - —_————
Beijing (1993) 16!
Livermore (1995) — ——
Troitsk (1995) — e
Mainz (1999) — @ 1
Troitsk (1999) - < 1
Mainz (2005) — ® 12t
Troitsk (2011) — ——— .
KATRIN (2019) —e— °
KATRIN (2021) — o €]
KATRIN (combined) 4 @
8 4 2 0 2
I T I
—200 -100 0

Best-fit m? (eV?)

Other neutrino mass
experiments:
Project 4, ECHo,
HOLEMS, NuMECS

Cosmology
constraints:

Zmi <0.17 eV

16


https://doi.org/10.1038/s41567-021-01463-1

The Known Unknowns — Origin of Neutrino Mass

1%

mD+mM

/N

Dirac Mass Majorana Mass

Mixing between light
v, & heavy vp.

Same mechanism
as other SM
fermions

_ Neutrino is its own
Requires very small

. anti-particle.
coupling constants
to_malfe the Break the SM global
neutrino light. Feel symmetry. Lepton
unnatural?

number violation

\\\\\\\\\\\\\\

Seesaw
Mechanism

\\\\\\\\\\\\

Neutrinoless double beta decay

n, \g,‘ g 1\3) P (0vBp), if occur, directly proves
5 Wﬁ:’e— lepton number violation and
. WIS e indicate neutrino’s Majorana
n :’g‘! - :'(Lj". D nature.
U > Y
Decay width: I‘%’é ~ <mﬂﬁ>2
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0vpp Experiments

Collaboration Isotope Technique ((}vBElizistope) Status
CANDLES-III 48Ca 305 kg CaF; crystals in liquid scintillator 03kg Operating
CANDLES-IV 48Ca CaF: scintillating bolometers TBD R&D
GERDA 76Ge Point contact Ge in active LAr 44 kg Complete
MAJORANA DEMONSTRATOR 76Ge Point contact Ge in Lead 30 kg Operating
LEGEND 200 76Ge Point contact Ge in active LAr 200 kg Construction
LEGEND 1000 76Ge Point contact Ge in active LAr 1 tonne R&D
SuperNEMO Demonstrator 82Se Foils with tracking 7kg Construction
SELENA 82Se Se CCDs <1kg R&D
NvDEx 82Se SeFe high pressure gas TPC 50 kg R&D
ZICOS 96Zr 10% "2Zr in liquid scintillator 45 kg R&D
AMORE-1 100Mo 40CaMoO; scintillating bolometers 6kg Construction
AMORE-II 100Mo LizMoOs4 scintillating bolometers 100 kg Construction
CUPID 100Mo Li;MoOj scintillating bolometers 250 kg R&D
COBRA 116Cd/130Te CdZnTe detectors 10 kg Operating
CUORE 130Te TeO;, Bolometer 206 kg Operating
SNO+ 130Te 0.5% "Te in liquid scintillator 1300 kg Construction
SNO+ Phase II 130Te 2.5% natTe in liquid scintillator 8 tonnes R&D
Theia-Te 130Te 5% rTe in liquid scintillator 31 tonnes R&D
KamLAND-Zen 400 136Xe 2.7% in liquid scintillator 370 kg Complete
KamILAND-Zen 800 136Xe 2.7% in liquid scintillator 750 kg Operating
KamLAND2-Zen 136Xe 2.7% in liquid scintillator ~tonne R&D
EXO0-200 136Xe Xe liquid TPC 160 kg Complete
nEXO 136Xe Xe liquid TPC 5 tonnes R&D
NEXT-WHITE 136Xe High pressure GXe TPC ~5kg Operating
NEXT-100 136Xe High pressure GXe TPC 100 kg Construction
PandaX 136Xe High pressure GXe TPC ~tonne R&D
AXEL 136X e High pressure GXe TPC ~tonne R&D
DARWIN 136Xe natXe liquid TPC 3.5 tonnes R&D
LZ 136X e natXe liquid TPC R&D
Theia-Xe 136Xe 3% in liquid scintillator 50 tonnes R&D
R&D Construction Operating Complete

Diverse, rich and mature

field.

Current limits:
Lifetime 10%° to 10%° year

Updated from J. Wilkerson

Different isotopes
Different detection
technologies
Different sizes
Different stages.

18



The Known Unknowns — Sterile neutrinos

1%

FAQs:

Q: Are there more than 3 type of neutrinos?

A: It’s certainty possible, but with conditions. The new hidden
neutrinos do not participate in the weak interactions, hence
“sterile”.

Q: how can we look for sterile neutrinos if they don’t interact?
A: we expect sterile neutrino to mix with the active neutrinos
just like mixing in the 3-v paradigm. These additional mixings
will manifest in neutrino oscillation.

Q: What’s their mass?
A: Without knowing the symmetry that dictate the scale, sterile
v’s weight can be anything.

3x3

UPJI\{NS
(Uel Ue2 UeS Uen\
Ul:}?l)\(/[tl%%ded — U’rl U7'2 U'r3 U’r' n
\Usnl Usn2 Usn3 e Usnn)

But we are not completely in the dark!

Experiments could guide the hunt, at
least help pick the starting point.

“Short baseline neutrino anomalies”

19



Short baseline neutrino anomalies

“Reactor Anomaly” v, deficit
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Phys.Rev. D64:112007 (2001)
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Resolving short baseline neutrino anomalies

Short-Baseline Neutrino Program at Fermilab
SBN: Three LArTPCs on

ICARUS Fermilab’s Booster Neutrino
beamline.

Target MicroBooNE

I

: I Goal: direct test Of ~leV
sterile neutrino hinted from
the previous short baseline

Horn + decay pipe 70 tons of argon 760 tons of argon neu t ri NO an0OMa I | es.

TR

110 meters

600 meters

MicroBooNE is the first and the MIDIEGONE; FRLAZL; 221801(2018)
longest operating LArTPC o
experiment in the US, and has

collected 1.5e21 POT neutrino data.

. Dta(taten) !
 from p*” —

. from K

T

| —
[ v

I v fromK
- < misi

RUN 5536 EVENT 1612. MARCH 22, 2016.

Events/MeV

Primary goal is to address the
MiniBooNE ”"Low-Energy-Excess”
anomaly with LArTPC’s capability of
distinguishing electrons from ST Ve
photons.
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MicroBooNE “Low-Energy-Excess” first results

Photon search in A->Ny channel Electron searches I
First results raise
£ NC A — Ny I NC1n® Resonant A(1232) - | ® MicroBooNE Observed
«e‘ :>j LEE Model (x,.=3.18)  (INC1° DIS o =3 == Predicted, no eLEE (x = 0.0) the Sta kes fOf' BSM
\ X W ce v, o I NG Higher Resonances ° A Reedlceea, wjielEE (fu=:0] searches in
M ccv,/v, (0n° [l NC1x° Coheren o _—
K /T,-——\ %-El;gil Gnc("”os)"ai”‘*d EIZTnOther gackgtrounds < 207 M Icro BOO N E
5 ackground & Error 8
- + g s —
MicroBooNE tyOp Data & —— 50- reSUIt tO
(6.80x10%° POT) °
N bokaround & Eor > 10- confirm or exclude
Unconstrained Constrained _é’ } * eV Sterlle neutrlno
§ ] needs oscillation
'% NC A — Ny [ NC1r® Resonant A(1232) w .
ON?‘/ @ LEE Model (x,,.=3.18)  |IINCt° DIS 0.0 , . . . anaIVSIS from SBN
S\\ f [] Al Other Backgrounds ([l NC1r° Higher Resonances lelp CCQE leNpOn 1e0pOn leX
q r %‘Total Unconstrained ] [200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]
/T/_,_\ ~ Background & Error MicroBooNE ty1p Data < <
. (6.80x10% POT) e «e el
//5 §ggg(lg$gﬂr?g a8:nEer(:or o s\\O“ // f o s\\o // f ) S\\o« // r
N S o~ T/~ T/~
p T ve /),—\_ , ve P - ve _ _
Unconstrained Constrained --->x Y % p >NX
p P
NP? data ehxcess IolgéegvedN n ;2?_ i‘;zc";'(l:lsé%?e Observe v, rate in agreement or below prediction
photor? c anhne ) ?f v e ) _ Reject the v, are fully responsible for the MiniBooNE
The photon hypotnesis for MiniBooNE excess is excess at >97% C.L. in all analyses (2110.14054)

not ruled out in MicroBooNE 22



Unknown
Unknowns

e

OUESTIONS

Broad range of questions:
New particles?
New symmetries?

Connection to dark sector?

23



The Unknown Unknowns

ICEBUBE
Accelerator v

Collider

Large Hadron Collider

s

Sterile neutrinos
Mass ordering

Dark Matter
Astrophysics, e.g.

Heavy Neutral Leptons
Long lived Particle
v portal to dark sector

. _ Axion Like Particle Heavy Neutral Leptons Supernovae
Relic peutrlno Millicharged particles Long lived Particle )
Neutrino mass . . Neutrino NSI

_ N Lorentz invariance Dark Matter CPT symmetry

Majorana or Dirac: CPT symmetry Millicharged particles

Dark matter eV sterile neutrino SUSY
...meV eV keV MeV GeV TeV PeV ...

Energy Scale of experiments are probing *



New physics searches with accelerator v's @ MeV-GeV

O(100) m
// LArTPC
//
detectors
Magnetic horn
Decay Pipe
BNB v time structure + v from BNB
)\‘ HNL 50 MeV

QT
AR wm KRR AT ».w“m. ,yw. [.}7 WU

t ;’{/\\ /A\ /\\e
=l \\y S\S

arrlval tlme [ns]

M

# *i

The massive long-lived particles produced at the same time as neutrinos will arrive at the detector later. If
we can measure the time-of-flight with ~1 ns resolution, we can use timing to distinguish new particles
from neutrino background. We can already demonstrate <2 ns timing resolution in MicroBooNE!



New physics searches with collider v's @ GeV-TeV

neutrinos

Forward Physics Facility @ LHC K
Snowmass White Paper: arXiv:2203.05090. b .

High energy neutrinos [100s GeV - TeV] from p-p collisions in ATLAS detector.

Rich physics complementary to Fermilab accelerator program:
*Neutrino interactions, tau neutrinos
*BSM searches with neutrinos

v self
interactions

sterile v
oscillation

BSM v
production

Neutrino detectors:
*FASERV [emulsion detector]

*FLArE [LArTPC] '
AcblSND
N s TN
"FASERv2

26


https://arxiv.org/pdf/2203.05090.pdf

v Experiments

QUESTIONS
CP violation? Long baseline neutrino oscillation (e.g. DUNE)
Normal or inverted Mass Ordering? Long baseline neutrino oscillation (e.g. DUNE)
Absolute Neutrino Mass? Tritium beta decay experiments (e.g. KATRIN)
Neutrino mass origin? Dirac or Majorana OvBf experiments
More than 3 flavor? Sterile neutrinos Short baseline neutrino oscillation (e.g. SBN)
New particles, new symmetries, dark sector? Parameter space sweep from all experiments

Neutrino experiments are connected to each other through big questions!

Diverse experimental program is the key to open the door to the unknown world .



Outlook

What we know about neutrinos is a blurry
picture. Just the tip of the iceberg ~l R e

Because we know so little, studying them, in my
view, is the best bet to find new physics

o keep asking the big
7 in the experime




