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Rich landscape of neutrino physics
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background . illati
& Solar neutrino oscillations
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Two-flavor oscillation formalism

Mass states
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Interact in nature — _ Admixture of states
vV, —-sin@ coso )\ v, 1 and 2 evolves, i.e.,
the flavor changes
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» At given distance, observe number oscillated neutrinos as function of energy, E
» Extract oscillation parameters, © and Am?

» Can measure “appearance” or “disappearance”
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Nature’s not quite so simple!

Three-flavor oscillations

Ve
Vu
v’l'

Observed matrix

element sizes

0

Uel
U

u
Uz

1/6

UeZ
1 U

UeS

U2

U‘L‘Z

1/3

/2

V1
V>
V3

%/3

PMNS matrix: Pontecorvo-Maki-Nakagawa-Sakata
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Appearance probability in the
three-flavor scenario

Py, = v,) 5 4(7‘13:351";3533 . sin? Agll Leading term
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Some of the open questions

Mass A e
[Am3,| = [m3 —m3|
~ 2 x 1072 eV?
0,5/
Am2, ~8 x 1077 eV? c
Normal Inverted
Hierarchy Hierarchy

» What is the mass ordering?

» Is there leptonic CP violation? What is ,?

» s 0,3 maximal (45°)? (If so, v, and v, content of mass eigenstate 3 are equal.)
» If 8,5 not maximal, which quadrant? (0,;>1/4 or < i/4)

= Are there sterile neutrinos?
o (\0‘0\\\. = Are neutrinos majorana particles?
‘\o%\“e(e\ = Can (does) CP violation in the lepton sector play a role in the

oX€ . . .
e S <0 matter-antimatter asymmetry in the universe?
&
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Discovery of the neutrino by inverse beta decay

» Reines and Cowan (1955)
* Nobel Prize 1995
* 1 ton detector

e Neutrinos from a nuclear
reactor

Reines and Cowan at -180 s

Savannah River
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Reactor experiments

100’s of meters from reactor

1%t osc. minimum at 1.6 km for E=4 MeV
S

[

Model neutrino flux from reactor
Fit rate of v, survival probability as
a function of L/E

Look for deviation from 1/r2

Y VYV

—
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Y

Nuclear reactor, intense source of 17e
~2x10%0 Ve /s per GW of reactor power

A 2 i A 2 i
J— sin220133in2% — cos49133in22912sin2%

Am?,| = cos?12|Am3, | + sin?013| Am3, |

Muon Tracker
Outer Vessel
Water Pool

T e
. s -

20 kton pure water

6 kton mineral oil
0” PMTs

Veto PMTs

(D'\scussed n \/eb i B o
orming sessOn JUNO

RENO @ Yonggwang, Korea
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Daya Bay experiment

The Daya Bay Experiment = 0 ol i
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m 8 operating detectors
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Chao Zhang, Daya Bay collaboration, Neutrino 2014
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Daya Bay results
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sin® 2645

Very precise measurement of sin%20,,

Can be used by other experiments to gain
sensitivity in extraction of other oscillation
parameters
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Accelerator long-baseline neutrino oscillations

Basic method

Near detector (ND):

» Close enough so no oscillations yet
» Use to constrain (flux) x (xsec)

Far detector (FD):
» Measure neutrino spectra as function of E
» Extract oscillation parameters by comparing
observation with expectation given
(flux) x (xsec) at FD

Cross section

Proton

beam

Target X \
Magnetic
focusing of Hadron decay
produced producing
hadrons neutrinos
Beam:

» Production of hadrons

» Focusing effects

» Can achieve 10-15% errors in flux
prediction with external hadron
production measurements (i.e.,
NA61)
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T2K v, disappearance

Number of events/100 MeV
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Accelerator long-baseline neutrino oscillations

Some of the issues

L/E dependence:
> L big, ~300-1300 km
» Stats, need big detector

E in 0.5-10 GeV region:

» Mix of processes — CCQE, resonant, deep inelastic

» nuclear effects

» Xsec and modeling uncertainties

Dune flux shape comparisons - 80 GeV optimized

0.4

» ND and FD not identical
= Nuclear target differences
= acceptance and efficiency differences

» fluxes different at ND and FD
» Reconstructed energy depends on process

0.35

03

0.25

0.2

0.15

muon neutrino flux normalized to 1
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Charged-current
guasi-elastic

>

Expected shape difference between the

only.

3 4 5 6

Muon neutrino energy (GeV)

fluxes at the near detector and the far
detector for a particular configuration of the
DUNE experiment beam. For illustration

=@=Near - 574 m

== Far
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Accelerator long-baseline neutrino oscillations

Peak of spectrum at energy where
appearance and disappearance due to
oscillations expected to be maximal

Tokai to Kamiokande (T2K) experiment
(Discussed in more detail by A. Bravar 8/26 in this meeting) 1

si1122923 =1.0
si1122913 =0.1
Ami, =24x 107 eV?
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Accumulated POT
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Total Accumulated POT for Physics

T2K data

Stable operation

. v-Mode Beam Power 0t 470 kW
x 10%° . V-Mode Beam Power
Runl Run2 Run3 Run4 Run5 Run6 Run?7 Rung g
u —500 =
» t’!f ‘g
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» 14.7x10%° protons-on-target (POT) in neutrino mode
» 7.6x10%° POT in antineutrino mode
» 29% of the approved T2K POT
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Results through Run 7 data published:
PRL 118, 151801 (2017)
More detail in arXiv:1707.01048

Some results shown here include Run 8 data
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T2K detectors

Super-Kamiokande
ND280 |

> 50 kton water-
Cherenkov detector
> 13,000 PMT’s

UA1 Magnet Yoke

Downstream
ECAL

3 e Beam S

DTF>C ECAL » Fine-grained detectors (FGD)
W '//-‘I‘J'r = Scintillator bars (water targets in FGD2)
= e » Time projection chambers (TPC)
’ » Pizero detector (POD)
= Scintillator bars and water targets, lead

i .
‘ radiators

Muon-like
track

Example: neutrino candidate in antineutrino mode
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Analysis overview

INGRID/Beam
monitor Data

T2K Far

T2K Near
Detector Data

-A. Bravar

ND280 fit
reduces flux and
cross-section
uncertainties

Throughout talk:
» FHC = forward horn current

Detector Data

deteCtOr
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Flux prediction
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(selects primarily neutrinos)
» RHC =reverse horn current
(selects primarily antineutrinos)
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Observed spectra
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Numbers and CPV

observed

FHC CCQE lring e-like Probability for electron

/7
appearance is enhanced in
BLIC G x Liing e hike w neutrino beam
240

Probability for electron
appearance is suppressed in
antineutrino beam

Note: big neutrino contribution
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FHC CCOE lring p-like

RHC CCQE Iring u-like 68
'g 0-17 T T | T T T T ‘ T T T T ‘ T T T T ‘ T T T T | T T T T ]
& 25 Off-axis v flux 1 ECS 0T 7 =
! ] P(v, — v.) P(D, — 7,.)
2 008 — 6,=0°, NH, v SR CHANNEL
o — 5,,=270°, NH, v i
0061 | "= 0=0% NH. ¥ —  Ocp=-T1/2 Enhance Suppress
f ) -= §,,=270°, NH, ¥ i
1 Large CPV effect ]
0.041 [ & _ | Ocp=T1/2 Suppress Enhance
{0 A Small matter ]
L s _
002kl ) -
;117 R 1
% //%%//4/// """"""" 1
Ny ., T
0/ A A A AT I L % M I
0.5 1 1.5 2 25 3

E, (GeV)
S. Manly, ICNFP 2017, Crete 18
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Constraints on O.p

TTTH, IIII|II)/I|IIII|IIII|IIII|I

T2K Runl-8 preliminary
T I T T T T T T T I T T T T

—Nemal  9g CL Interval

= Inverted

HNEE4NEN

Do fits determining 1 or 2 parameters and
marginalizing over the others

Here T2K used (and marginalized over) the reactor
measurement of sin%0 ;.

Plot change in -2In(L__. ) relative to global minimum in
two hierarchies

CP conserving values (0,mt) are outside 20 intervals

marg
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NOVA: NuMlI Off-axis v, Appearance Experiment
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NOVA experiment

60.0m

— > - »
1%;/ P =
// \‘\
Far Detector, 14 kTons, |[==a
896 Planes, s v
15.6m 344,064 channels

aamp

\ 4.2 Near Detector, “ To APD
: m 300 Tons, Readout
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— Light
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g, - 1 (ADC
typical .8
charged ~»~
particle NOvVA - FNAL E929
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» ND and FD “identical”
» Plastic cells filled with liquid scintillator
Convolutional neural network acting

» Low Z, 65% active, tracking calorimeter
on “image” of hits in detector —
convolutional visual network
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Constraints on “atmospheric” parameters
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Events / 0.5 GeV
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0.7

. D
sin 623

. O
sin 623

Fit v, spectrum simultaneously with v,
spectrum, taking 8,5 constraint from reactor
experiments.

Fit for sin?0,;, 6. and Am?2,,

IH, lower octant for 8,5 rejected at 93% CL.
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Into the weeds! Neutrino interaction physics

» Interesting physics

» Critically important for high precision neutrino oscillation physics

Reconstruction of neutrino energy

Modeling: extrapolation to FD, acceptance, backgrounds, energy bias and

resolution, determining systematic errors
Expansion of signal into additional channels for increased statistics
W

¢ Assumes free nucleon at rest

Inferaction modes in

CCOr topology:

(NEUT MC)
CCRES Other
6.91% 0.38%

2p2h
12.11%

w and no nuclear effects
* Can reconstruct neutrino
energy from lepton alone & o
& -~
n &)
P o ¢ .F
CCQE: charged current quasielastic Charge f_xchanne ® . Elastic i éeo : | — ;rfﬂ ).
o scattering e v |
- YSS\
s , @\) . /\ E (GeV) o
©1.4 . - [ — 02
o L L [ — 0.6
€1.2 ' 2 a0 | — o] A
K C\E / \
o 1 - T 30 / _
= Absorption = L
8 Y -
go ° . n'. .'TI (\6 ILu.\> 20 —
gO.G Pion :;-‘roduction (J,<>0 g’ i
0.4 & a |
2 AN i X )
20.2 'b\'e 0 1 . ! el B o
S X 0.2 0.4 06 __ 08 1 1.2 1.4 1.6
> 0 .,\\'b\ E_(GeV)
102 <<\ Martini, Ericson, Chanfray, Phys. Rev. D87, 013009, 2013
E Vv
Formaggio, Zeller, Rev. Mod. Phys. 84, 1307,2012 ° (GeV) S. Manly, ICNFP 2017, Crete 24



Q

Neutrino interactions: T2K

ND280
» ANL, BNL, FNAL, CERN y e
bubble chambers DTPC ECAL
> NOMAD | . Tr N
: e,
» MiniBooNE | | |_.—//f
> MINERVA d = . Ch

T2K . Downstream i¢
» ARGONEUT fot ECAL Muon-like
» MicroBoeNE e e : track
> ICARUS (at FNAL) i Example: neutrino candidate in antineutrino mode
» SBND i
» DUNE

CC = charged current
NC = neutral current

0.000 < True-u coseu < 0.600 0.600 < Trueu n:oseu <0.700

’_E, ;: ’_:i liﬂf ) ‘.es\)\ts' >
%Eq _— ES lé“c’t\on o rino xsec physics
| ﬁé’\ﬁ‘ erenti? E 0475 < oot <1000 > Vi CCand NF, muon and proton variables,
W “r\’ TzK-PreIiminarv ‘é o T2K Preliminary pion production
o R~ Rnsmamm s » v, CC measurements
If | — » Recent progress on using transverse
: et momentum balance variables to enhance

sensitivity to nuclear and FSI effects
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Neutrinos/cm%GeV/POT

Neutrino interactions: MINERVA

Side HCAL |
Side ECAL —1 | .
_ L 25
s ] v-Beam sl bR
; ma ) 9 2
=[5 £3 T5| o 35
2||8|| Liquid 5l P 5% | £% o5
(|5 q 59 Active Tracker SE| SE 50
@]%|| Helium L | EC = pJ
=8 8 & Region ] T o 9 2.
8||5|| Target T £ £5 | £% Z g
o g 0.25 E I 8.3 tons total ° 0 (5] (7 ]
o z 16 tons | 30 tons ==
-
Side ECAL 0.6 tons
Side HCAL | 116 tons

On-axis in the NuMI beam at Fermilab

Beam Power: Beam Power:
LE = 250kW. ME = 650kW. S —
"
3 IGuU Y 1A TAETR . "]
0.16 —POT Delivered v12.4E20 == v 2.49E20 ol
— ModhnEnergy ] 19E+21 —MINERVAPOT v.12.0E20 ---V 2.40E20 wf L0
0.14 = = —MINERVA*MINOS POT v 11.5620 -=-v 2.13E20 wd
Ly [o] » _—
—— Low Energy ] a 1.0E+21 ul o
0.12 = % ) ol R
] o B8.0E+20 ME neutrino . | ‘
0.10 - ﬂ w2 § W W i (D SN |
g c 6.0E+20 z » 4 8 W 48
QL e 2
0.08 4 a T A
MINERVA Preliminary: g 4.0E+20 [444‘3 2 6182022 04 2 25 90 0 3 36 28 40 4244 4 4 0 5 54 56 58 60 62 e 6 68 70 72 74 76 76 80 82 b 66 86 90 92 04 06 9B 11T OB T2
0.06 1 ® ME antineutring
. & 20E+20 -
—— e
0.04 0.0E+00 s
ST T ST L2EEEL B
T & ® 9 K ® & ¥§ 4 © ® @ ® ¥ A& o
0.02 o 2 8 9 o 84 8 o4 & 8 & ©o ¢ g oo
0.00 = Day in the Medium Energy Run
0 2 4 6 8 10 12 14 v

Energy (GeV)

S. Manly, ICNFP 2017, Crete 26



Neutrino interactions: MINERVA

(a couple of NUINT 2017 results)
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Neutrino interactions: near future

Small, some
interesting
results,
heralds the
LAr era!

Data in hand,
XSec program
underway

\———— 3493 Event 41075, October 23, 2015
Booster beamline at Fermilab

KV

YR™

ICARUS now moved
to Fermilab
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T2K-lI

T2K-1I Protons-On-Target Request
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to 2026 and collect 20.0x10%! POT
Factor of 9 over current data
Analysis and detector and
operations upgrades give a 50%
improvement in experimental A N\~ N\ A
sensitivity =200 -100 0 100 200
True 8.5(°)
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JUNO

Muon Tracker
Outer Vessel
Water Pool

20 kton pure water b
&

6 kton mineral oil
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Veto PMTs

3
[

N w B

Antineutrinos / MeV / Fission

Inverse Beta Decay Cross Section (cm?)

1 2 3 4 5 6 7 8
Antineutrino Energy (MeV)

Mass Hierarchy discrimination as 30 . — . —— .
function of baseline and baseline sl 6 years 1
difference between two reactors :""rfs"f;:z’"""“

arXiv:1507.05613
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Hype r Ka m |O ka n d e (Discussed in more detail by A. Bravar 8/26 i

» Long-baseline neutrino oscillations

» Low energy neutrinos
» Proton decay

J-PARC Main Ring Fast Extraction Power Projection
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Fraction of 9,

Fraction of 6., values
over which the wrong
hierarchy is rejected
with given significance

1 tank is ~8 x SuperK
fiducial volume

Ferors T s Diameter, T4m s s mma

Fiscal Year
-M. Hartz, NUFACT 2016

Best sensitivity with one tank near SK
(295 km) and one in Korea (1000-
1300 km) to improve sensitivity
(arXiv:1611.06118)

0AB 2.5 at HK
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DUNE: Deep Underground Neutrino Experiment

(Discussed in more detail later today by Sergio Bertolucci )

South Dakota 1300 km Chicago

Sanford

Underground
Research
Facility

Fermilab

%10° v, Flux, v Mode

_ 60F .
§ 50:_ —— 3 Horn Optimized_E
N;E_ 400 ~——— 2 Horn Optimize-d_E
» Long-baseline neutrino oscillations 8 — Reference ]
» Supernova neutrinos s % _
» Proton decay s 20 -
Intense wideband beam 3 E
e i 1
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DUNE is happening

£ rasly

/ot T .

Recent groundbreaking at facility in S. Dakota _ o - 3
Big LArTPC prototypes under construction at CERN

30y

e [ 7 years (staged) DUNE Sensitivity [] 7 years (staged)
Normal Ordering 10 years (staged) Normal Ordering .

8in°26,, = 0.085 = 0.003 i sin’29,, = 0.085 = 0.003 10 years (staged)

6,,: NuFit 2016 (90% C.L. range) =----*- sin’0,, = 0.441 = 0.042 25[ 6,,: NuFit 2016 (90% C.L. range) =+~ sin'0,, = 0.441 = 0.042

Planning for first accelerator
neutrino data in 2026
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We only sampled the landscape.

i = Supernova neutrinos
Exciting physics ahead! .
Cosmic neutrino Atmospheric
RackSrcnd Solar neutrino oscillations
oscillations
&2 Area explored in this talk

A8 S

\.

sutrino

Double beta decay

Neutrino mass from o' -
beta decay endpoint Geo-neutrinos
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We only sampled the landscape.

<y . Supernova neutrinos
Exciting physics ahead! .
Cosmic neutrino Atmospheric
background Solar neutrino oscillations
oscillations
e Area explored in this talk

— —

» T2K continues taking data and upgrading
near detector and accelerator

NOVA to release new results next year
Strong hints of CP violation observed
Interesting tension on maximal atmospheric
parameter mixing

Short baseline program beginning to
produce results soon

Continued work on neutrino interaction
physics and modeling

= » DUNE, T2HK, JUNO pushing to start
operation mid-2020’s

Neutrino mass from TPy Qe

]

beta decay endpoint Geo-neutr&i.ﬁb’/s' |
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