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Neutrinos as messengers of physics at large scales

Neutrino masses anomalously small:

THREE GENERATIONS OF MATTER
| 11 II1  cHARGE:
2.\ £ 'y } )

* not due to Higgs mechanism?

* first sign of physics beyond the SM?

* might be linked to physics at high
scales through see-saw mechanism:

L N

QUARKS

ELEG\TRO N

RCE CARRIERS: BOSONS

Minimal extension to Standard Model:

LEPTONS

MATTER CONSTITUENTS: FERMIONS

\ _ '< 3.10° ®)
* right-handed neutrinos (vg) m o r
« Majorana mass term M LS
NEUTRINO EUTRINO NEUTRING)
m2 mp~1GeV ALL MASSES IN MEV; The Standard Model
m, ~ -2 v watses fundamental particle zoo

M a<~102 210 Gev
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Neutrinos as messengers of physics at large scales

Neutrino masses anomalously small:

* not due to Higgs mechanism?

* first sign of physics beyond the SM?

* might be linked to physics at high
scales through see-saw mechanism:

Minimal extension to Standard Model:
* right-handed neutrinos (vg)
« Majorana mass term M

2 mp~1GeV
mp

my =
M a<~102 210 Gev

We don’t know
* the absolute neutrino mass scale

* the ordering of the neutrino mass
eigenstates (hierarchy).

Neutrino Mass Hierarchy
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Testing the “three-flavour” paradigm

complex phase leads to CPV
Uet Uer Ues I 0 O ci3 0 si3¢™\( cia s120
Upmns =| Uyt Upo Uz =10 c23 523 O 1 0 —s12 ¢12 0
U Up Uy 0 —s23 ¢35 )\ —s513¢° 0 ci3 0 01

CP Violation in the lepton sector might provide support for Leptogenesis
as mechanism to generate the Universe’s matter-antimatter asymmetry.

CP Violation: O # {O, 7T} Sij = siné;; ; ¢;j = cosb;;
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Testing the “three-flavour” paradigm

complex phase leads to CPV
Uei Uep Ues 1 0 O ci3 0 s3e\( cip 5120
Upmns =| Uyt Upo Uz =10 c23 523 O 1 0 —s12 ¢12 0
Uy Uy U 0 —s33 c23 J\ =513 0 13 0 01

CP Violation in the lepton sector might provide support for Leptogenesis
as mechanism to generate the Universe’s matter-antimatter asymmetry.

CP Violation: O # {O, 7T} Sij = siné;; ; ¢;j = cosb;;

Caveat:
No direct evidence for Leptogenesis, since a model is needed to connect the low-scale
CPV observed here to high-scale CPV for heavy neutrinos that lead to Leptogenesis.
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Other questions

Why are CKM and PMNS matrices different? Are neutrinos Majorana?
Quark Mixing Elements Lepton Mixing Elements .
(ZA)—(Z+2,A)+ g + €
‘ ‘ ’ n p
W e
PN ‘ . rev |
n %EW p

Sterile Neutrinos ? |

2 2
m” (eV)
Which 8,; octant? Maximal mixing? (m4)2~‘—4ﬁ v,
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V, appearance gives access to O

2 _
Py, = v.) =~ sin® B3 sin? 26,5 sin” (A1 qL) A%l
(Bor —jalP® a=G,N, /2
1] sin 20,)sin 26,5 bin 26,, S2Bn —laL] 5 sinlel) - os(a .
23 13 8 12 (Dg —al) 31 ol 21 31 Am;L
: : in?( L y A =
+ cos? 023 sin? 2012 S—1|naiLa|2 lAgl, v 4E

v, CC spectrum at 1300 km, A m3, = 2.4e-03 eV ?

~ 500c 2 0.1 >
;* = sin“20,,=05 -n/a = .
g a0 N sz, -015 -2 8 ° Ve appearance amplitude
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S :zz; \ Sin?20,,=0.16,70 ' & depends on 0, 0,5, d.p, and
> = in2 = =TT, g
§ il 0TS matter effects (MSW).
8 250? 2-
©. 2000 oo ¢ Large value of

150} Y allows significant v,

100 ; 0.02

* appearance sample.
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The 0,5 miracle

M. He, NNN17

Double Chooz
with only a far detector
(Nov. 2011)

Daya Bay RENO
(March 2012) (April 2012)
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Optimising L/E

L =~ 200 km
Am%lL T
A ~ ) |:> E, < 1 GeV

* no matter effects; first oscillation maximum.
e use narrow width beam (off axis).

Water Cherenkov

L > 1000 km
Al E, > 2GeV
~ = > c
4F 2 M
* matter effects; first and second oscillation maximum. e.g. liquid argon

* use broad-band beam (on axis).
* unfold CP and MH effects through energy dependence.
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Operating Long-baseline Experiments

T2K
295 km
=3 B o Super-Kamiokande J-PARC
‘NOVA Far Detector (f\stﬁgme;MN) Near Detector 280 m
NOVA = &-"MINOS-Far. Dékeetor (Soudan, MN)—
\ / b : AT

Neutrino Beam

295 km

UAI Magnet

Downstream
Barrel ECal

ECal
PODECal \ a

e |

QMilwaukee

JIEC

Along-baselne neutrino
oscillation experiment,
situated 146 mrad off

the NuMI beam axis

R
b/ FGDs

Fermilab :‘
d

Chicagos
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NOVA Detector

3000 3500 4000 4500

West

East
Up

14 kt Far Detector
N R Equivalent Near Detector
Beam direction s Liquid scintillator (oil)
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- Down ~ Hadronic recoil ]
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T2 K DeteCtO I Water Cherenkov

SK MC

Y
UA1 Magnet Yoke
“fuzzy”
VA
Downstream
ECAL
Barrel ECAL
“sharp”

Different technologies for Near and Far Detector

y
)
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1e18 POT Per Day

Neutrino beams

Decay Pipe
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Accumulated POT
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Final systematics pending
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T2K Far Detector Rates
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NOVA - v, Disappearance
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NOVA vs T2K

NOVA excludes maximal mixing at 2.6 o
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Total events

NOVA - v, Appearance
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* Normal Hierarchy favoured
* Need anti-neutrino data to resolve
degeneracies.

* Lower left octant in inverted hierarchy
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2AIn(L)

CP Phase

T2K Run1-8 preliminary
e e L L
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e T2K: CP conservation hypothesis outside 2o interval.
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2AIn(L)

30

25

20

15

10
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N . e e 2
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* Both experiments slightly prefer normal hierarchy and 6=-1t/2.
* (Different preference for maximal vs. non-maximal mixing)
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T2K — Far Detector Rates

Sample

CCQE 1-Ring e-like FHC

CClx 1-Ring e-like FHC
CCQE 1-Ring e-like RHC
CCQE 1-Ring u-like FHC
CCQE 1-Ring u-like RHC

Sensitivity driven by electron-like excess of events

27/11/17

Predicted Rates
6cp='n/2 6cp=0 Bcp=n/2

73.5

6.92
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Significance (o)
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NOVA Simulation
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T :
ol 2016 analysis techniques with projected +
- systematic uncertainty improvements ;
2016 2018 2020 2022 2024
Year

T2K

Currently have 17% (NOvA) and 30% (T2K) of approved POTs
Expect = 2-30 on CPV by the time DUNE and HK turn on
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B Current 90% .
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lceCube and KM3NET

IceCube Lab

IceTop
__— 81 Stations

324 optical sensors

Cosmic Ray
(proton, iron, etc.)

IceCube Array
86 strings including
8 DeepCore strings
5160 optical sensors
DeepCore
/ 8 strings-spacing optimized
for lower energies
480 optical sensors
Eiffel Tower
324 m
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Cosmic Ray
(proton, iron, etc.)

27/11/17

lceCube and KM3NET

vy Appearance (CC+NC) = Observed
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OPERA 2015 F=———————————— —-————
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v Normalization

90%
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SN e S
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lceCube and KM3NET

sin“(6,5)
80 4 0 45 0.5 0.55 0.6

T T : T ] T H T T I: T T ‘I l
E —o— NH, Bcp—p" :

ICECUBE
GENZ2

— NOkAS|mov) e NO (i_LR) 3
7‘"';'"'IO"(Aé‘ii’ﬁ'(')V)"w"? ..... o 1 IO(LLR)! .............. ........ ]

Z6

_;N(.»J-P-U'ICD\I

~ PRELIMINARY-

Mass hierarchy significance [o]

P R PRI ISR T NS T W R SR
40 42 < 46 48 50

- NuFit v2:0 {"Free + RSBL")

Good chance to resolve mass hierarchy before
next-generation LBL experiments turn on.
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DUNE

SANFORD UNDERGROUND

UK signs £65m science partnership B
agreement with US

20 September 2017

Minnesota

Sanford
Underground —
Research g— L .. gEen Q
Facility g =z=2=58

« Approximately 40 kt fiducial mass liquid argon Far Detector.
* Located 1300 km baseline at SURF’s 1478 m level (2,300 mwe).
 Compare Vy — Ve and V,, — Ve oscillations.

27/11/17 Stefan Séldner-Rembold 25



Hyper-Kamiokande

Hyper-Kamiokandé

A gigantic detector to confront
elementary particle unification theories
and the mysteries of the Universe’s evolujion

* Bigger detectors (260 kton =5 x SK)
* More beam power

26

27/11/17 Stefan Séldner-Rembold



Sensitivity CP Phase

Hyper-K DUNE

CP Violation Sensitivity

10¢
DUNE Sensitivity |:| 7 years (staged)
Normal Ordering
sin20,, = 0.085 + 0.003 [ 10 years (staged)
0,,: NuFit 2016 (90% C.L. range) === sin®f,, = 0.441 = 0.042

. Normal mass hierarchy
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Sensitivity CP Phase

Hyper-K

Ocp 1o error
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Supernova and Mass Hierarchy

ve + WAr - e~ + 9K

%k

Supernova at 10 kpc in DUNE (40 kt), time dependent signal

40 kton argon, 10 kton

80

'_g :Tfall : Neutronization Accretion Cooling
8_ 70 ;_ E —— No oscillations
2 gobE ! —+— Normal ordering
qC_) = —+}— Inverted ordering
> — 1 :
m 20 = .
40 i
30E- | e
= i T P o s SN S
20E- :I—J - e
= Py el
10 "]
ﬂ 1 I L ; 1 1 I L 1 1 1 I L 1 1 1 I 1 ; 1
0.05 0.1 0.15 0.2 0.25

Time (seconds)

“Instant” determination of mass hierarchy ..

Garching model, ICARUS energy resolution, 5 MeV threshold
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ProtoDUNE@CERN

Commissioning in 2018 -ready for LS2
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ProtoDUNEs@CERN

WA105

] S0 [ 150 200 250 0 100 200 300 400 SO0 600 700 800 900
Chin View () Chin View ]

Commissioning in 2018 -ready for LS2
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Short-baseline experiments

SBN NEAR BOOSTER
DETECTOR TARGET

HALL

MicroBooNE/ : P sbcohe
i | ) e b
{5 B | = |
(©)

Short Baseline
Near Detector
(SBND)

MicroBooNE
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Michel Electrons at MicroBooNE

Demonstration

of ‘text book’
measurements
using liquid-argon

Reconstructed Michel Energy Spectrum

0.05 Monte Carlo Reconstructed Energy Spectrum
% Reconstructed Energy Spectrum from Data

MicroBooNE PRELIMINARY

» 0.04 {{{
g 0.03 +¥ f --------
. 000 e
% 0.02| } t R , _ - ,
S COSMIC DATA : RUN 4487 EVENT 104. January 12 2016. 1:18
= A 3 4
g " Q ' e
0.01 iw *{’
\ ., LAr detectors can discriminate electrons from photons
0.00 o e e

0 10 20 30 40 50 60 70 80
Energy [MeV (preliminary calibration) ]
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SBN Physics Goals

« Explore MiniBooNE (and other)
anomalies.

« Search for low-mass sterile
neutrinos (~ 1 eV).

» Measure neutrino cross sections
on argon — important for DUNE
programme.

@ MicroBooNE as-designed MC, 5.3e19 POT

4 T2K (Fe) PRD 90, 052010 (2014) m GGM-SPS, PL 104B, 235 (1981)
1.6 4 T2K (CH) PRD 90, 052010 (2014) ™ GGM-PS, PL 848 (1979)
& ArgoNeuT PRD 89, 112003(2014) ¥ ::E":LTS; ;N(;goégzg ;;2)79)
14 [ ; :Ef”:;;’; R;;:f' 1‘:7‘:02 (2012) o MINOS, PRD 81, 072002 (2010)
L s : (1979) 4+ NOMAD, PLB 660, 19 (2008)
- © BEBC, ZP C2, 187 (1979) & NuTeV, PRD 74, 012008 (2006)
1.2 r 4 BNL, PRD 25, 617 (1982) X SciBooNE, PRD 83, 012005 (2011)
- *
%

& CCFR (1997 Seligman Thesis)
[0 CDHS, ZP C35, 443 (1987)

SKAT, PL 81B, 255 (1979)
T2K, PRD 87, 092003 (2013)
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Sterile Neutrinos

V, appearance

v, disappearance

L

. — lllllll

I lllllll

6.60 x 10™ protons on target in ICARUS and SBND
13.2 x 10°° protons on target in MicroBooNE
Global 2017: S. Gariazo et al., adv:1703.00860 [hep-ph]
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Sterile neutrino searches effectively test
“three-flavour paradigm”.

Stefan Soldner-Rembold
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Particle Physics and Cosmology

More radiation reduces
angular scale

(b) 6000 . < - : >

1— — ACDM no sterile neutrinos
B H 5000 - |
L — N, =4.046, m;™° = 0.0eV
— Ny = 4.046, m ™ = 0.5¢V |]
0.8
0.6
%200 400 600 800 1000 1200 1400
0.4
—— Standard oscillation & !
~
P2 2 2 —~
sin“26=0.1, Am“=0.1 eV = 4007
02 sin? 20 = 0.05, Am? = 0.3 V2 S
~ 0
0 lIlIl llllllIllllllllllllllllllllIllllllllllllll i_igg> I
o o2 8 4 s e 789 10 AT 200 400 600 800 1000 1200 1400
= !
4/3 * The amount of radiation (p,) related to

7 (4

r — 1 P -pvé
P +8 11 ff | Py

the effective number of relativistic
degrees of freedom, N

* N can be interpreted as ‘number of
neutrino flavours’
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~ Particle Physics and Cosmology

103§ I I|I|III| I LR | LR | [
~  10.56x10%° POT MINOS
L 5.80x10%° POT MINOS+ T 1 7 T 0.90
102§_ v, mode g /,’ 
- /. 0.87
- 42 | / S .
10 . / 4 ' 0.84
c\;\ - - 0.81
1
()] = ’ -1 0.78
~ - MINOS+ OOQ
oS - Preliminary 4 0.75
E 10—1 L T T P Wl .
= __MINOS & MINOS+ -
- data 90% C.L. . 0.72
,|  —MINOS 90% C.L. T
107°E —iceCube 90% C.L. 3 0.69
- 7/ASuper-K 90% C.L. 3
N CDHS 90% C.L. _ 0.66
103k | CCFR90%CL. -
= [ SciBooNE + MiniBooNE 90% C.L. E
~ Mk Gariazzo et al. (2016) 90% C.L* :
I 1 L1 111 II| 1 L1 111l I| 1 Lt
10—4 [ NN eff .
107 107 102 107! 1 M, erite / €V

sin’(8,,)
Relate (sin6, Am?) to (N, meT)
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0.2

0.4 0.6
A‘,Veff

AN ¢

0.8

0.2

Am?2
4101 . —
{10 '
g; sl o
{10° *
Lof Planck 95%%
410 / 10
05
01 —
u 10°

0.4 0.6 0.8
ANeff

AN

Solve quantum kinetic equations that govern thermalisation using LASAGNA

27/11/17
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v, Disappearance (1+1 model)

1 active and 1 sterile flavour S. Bridle et al., Phys. Lett. B764, 322 (2017)
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v, Disappearance (1+1)

1+1 model only allows to study one active-sterile mixing angle at a time

107
o NEOS
= PRL 118, 121802
B s 4
C\I; 1
C=
C\lE |
< 10_15—
107 = PRL 117, 151802
10—3_ | | IIIIII| | | IIIIII|
107 10° 1072 10~
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Moving to a 3+1 model

10° g
N MINOS-Daya
10 Bay exclusion
= PRL 117, 151801
— - excluded
> 1=
2 F0y
o B e
E —
< 10'15—
0 Planck 95% CL
- {D + lens + BAO
-3 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 IIIIII| 1 I |
%50° 107 10° 107 107
Sin“28,,,

* Daya Bay/MINOS combination of ve/vM disappearance data.
* Planck exclusion obtained using mean-momentum approximation
e Comparison is necessarily model-dependent.
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Neutrinoless Double-B Decay

1 O O C13 O S13€_15 C12 512 O
U = O C23 523 X O 1 O X _S12 C12 O
_O —S873 (o3| _S13€l6 0) C13 B 0) 0) 1_
[ o /2 i
(ZA)— (Z+2,A) + & + €; e 0) 0
n D X O elOCZ/z O
R 0 0 1
Ve=v e _ _
n %W' D Majorana Phases
1 AL = 2 - only possible for
__ 2V 2v)2 Majorana neutrinos with m > 0
T2v T G (Q7 Z)lM | J
1/2
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Creation of Electrons

_ _ sl _
1 O O C13 O S13€ C12 512 O
U = O C23 523 X O 1 O X _S12 C12 O
_O —S873 (o3| __S13€l6 0) C13 1L 0) 0) 1_
[ o /2 i
(ZA)— (Z+2,A) + & + €; e 0) 0
n D X O elOCZ/z O
R 0 0 1
Ve=v e _ _
n %W' D Majorana Phases
1 AL = 2 - only possible for
__ 2V 2v)2 Majorana neutrinos with m > 0
T2v T G (Q? Z)IM | J
1/2

27/11/17 Stefan S6ldner-Rembold 44



Full combination using correlations

27/11/17

Status 2015

Phys.Rev. D92 (2015) no.1, 012002

1

% Planck
S 2 anc
%1 0 y M 95% tmk
E -
_ Normal Hierarchy
10°
10-4 L1 11 I-2 1 L vl 1 i1 1 1111

Excluded at 90% confidence level

////////////////////////////////////////////////////////////////////////////////////

Combination (CUORICINO, EXO-200, GERDA, KamLAND-Zen, NEMO-3)

10 10° 10
m (eV)

Goal of current and near-future experiments: cover inverted hierarchy.
Width of bands depend on mixing parameters (within 3 flavour model).

10"

Oscillation experiments provide input regarding hierarchy.
Only cover running experiments that gave updates this year.

Stefan Soldner-Rembold
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How to build a OvpB experiment

380w € M -t * Increase efficiency and mass
T1/2 > Na - Z ‘ (N . AE) * Decrease background
bg * Improve energy resolution
m,= 50 meV
1029:|—r— L B B e e e e e
F v (R)QRPA
: 3y
i = PHFB
10%E A o IBM-2(D)
- ® .
1 A v
__ 0v Ov |2 2 e, i ¢
TOV G (Q, Z)|M | (m,,) %1027:_ * L v A 3
1/2 &-—‘ Eo d A ‘ v
: ." e "o v| ® °
", [
* Optimize phase space 10°F o |° o F
C [} ]
factor and NME. i v
* Choose isotopes that can e IV FENUVR FUUY PV 1O PO OO PN PO OV T
be eaS||y enr|Ched. 48CEl 76Ge 82Se 96ZI' 100M0116Cd124511128Te 130Te136XelSONd

J. Vergados et al., arXiv:1205.0649
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Germanium

plastic scintillator panels
muon veto
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muon Cherenkov veto

. TeO, Bolometer
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CUORE and Gerda

arXiv:1710.07988 [nucl-ex]

Residual (6)

Stefano Dell’Oro, NNN17

GERDA-II new results (Jul 2017)

L. Pandola, talk @ TAUP 2017

Counts / (25 keV)

| _l lnl_Herﬂ

Reconstructed Energy (keV)

t% (1*°Te) > 1.5 - 10 yr @ 90% C. L.

Counts/(2 keV)

III|IHIIIIIIII]IHlIII‘III|I

T,/,>1.5x10% years

2100

Energy [keV]

Low background experiments
with excellent energy resolution.

b o ) S e (Gl te L

T,/,>8.0 x 10* years
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EXO-200
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KamLAND-Zen

13 tons of Xe-loaded scintillator
- lower energy resolution

OH D
b
Al
Y Inner Balloon
— 8 1 (3.08 m diameter)
Xe-LS |l v L——
383kg |4 }
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[9}\ RS )0
Outer-LS [\ b
1 kton >

Z (m)

ey e |y T e O e m T

0o 1 2 3
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N

27/11/17

Simulated *'*Bi Event Rate (Events/Bin)

Events/0.05MeV

10*

10°

10?
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107!

Full data set not shown
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Visible Energy (MeV)

T,/,>1.07 x 10°° years

Mg < 61 - 165 meV
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KamLAND-Zen

¥Ca YZr NG}
e Te
Cdt
l }Te .
1 Mo Future discovery:
E Ge { l
L I l xe| * Need more than one
2 1071 - l isotope.
~ - * Need more than one
E% i experiment.
o, i e If underlying process is not
10 just mass mechanism, need
topological reconstruction
(e.g. SuperNEMO).
107° 3
1 Ll Ll b bl
10* 1070 10 107! 50 100 150
mlightest (GV) A
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Summary

* Current long-baseline experiments have
preference for NH and CP violation, but statistical
significance is low.

e Future programme progressing well; will
ultimately resolve these questions and test three-
flavour paradigm.

* Experiments severely constrain light sterile
neutrinos.

* Neutrinoless double-B decay experiments are
coming close to probing inverted hierarchy.
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