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http://kamland.Ibl.gov/FiguresPlots/; http://www-numi.fnal.gov/Publicinfo/forscientists.html
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PRD 88 (2013) 073008

Anomalies; light-sterile neutrinos?
* Wide variety of data described by the ‘SvM’

 Anomalous behaviour in a variety of channels:

Data inconsistent with SvyM

Appearance Disappearance
— —_ - - L.
LS_N.D | Rea.ctor %L
MiniBooNE , Gallium “igm 99%CL -/ mm
99.73% CL «rer /
2 dof

Global analysis gives:

Consistent description of:
Appearance alone;
Disappearance alone

But: leS:;lé)epEfllI 1;12;9 Dentler, Kopp, Machado,
Maltoni, Martinez, Schwetz

Tension between appearance and . o2 1o
disappearance sin® 260




Neutrinos indicate SM is incomplete

Neutrino oscillations imply:
— Neutrinos have mass; mass states mix to make flavour states

Neutrino mass > new degrees of freedom:
— Right-handed neutrinos or Majorana neutrinos
— New interactions?

Mixing among three neutrinos:
— CP-invariance violation in lepton sector
— Origin of matter-dominated Universe?

Possible cosmological impact:
— Inflation;
— Galaxy and star formation;
— Dark matter



Opportunities in neutrino physics

MASS SCALE
AND MAJORANA NATURE



Absolute Neutrino Mass scale

P.A.R. Ade et al., M. Agostini et al., C. Kraus et al., EPJ-C 40 (2005) 447-468
A&A 594 (2016) A13 Nature 544 (2017) 47-52 V.N. Aseev et al., PRD 84 (2011) 112003
A.A. Esfahani et al., JP-G 44 (2017) 05400

EPSPR017;,¥enice

Philipp Ranitzsch, WWU Minster



Mass scale
* End-point measurements:

— Katrin (Karlsruhe Tritium Neutrino experiment):
* “First light”: Oct16
o 83MKr measurement now
* First tritium 2018
* Goalm,<0.2 eV

— Project 8:

* Cyclotron radiation emission 1
spectroscopy

http://www.katrin.kit.edu

°* In prOOf Of prinCiple phase http://www.project8.org

arXiv:1703.02037

* Goal m, < 0.04 eV e e

= 282010
v 2mme + By /c?
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Mass scale and Majorana nature
 Majorana neutrino “is its own antiparticle”:

— Removes one constraint on neutrino-mixing matrix:

" arXiv:1605.02889 - 1Ca Se‘ZécTi?d}

{Te

~'E KamLAND-Zen (*°Xe)
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1 0

Untajorana = UPMNS ( 0 e ﬁ NH
0 O

I T S S I T B N A R RTT] B S AN A RTT] ari AR
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REPORT TO THE NUCLEAR SCIENCE ADVISORY COMMITTEE; Neutrinoless Double Beta Decay

CUORE

MAJORANA
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Isotope Mass
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Opportunities in neutrino physics

LIGHT STERILE NEUTRINOS



B. Fleming
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Light sterile neutrinos from source
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Sterile-neutrino searches at reactors

Re-evaluation of flux:

— “...not enough information to use the antineutrino flux changes to rule out
the possible existence of sterile neutrinos ...”

Experiment

DANSS
(Russia)

NEOS

(South Korea)
nuLat

(USA)
Neutrino4

(Russia)

PROSPECT
(USA)

SoLid
(UK Fr Bel US)

Chandler
(USA)

Stereo
(France)

Reactor
Power/Fuel

3000 MW

LEU fuel

2800 MW
LEU fuel

40 MW
U fuel

}00 MW
23U fuel

85 MW
5 fuel

72 MW
25 fuel

72 MW
5 fuel

57 MW
35y fuel

Overburden |

(mwe)

~50

~20

few

~10

‘Detection
Material

Inhomogeneous

PS & Gd sheets

Homogeneous
Gd-doped LS

| Homogeneous

°Li doped PS

Homogeneous
Gd-doped LS

Homogeneous

°Li-doped LS

Inhomogeneous
°LiznS & PS

Inhomogeneous
°LiznS & PS

Homogeneous
Gd-doped LS

Segmentation

2D, ~5mm

Quasi-3D, 5cm,
3-axis Opt. Latt

2D, ~10cm

2D, 15cm

Quasi-3D, 5cm
multiplex

Quasi-3D, 5cm,
2-axis Opt. Latt

1D, 25cm

Optical
Readout

WLS fibers.

' Direct double

ended PMT

Direct PMT

Direct single
ended PMT

' Direct double

ended PMT

WLS fibers

Direct PMT/
WLS Scint.

Direct single

ended PMT

Giunti et al, arXiv:1704.02276

Particle ID
Capability

Topology only

| recoil PSD only

Topology, recoil
& capture PSD

Topology only

Topology, recoil |
& capture PSD

topology,
capture PSD

topology,
capture PSD

recoil PSD

N. Bowden AAP 2016




Short Baseline Neutrino programme

arXiv:1503.01520

Definitive search for Am?~ 1eV? sterile neutrinos:
— Exploit L, E and L/E modulation; detectors at three baselines
* Appearance, v, V., and, disappearance, v, > vy
— Exploit 3 LAr detectors; minimise inter-detector systematics
Robustly address backgrounds and uncertainties:
— v, contamination in FNAL Booster Neutrino Beam
— Photons produced by NC vN and cosmic rays

— External v interactions in earth or experimental hall .



arXiv:1503.01520
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arXiv:1503.01520

Short Baseline Near Detector

e 275TLArTPC@ L=110m

— Characterise beam before oscillation

— Address many dominant systematic
uncertainties

* Neutrino scattering

— Total vN sample: ~7 x 10°
* From 6.6 x 10%° pot (~3 years)

— Inclusive v, samples: .
* Charged current: ~37x103 o SSEOTI
 Neutral current: ~14 x 103 iz :

— High-statistics studies: =
* Cross sections

0.5 1 15 2 25 3

¢ F i na I States | Reconstructed Energy (GeV)




FERMILAB-PROPOSAL-0974

MicroBooNE

e 170TLArTPC @ L=470 Z MiniBooNE o oms
* Solo capabilities: : R
— Investigate MiniBooNE low-energy v, - —
excess; Const. Syst. Error
— Measure neutrino cross sections - e“t”“°
_:__——_=
(BNB & NUMI) E= . -l- . 14 15 3.

— LAr detector R&D —
* Neutrino scattering
— Total vN sample: ~2.5x 10°
* From 6.6 x 10%° pot (~3 years)
— Inclusive v, samples:

* Charged current: ~1.5x103
* Neutral current: ~0.5x103

— Further studies of:
* Cross sections/final states

26 cm

40 cm Run 1148 Event 778. August 6" 2015 17:16



arXiv:1503.01520

e 760T LArTPC @ 600 m
— Large mass gives good v, rate

ICAUS T600

 Exposed to:

— Booster Neutrino Beam; and
— Off-axis to NuMI beam

 Refurbishment; WA104:

— Part of CERN Neutrino Platform programme 2} T600, 6.6¢+20 POT (600m)

— Both T300 modules transported
from Gran Sasso to CERN |

— Refurbished and transported to FNAL

Events / GeV

« Data taking 2018/19 ek

2 25
Reconstructed Energy (GeV)



Opportunities in neutrino physics

NEUTRINO OSCILLATIONS



* Present/recent experiments:

Long-baseline neutrino oscillation programme

— Europe:

— Japan:
— US:

Near future:

— Japan:
— US:

,// 5in28,,= 1.0

i 2 3 y?
y Am_‘::2,4x10 eV* -

OPERA, ICARUS

[complete]

T2K
MINQOS, MINOS+

[in data analysis phase]

NOvVA

( h power NuMI beam
‘&.— 700 kW expected 2016
. Low z trackmg calorimeters b
T2K-1l, T2ZHK/T2HKK ‘kagbase,me e s
= Fermllab to Ash River, Mlnnesota : =
DUNE + Data taking with complete detectors - s
- started in November 2014 R 1 e “’ﬁA

W 5
& i # !

23



o State of the art

0 0

Ee———— e Summer 2017:

— NOvA:

* 6,,#45°at 2.60
— T2K:

* CP conservsation
excluded at < 20
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— 10 Normal Hierarchy, 90% CL
NOvA B.05x10% POT
e T2K 2014

-+ MINCS 2014

PR B

Fixgd Mgss Ordering _T2K, Runll- .

-~ Normal - 68CL ]
. — Normal - 90CL

* Best fit Inveried - 68CL ]
Inverted - 90CL

R
L
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in” B, in 8 ) 5,
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5., (Radians)

Interesting “preference” for o, ~ 270°

Esteban+ 1611.01514, JHEP 1701 (2017) 087
See also: Capozzi+ 1601.07777, NPB 908 (2016) 218 - ;‘g
Forero+ 1405.7540, PRD90 (2014) 093006 el
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What we need to know:

Do neutrino oscillations violate the CP symmetry?
Ordering of neutrino mass eigenstates and neutrino mass scale

Empirical relationships between v-mixing parameters ...
or between v- and g-mixing parameters

Dirac or Majorana?

Anomalies (aka hints for sterile neutrinos):
statistical fluctuations, systematic effects or indications of new physics?

Impact: particle physics, astroparticle physics, cosmology, ...

25



* Exploit L/E spectrum:

Non oscillation
—— 0, oscillation

Normal hierarchy

Inverted hierarchy

Arbitrary unit

30

L/E (kn/MeV)

JUNO:

— Reactor-neutrino expt

— 20 kton liquid-scintillator
* 3%/VE energy resolution
— Under contruction

Mass hierarchy: two options

* Exploit matter effect:

Electron-neutrino may undergo

charge-exchange with atomic
electron

Modifies oscillation probability
Large source-detector distance

26



Antineutrinos
Accidental
Fast neutron
— "Li'He
o-n
. Geo-neutrino
o RIS

Hong Daya Bay
~ Kong

JUNO |

@
/ Ne 53 km

53 km , >
ok ‘@

Yangjlak NPP Taishan NPP

9
o
Calibration - Electronics E (MeV)

Top Tracker 8] ‘ ' i Filling +
(OPERA TT) ‘ == v 1 | . Overflow

JUNO sensitivity (Y.F. Lietal.)

= YXT: 1% A m?, priot 50% vs. 50%

T —\ZT:no prior — 1.1% vs. 98.9%
68% of exp. JUNO 3 7x10°8 vs. 1

Central detector

SS latticed shell
Acrylic sphere

18000 20” PMT
(Hamamatsu 5K
NNVT 15 K)
25000 3” PMT
(HZCT)

~2000 20” PMT

Water Cherenkov

Pool ID:43.5m

Pool Depth: 44m

Acrylic Sphere:
ID: 35.4m
Thickness:120mm

SSLS:
ID: 40.1m
OD: 41.1m

Water pool
ID: 43.5m
Height: 44m
Water Depth:
43.5m

95% of exp. JUNO

0 2
PRDB8D1300842013)




CP-invariance violation: two options

* Exploit L/E spectrum: * Measure asymmetry:
— DAESALUS P(vo — vg) — P(Ua — Up) 1

P(ve — v5) + P70 — 75) . sin 20,

28



Next generation experiments

* DUNE

— New beam from FNAL

* Horn-focused, wide-band beam

* Peakin E,~ 3 GeV; matched to
1300 km baseline

— Modular, 40 kton LAr

“Bubble-chamber -
quality” measurement | —

* Hyper-K(K)
— Upgrade to J-PARC beam

* Off-axis, narrow band

— Two 260 kton H,0 Cherenkov

* Considering second tank in Korea
(>1000 km)

29



The importance of the near detector
N vomts(Ey) [ o(E))®(E})P(E,|E,)Pose(E,)dE,

events
Nevents(£v) fO-(Ell/)(I)(EIV)P(EV’EZ//)dE/V

* Seek to extract P

e Near detector:
— Unoscillated estimates of flux and cross section

* Test beam exposures:

' | this
— Map P(E|F) G.ettmg al .
« But, imperfect cancellation of: right requires
— Cross sections as a function of E’: an industry!

* Near and far species are not identical
— Flux as a function of E’:
e Sampling of neutrino beam not identical near and far

— P(E|E’) not necessarily the same near and far
30



J.M. Albo

EPS-HEP 2017 Near detector concepts
 DUNE: ' Hyper-K EPSHEP 2017

DNENAROEIECTOR
Cryocooler / &o// HVFT

. ND280 to
ND has fundamental role for LBL Top flange Preamps board .
physics, constraining systematic WLS planes continue
n inti hr h th FR4 module Resistive = -
umecaesila}errteer?ttof zlélgltrjltng flux and Wels o Fielc-shaper For Hyper-K
. . . Turbo- ixels pl
interaction cross sections. Fitors T Plels plenes UA1 Magnet Yoke

Bottom flange

It will record largest sample of B cxiended
. . . Tracker ECal Fine-Grain
neutrino interactions ever collected. : Sobrdvebe

Backward ECAL

Also sensitive to new physics (e.g.
heavy sterile neutrinos).

DUNE ND currently under design.
Conceptual design ready by 2018.

7 1e I Probe the neutrino energy
Tt will hkely feature a modular hquld vs. reconstructed energy

argon TPC and a magnetised, high- N relationship
resolution tracker. A4

1.2 km, ‘intermediate’
detector under consideration




Sensitivity to CPiV

1.3MW beam
1year = 10’s

--- 1tank
—— Baseline(staging)

o
o
[ S—

@
C
9
[S]
®
| -
LL

2 4
Running time (year)

0
0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

DUNE and Hyper-K alone:
— 50 sensitivity over >50% of all values of 6., after 10 yrs
Combined—sensitivity enhanced
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Opportunities in neutrino physics

SUPPORTING PROGRAMME



S. Bordoni
EPS-HEP 2017

e Goal:

— “Support European efforts
in neutrino experiments in
the US and Japan”

» NPO1 (WA104/ICARUS) : far detector for the US
Short Baseline program

» NPO2 (protoDUNE-DP WA105): demonstrator + engineering
prototype for a Double phase (LAr+GAr) TPC

» NPO4 (protoDUNE-SP): engineering prototype for a LAr
TPC

» NPO5 (Baby MIND): a magnetised muon spectrometer

for the WAGASCI experiment in Japan

» NPO3: generic R&D framework

» ArgonCUBE: R&D for amodular (magnetised) LAr TPC

CERN Neutrino Platform

SBN (short baseline)
e v
T2K / T2K-1l o 2% |

Neutrino
‘) PLATFORM

http://cenf.web.cern.ch/




Hadroproduction to predict neutrino flux
* NA61/SHINE:

— Proton and ion beams
from the SPS BEAM  TARGET ‘WL)M k VTX_z

13m

S

BPI

>

— Thin target:

igment separat
ilin

* Absolute hadroproduction [HEETSEG—_—_—:_G—G_=_

detector upgrades

Spect ra B : Finished upgrades

— Thick target:

* Replica of v-production target
— Includes effect of re-interactions of particles.
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Hadron spectra “ex-situ”
* DUNE considering instrumenting replica neutrino target and

capture:
The LBNF Spectrometer Concept, “Ex-situ”

Different architectures possible...

Credits: Laura Fields
Oct 30 2017 LBNF Spectr., CERN ND forum WG1
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Systematic uncertainty and/or bias

L PR T B ¢ T | PR EY R P )

T2HK CPV at 36 ' ’ 5% cal. error |
sys:20%—-20%

n
n
o

x2/dof = 20.95/16

— constrainton G,/ 5“

- o
-=— ©, @ 1%

-_—— 0 @ 1%
s

n
wn
=}

n
o

all systematics @ default

A m2,[x1072 eV?]
o
(&)}

A mg2[x107 eV
o
'
[#3]

no

~

o
N
FaN

statistics only

Huber, Mezzetto, Schwetz, [
GLOBES 2007 e o t120500s 1307.1243;&oloma,FHuber GLOBES 2013 2.3 phys.Rev. D89 (2014) no.7, 073015; Coloma et al
[N [l [ A | L L L

L | ' ! ' 1 1 1 I 1 L L 1 L

10° 102 38 40 42 44 46 48 50 52 38 40 42 44 46 48 50 52
sin"20, | 923[O| 623[0]

U nce rtainty Eve nt mis_classification Phys.Rev. D92 (2015) no.9, osa/};gf;\f\nkowski etal

(cross section
and ratio)

Perfect Rec., Cal

x*/dof=0.4/52

Energy scale mis-calibration

1o contours (2 d.o.f.)

Missing energy (neutrons)——

7.0 75 8.0 8.5 9.0 9.5




Neutrinos from stored muons

3.8GeV[:10%]

10" decays/yr M

5GeV[x20%]

* Scientific ObjECtiveS: * Precise neutrino flux:

1. %-level (v N)cross sections — Normalisation: < 1%
e

; . — Energy (and flavour) precise
* Double differential gy ) p

2. Sterile neutrino search * 1> Ainjection pass:
. — “Flash” of muon neutrinos
 Beyond Fermilab SBN

39



CCQE measurement at nuSTORM

e CCQE at nuSTORM:

— Six-fold improvement in
systematic uncertainty
compared with “state of
the art”

— Electron-neutrino cross
section measurement
unique

(10* em?¥nucleon)
o
10*® cm?nucl
ez cm?/nuc eon)
N o o
&

Vi Occae
S
c

—_1.
c
]
Q1.
]
=
£
&

E
o 1.
@

L

o
-
A

aaa 0% cm?nucleon)
o o
&

Vi Occae
o Mg CC

* Require to demonstrate:
— ~<1% precision on flux

3354 45 5 0 05 1 15 2 25 3 35 4 45 5
E, (GeV) E, (GeV)

Individual v, measurements from T2K and MINERVA
10.1103/PhysRevD.89.071301; arXiv:1305.1419 [10.1103/PhysRevLett.113.241803, 10.1103/PhysRevlett.116.081802 ] 40
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Opportunities in neutrino physics

TESTING THE PARADIGM



WhatAveBheed@oknow:

Domeutrino@scillations¥iolate@hePBymmetry?
Ordering®fheutrino@nass@igenstatesZndheutrino@nassBcale

Empirical@elationshipstbetween@-mixing@arametersk..
ortbetween@- and@-mixingdarameters

Dirac®r@Majorana?

AnomaliesfakathintsforBterileGheutrinos):
statistical®luctuations,Bystematic@ffects®riAndications@fEhewPphysics?

Impact:@Particle@hysics,Gstroparticle physics,@osmology, ..

6

Taking stock

CPiV:
— T2K/NOvVA, T2K-Il, HK/DUNE
Mass ordering:

— SK, NOvA, JUNO, HKK/DUNE,
ORCA, PINGU

Empirical relationships?

— Requires sensitivity and precision
Dirac or Majorana:

— KamLand-ZEN, ...
Anomalies:

— SBND, reactor-neutrino
experiments, long-baseline
neutrino experiments

* Pursuing understanding requires:

— Novel, high-resolution detectors

— Novel beams with known flux and energy spectrum

45




The potential of muon beams, pros and cons

* Muon beams have the potential to:
— Revolutionise the study of the neutrino
— Provide a route to multi-TeV lepton-antilepton annihilation

* Unique potential arises because:

— Heavy: 200m,<m, <0.1m,
* Enormous (5 x 10-1° cf e) reduction in beam-/bremsstrahlung
* Enhanced (5 x 10* cf e*e’) s-channel coupling to Higgs

— Decay: lifetime at rest 2.2 ps
* Vo V,— 50/50
* Precisely known energy spectrum

* Challenges:
— Tertiary beam

— Decay: lifetime at rest 2.2 ps
46



Neutrino Factory: sensitivity & precision

Proton Driver Front End Acceleration I Storage Ring

ﬁ

Phase Rotator
Initial Cooling

Decay Channel

)
[ gJDTD
2 = A
& — O
>3 U)S

%)
g o5
O O ©
(©) )
< =

>

— Large, high-energy
v, (v.) flux
* Muon-beam cooling
— Favourable rigidity:
* Optimise E for given L




Opportunities in neutrino physics

CONCLUSIONS



Conclusions

Neutrino oscillations imply that “new physics” exists:
— The study of the neutrino is the study of physics beyond the Standard Model
— Just starting; much to measure, still more to learn

Opportunities in neutrino physics:

— The flagship programmes:
 DUNE and Hyper-K
— Particularly the critical near detectors that are not yet defined
e Sterile neutrino searches:
— Accelerator based, at FNAL SBN
— Many opportunities at reactors and sources
— Supporting programmes:
* Drive advances in detector and accelerator technologies; CENF
 Measurement of hadroproduction spectra
* Measurement of neutrino cross sections—especially v.N at nuSTORM at CERN

Neutrino physics programme will remain important for a long time to come!
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