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Unanswered Neutrino Questions

What is the value of 8,3, the mixing angle between first- and third-generation
neutrinos for which, so far, experiments have only established limits? Determining
the size of 843 has critical importance not only because it is a fundamental
parameter, but because its value will determine the tactics to best address many
other questions in neutrino physics.

Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mg>mz>my) or do they have a so-called “inverted”
hierarchy (mz>m;>m3)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of neutrinoless
double beta decay experiments and for understanding the origin and pattern of
masses in a more fundamental way, restricting possible theoretical models.

Is 823 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing
provide insights regarding unification of the fundamental forces? Will it indicate
new symmetries or new selection rules?

Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

What can we learn from observation of the intense flux of neutrinos from a
supernova within our galaxy? Can we observe the neutrino remnants of all
supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark
energy, extra dimensions? Do sterile neutrinos exist?
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Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mg>mz>my) or do they have a so-called “inverted”
hierarchy (mz>my>ma)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of neutrinoless
double beta decay experiments and for understanding the origin and pattern of
masses in a more fundamental way, restricting possible theoretical models.

Is 822 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing
provide insights regarding unification of the fundamental forces? Will it indicate
new symmetries or new selection rules?

Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

What can we learn from observation of the intense flux of neutrinos from a
supernova within our galaxy? Can we observe the neutrino remnants of all
supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark
energy, extra dimensions? Do sterile neutrinos exist?
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Unanswered Neutrlno Questions

Do neutrino oscillations
Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a Vi 0 I ate C P?

matter-antimatter asymmetry among leptons in the eariy universe-{loptegenesia)?
What is the value of the CP violating phase, which is so far completely unknown?
Is CP violation among neutrinos related to CP violation in the quark sector?

What are the relative
What are the relative masses of the three known neutrinos? Are they “normal,”
analogous to the quark sector, (mz>mgz>m,) or do they have &aso-called “inverted” m as S e S of t h e t h re e kn Own

hierarchy (mz>my>m3)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of neuiiinoless

[
double beta decay experiments and for understanding the origin and pattern of n e § | t r'l n o s
masses in a more fundamental way, restricting possible theoretical models.

Is 823 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing e o 7
provide insights regarding unification oi the-fundamental forces? Will it indicate I S 23 m aXI m al p4

new symmetries or new selection rules?

Are neutrinos their own antiparticles? Do they give rise to lepton number
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-after neutrinoless double beta
decay in nuclei?

What can we learn from observation of the intense flux of neutrinos from a

supernova within our galaxy? Can we observe the neutrino remnants of all Accele rator Atm Ospherlc ReaCtor

supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark

energy, extra dimensions? Do sterile neutrinos exist? from US Particle Physics: Scientific Opportunities. A Strategic Plan for the Next Ten Years.
Report of the Partlcle PhyS/cs Prolect Pr/or/t/zat/on Pane (2008)
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Unansweed Neutrino Questions

Do sterile neutrinos exist!?
.) New physics beyond
What are the relative masses of the three known neutrinos? Are they “nornal,” t h e Sta— n d a— rd M o d e I ?

analogous to the quark sector, (mg>mz>m;) or do they have a so-called“inverted”
hierarchy (mz>m4>ma)? Oscillation studies currently allow either ordering. The
ordering has important consequences for interpreting the results of heutrinoless
double beta decay experiments and for understanding the origin znd pattern of
masses in a more fundamental way, restricting possible theoretical models.

Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?

What is the value of the CP violating phase, which is so far completely unknown? (
Is CP violation among neutrinos related to CP violation in the quark sector?
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Is 823 maximal (45 degrees)? if so, why? Will the pattern of neutrino mixing
provide insights regarding unification of the fundamental forces? Will it indigate

new symmetries or new selection rules? : _ RADIOACTIVE
; a2 MATERIALS
Are neutrinos their own antiparticles? Do they give'rise to lepton number A Ccele rator Reactor RadloaCtlve
violation, or leptogenesis, in the early universe? Do they have observable
laboratory consequences such as the sought-zfter neutrinoless doublle beta S ources

decay in nuclei?

What can we learn from observation of thie intense flux of neutrinos from a
supernova within our galaxy? Can we agbserve the neutrino remnants of all
supernovae that have occurred since’'the beginning of time?

What can neutrinos reveal about 6ther astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us ebout new physics beyond the Standard Model, dark

energy, extra dimensions? Do sterile neutrinos exist? from US Particle Physics: Scientific Opportunities. A Strategic Plan for the Next Ten Years.
Report of the Partlc/e PhyS/cs Prolect Pr/or/t/zat/on Pane ( 2008)
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Unansweed Neutrino Questions

Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe (leptogenesis)?
What is the value of the CP violating phase, which is so far completely unknown?

Is CP violation among neutrinos related to CP violation in the quark sector? Are n e utri n o S M aj 0 r'an a

What are the relative masses of the three known neutrinos? Are they “normai;” o
analogous to the quark sector, (mz>mgz>m,) or do they have a so-called *inverted” p a r'tl C I e S ?
hierarchy (mz>my>ma)? Oscillation studies currently allow either ordeiing. The

ordering has important consequences for interpreting the results of neutrinoless / N\ 7\
double beta decay experiments and for understanding the origin and pattern of U
masses in a more fundamental way, restricting possible théoretical models: n ‘
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Is 823 maximal (45 degrees)? if so, why? Will the pattern of nedtrino mixing
provide insights regarding unification of the fundamentaitorces? Will it indicate

new symmetries or new selection rules?
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Are neutrinos their own antiparticles? 26 they give rise to lepton number / d
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laboratory consequences such as the sought-after neutrinoless double beta , ;
decay in nuclei? / \ u,
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What can we learn from observation of the intense flux of neutrinos from a Neutrinoless double-beta decay

supernova within our galaxy? Can we observe the neutrino remnants of all

supernovae that have occurred since the beginning of time? Wh at ar'e th e abso I Ute

What can neutrinos reveal about other astrophysical phenomena? Will we find

localized cosmic sources of very-high-energy neutrinos? val u es of n e utr'i n 0 m as Se S?

What can neutrinos tell us about new physics beyond the Standard Model, dark

energy, extra dimensions? Do sterile neutrinos exist? from US Particle Physics: Scientific Opportunities. A Strategic Plan for the Next Ten Years.
Report of the Partlc/e PhyS/cs Prolect Pr/or/t/zat/on Pane ( 2008)
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Unanswered Neutrlno Questions

What can we learn from
(...) neutrinos from a

Do neutrino oscillations violate CP? If so, how can neutrino CP violation drive a
matter-antimatter asymmetry among leptons in the early universe/(leptogenesis)?
What is the value of the CP violating phase, which is so far ceimpletely unknown?
Is CP violation among neutrinos related to CP violation in tie quark sector?

What are the relative masses of the three known neuirinos? Are they “normal,”
analogous to the quark sector, (mz>mgz>m4) or da'they have a so-called “invert
hierarchy (mz>m4>ma)? Oscillation studies cuitently allow either ordering. THe
ordering has important consequences for interpreting the results of neutrinoless
double beta decay experiments and foi"understanding the origin and jattern of
masses in a more fundamental way; restricting possible theoreticalmodels.

Is 823 maximal (45 degrees)? if so, why? Will the pattern of heutrino mixing
provide insights regardirg unification of the fundamentalforces? Will it indicate
new symmetries or néw selection rules?

Are neutrinos thieir own antiparticles? Do they give rise to lepton number
violation, orleptogenesis, in the early univerge? Do they have observable
laborateiy consequences such as the sought-after neutrinoless double beta
decey in nuclei?

What can we learn from observation of the intense flux of neutrinos frorn a
supernova within our galaxy? Zan we observe the neutrino remnanits of all
supernovae that have occurred since the beginning of time?

What can neutrinos reveal about other astrophysical phenomena? Will we find
localized cosmic sources of very-high-energy neutrinos?

What can neutrinos tell us about new physics beyond the Standard Model, dark

energy, extra dimensions? Do sterile neutrinos exist?
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What can neutrinos reveal
about other astrophysical
phenomena?
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Running and Future Experiments

Many new neutrino projects proposed during Community Summer Study
(Snowmass) 2013 process.Will cover a representative fraction.
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Current Three v Picture

. Neutrinos undergo flavor oscillations

Z

Two mass splittings

|VO€ |VZ OCZQ,ILL,T)

UPMNS -

« Atmospheric: AmZim= Am?3; =
Am?

Large atmospheric mixing

 Solar:

* 023~45°
E
<
* Non-maximal solar mixing Z
¢ 02~34° s
E
E
]
Z
* (13) sector
+ 013~9° 0

Ocp Unknown

Atmospheric  Reactor+Accelerator Solar+Reactor

_1+ Accelerator._

sol ~ Am22l ~ 7.5x10 eV?

myro b
C13 _3139 - C12 312
= Coz  —Sy3 1 =S, Cypy
0o
Sy3  Cys | S;3€ Cis ] 1_
3 9 c, =cos6,
2 4X I 0 ev Slk — Sinelk
Ve VM VT .
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Hierarchy Amatm
A Y I D
2 A 2
m
Vv, | [T sol V3

{2 i,

Fractional Flavor Content

ocp #07=> P(v, = ) # P(v, — ve)

* Neutrino mass hierarchy unknown; Absolute neutrino mass unknown; Majorana/Dirac nature
of neutrino unknown More than 3 neutrlnos7
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CP Violation, Mass Hierarchy, 023 Octant
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CP Violation, Mass Hierarchy, 023 Octant

* Why do we want to measure these!

* sinOcp determines the size of CP violation in the lepton sector

* May be sufficient to explain the matter-antimatter asymmetry of
the universe through leptogenesis by decay of heavy seesaw
neutrino partner

* Measuring dcp precisely also needed to understand structure of
PMNS matrix and underlying symmetries
» Mass Hierarchy is a good model discriminator »
* Important to interpret results from neutrinoless double-beta
decay experiments

» Maximal 023 could be a hint for a not yet understood symmetry
* Precision measurements of 023 are important for testing PMNS
unitarity and for model building, e.g. <> T symmetry, A4 flavor

symmetry, and quark-lepton complementarity

3 S

Future v Experiments, IF Seminar, Fermilab Alex Sousa, University of Cincinnati

Reference

Hierarchy

Anarchy Model:

dGM  [18]

Either

L.-L,-L,
BM [35]
BCM  [36]
GMN1 [37]
GL [38]
PR [39]

Models:
Inverted
Inverted
Inverted
Inverted

Inverted

S3 and S4 Models:

CFM
HLM

[40]
[41]

KMM
MN
MNY
MPR
RS

42]
[43]
[44]
[45]
[46]

TY [47]
T (48]

Normal
Normal
Normal
Inverted
Normal
Normal
Normal
Inverted
Normal
Inverted

Normal

A, Tetrahedral Models:

ABGMP [49]
AKKL  [50]
Ma [51]

Normal
Normal

Normal

SO(3) Models:

Normal

M [52]
Texture Zer
CPP [53]
WY [54]

o Models:
Normal
Inverted
Inverted
Either
Either

Either

Albright, Chen, arXiv:hep-ph/0608137(2006)

o

. ,,



CP Violation, Mass Hierarchy, 023 Octant

* What does the existing neutrino data tell us?
LBL + Sol. + KL + SBL Reactor + SK Atmos.
4_""I""I""I """" | I L
[ — NH ] I — NH i
b o Weak but
S | I ] » L ; » intriguing
21 2;_ ................................. _ :_'.,.'..' ....... ‘..‘.‘.‘ .................. _: i sinergy on
' ‘ CP phase
0.0 05 10 15 20 00 05 10 15 20 00 05 10 15 20
o/n o/n o/m
2
Ax 1.3 = 1.4 ®  +03 NohintNH/H
(IH-NH)
'] Preference
1 for nonmax
o but
e < » apparent
23 instability
on octant
03 04 0é5 06 0.7 0.3;“6.4 6.1:3“0.6 0.7 03 04 05 06 0.7
sin°e,, sin’e,, sin“e,,
E L/S/ /CFA /\/eutrmo Panel, Paris (/an 201 4) ) )
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A Note on Systematics

» Size of CP asymmetry is inversely proportional to size of 03

X
P(voy = vg)+ P(Vq — Vg)  sin26;3

* Need to measure P(Vp, — Ve),P(ﬂu — ﬂe)OI‘P(Ve — Vu),P(ﬁe — Eu)

- Relatively large 813 means we will have large signal statistics, but also a small

asymmetry => percent level systematics to measure leptonic CP violation

CP Violation Sensitivity
50% ocp Coverage

* In long-baseline appearance experiments, signal at

8 T T T T
. sosd . .. FD is Ve (for a vy beam), so cross-section
6 uncertainties do not cancel out between ND and
FD
< O . - -
ﬁ 4 * Need precise measurements of Ve, Vi, Ve, Vi
© 3 cross-sections, nuSTORM, CAPTAIN, ...
21 g?gﬁg?/lbgiigmund ] « See Sam Zeller’s talk in this seminar series
1 . . . .
0 uncertainty varled + Also hadron production experiments like

0 2oo 400 600 800 1000 NAG6I, test beams like LArlAT

Exposure (kt.MW.years)
P I—Iuber l\/uFaCt 2013, Beljmg (Aug 201 3)
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CP Violation, Mass Hierarchy, 023 Octant

* LBNE (Long-Baseline Neutrino Experiment) in the US

* Pion decay-in-flight on-axis v, beam with T—
1300 km baseline from Fermilab, IL to oot G
Homestake, SD. Projecting 1.2 MW beam
power (PIP-11) at LBNE start

Far Detector will be a 35 kton fiducial
volume LAr TPC at 4850 ft depth.
Configuration to be achieved in phased
manner depending on funding

......

2nd OSC. MaX ISt OSC. MaX / Image NASA. MISSOUrI Wl—-/_\

2008TI \{F
12008 T aM tr

0.20 Proba b| |ty (Broad band 253Z&E?r::n?i‘:\giTnnhn|c|):'|)1900/ y Eye a It 1108 62 km‘
>°J :‘, ﬂ6CP=+9 OF, 0, -90° Unosc|||ate ! 2 Total asymmetry at 1300 km
N\ ' . ! 1 1 T
spectrum @) —— 1stosc. node (NH)
D | dashedzinverted N1H SP wof s O T el
P 8 < | S/ - IH (1st/2nd nodes)
3 ~ g 1~ 05 param. unc. (1st/2nd nodes) _|
- — H. P‘D pﬂ) -
= s 1
O Z { =
4°) ) a |
e 2 o 5 T
o ~<< S P I
o A EE ;
ala o5
1 I | I
E/Gev e 05 0 05 1

S = > < TR 7 > < Y 5 5y = = > < B St s TR T s <~ e

.l:r’e>éin'ts,'IFSe‘m'inar, Fermilab AIexSousa, Unlver5|tyofC|ncmnat| - | 7 | 3



CP Violation, Mass Hierarchy, 023 Octant

 LBNE (Long-Baseline Neutrino Experiment) in the US
* 35 kton FD sensitivities

CP Violation Sensitivity
Normal Hierarchy

rx OF LenE 35 ki LAr
1= [ sin’20,,=0.004
“0 OF sin0,,=030  wemwe CDR, 5%/10%
e veasnss 80 GV, 5%/10%
—— 80 GeV, 19%/5%

Beam, Signal/BG Uncertainty:

8 .

median sensitivity to reject |H

Mass Hierarct_w Sensitivity Octant Sensitivity
Normal Hierarchy
22 BNE 35 k1 LAY <
2 " . : ‘ =
/.,-‘2 sin®29,, = 0.094 Beam, Signal'BG Uncertainty: T:'m
sin‘n,, = 0.39 mwwmw COR, 5%/10% S
18 weesenss 80 GeV, 5%10% 2 "
— 80 GeV, 19%/5% E'
16 2
3100
14f E
. 2 - 8
12F in“’623=0.5 = 1
(]
10 g
g w
277
(=]
2

8

20|~

--------------------

I LBNE: 100 kt-years at 700 kW
I + 200 kt-years at 1.1 MW
I + 200 kt-years at 2.3 MW
[ Fogli 2012 16 bound on 6,
[ 1 Fogli 2012 3¢ bound on 6,
Width of significance band Is due to the unknown
CP phase and covers 10%-90% of §_, values.

-1 -08-0.6-0.4-02 0 0.2 0.4 0.6 ogsp/; e TR T YO TR R T E TR T WY R o
c '(SCV".T
Assumptions: M. Diwan, ICFA Neutrino Panel, Paris (Jan. 2014)
35 kt LArTPC
1.2 MW operation at 80 GeV. 80 GeV Beam v mode | 7 mode
~3 yrs for each polarity. EXpOSU re 245 kt.MW.yr Signal: v, + . 777 180
Normal Hierarchy — BG: NC 67 30
S 0 1L.2MWx 35kt x(3v+3v)yr ¢, L5 cc 81 20
Rest of the parameters are at BG: Beam v, + 7, 147 81
best fit from 2012 BG: v+ + o+ CC 49 32

=
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CP Violation, Mass Hierarchy, 023 Octant

* LBNE (Long-Baseline Neutrino Experiment) in the US
» Status and phased approach with |5 kton Far Detector at 4850 ft

» DOE granted CD-|(critical decision on

Mass Hierarchy Sensitivit
conceptual design with site decision) with$867/M d 4

commitment with flexible scope in December of 12} Normal hierarchy @ wenco
2012 700 kW, 545 (v + V) years ] LBNE10 + NOVA 4+ T2K
° 19/5% Signal/BG Uncertainty NOVA + T2K
. e sin®29,, = 0.004 CDR Beam
* To get the full scope of LBNE, need significant L e 5 GeV Boam

international partnerships - 5 institutions from UK
(5 already members), 7 from Italy and 6 from
Brazil joined collaboration since September 2013 H«\{

. o < 6f
Possible Timeline e

©2025-2030
Detector mass: 15 kt (fid.)
Proton beam power: 1.2 MW

* Exposure: 90 kt. MW.yr

® 2030-2035 0108060402 0 0204 0608 1
Add 20 kt = 35 kt Opp/T
Proton beam power: 2.3 MW

eSnowmass detailed-whitepaper
® Total Exposure: 490 kt.MW.yr arXiv:1307.7335

| ————— S
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CP Violation, Mass Hierarchy, 023 Octant

LBNO (Long-Baseline Neutrino Oscillations) in Europe

Following LAGUNA design study, LBNO produced an EOI (arXiv:1003.1921)

proposing:

Pion decay-in-flight on-axis vy, beam with 500 kW power, 400 GeV protons

and 2300 km baseline from CERN (SPS) to Pyhasalmi, Finland with 20 kton

fiducial LAr TPC

In later phase, would upgrade to 2 MW beam power and 70 kton det. mass

4 Og‘-
CNZPY (Pyhasalmi) i B
= Initial : beam from SPS (500kW - 750kW) ) AGVNA

=  Long term: LP-SPL + HP-PS - >2MW
S

======

uuuuu

S
),/
57
> 4
i
S
N\
N
&
o T

o - IHEP complex Protvino
) * 70GeV (450kW)

CN2FR (Fréjus)

=  HP-SPL + accumulator il
(5 GeV — 4 MW) LNG& CNGS Umbrla b
T =4 - = Beam from SPS (500kW) f/@
£ _— ¢~—=7% ® No near detector ‘/ L sy
A 4 TR Ry O possibility £ dy
lggeg Algeria ‘ T |s> s Mediterranean Sea i s ] o us lm? ' &
L; - rael ‘Lr{Jm;,
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N
N LA L L L L L L L LA B L B R L L R B
>< i L — S|n29 040 1
< [ MH determination (NH assumed) m— S|n2923_0 44 ‘
V -50% nu+50% anu — sm #0,,=0.50 }
250 __4,0e20 pots — Sln 6 _0 55 —_
— SN 923_0 60

200 .

150 |

100 f
50 _
O i PR T T T NN TN TN AN SN NN TN TN SN S NN T SH S S S S T S S RN S S S N E:-

0 1 2 3 4 5 6

Determination of MH at >50 with 4e102° POT Truedg

(5 years of runnlng) and 20 kton detector
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CP Violation, Mass Hierarchy, 023 Octant

LBNO (Long-Baseline Neutrino Oscillations) in Europe

* For CP violation probing, after determining MH, adjust beam to enhance
statistics in 2nd maximum, move to 2 MW beam power, 50-75 GeV protons
and 70 kton det. mass

LBNO status: 20 kton LAr + SPS(700kW)

T 1

. In August 2013 the CERN N: of - 15e10%° POT (IO 12 years of running) 20 kton LAr + HPPS(2MW)
Research Board approved WAI04 & | T AT TS

(formerly ICARUS-NESSIE) and 5 7l 3

WAI05 (LBNO prototype). § =

. 6 :

Approval is for R&D, but no : e

neutrino beam granted. o -

41 ®

* Finland officially pulled out of af =

project, but dialogue is o o

. . . . =

continuing regarding use of | e

Pyhasalmi mine N4 S

Science Document, LAGUNA-LBNO, arXiv:1312.6520 0 I

Trued,, =

o« o . . . O

« LBNE and LBNO have created a joint task force to identify synergies =

between the two projects, both in developing science strategy and in
carrying out detector R&D

L 4FuturevExper|ments IF Semmar Fermllab  Alex ’S;"l'Jrii\‘/‘esitd'i’hi:ih‘ e v 2



CP Violation, Mass Hierarchy, 023 Octant

ESSVSB (European Spallation Source v SuperBeam) in Europe

Pion decay-in-flight on-axis v, beam with 5 MW power with 2 or 2.5 GeV
protons and|.6x10'é protons-on-target/second

Low-energy, but very intense neutrino beam allows exploration of 2nd osc.
maximum, with best results at 540 km baseline. Requires large Water
Cherenkov Far Detector (~500 kton)

2 R 7 [ 0.20 ____Enrique Fernandez
i T | CP Vlolat1on angle
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. o = R
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o | i IR T 'S
2 : ' e 1050m by z 12000
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CP Violation, Mass Hierarchy, 023 Octant

* ESSVSB (European Spallation Source v SuperBeam) in Europe

* Creating high-intensity beam poses technical challenges. Studying use of He-
cooled packed titanium bead target and multiple parallel horns

* With 2.5 GeV protons and 540 km baseline, cover >50% of CP space at 50
in 10 years of running

MEMPHYS e
500 kt W.Ch detector 7> ESS 2.5 GeV CP violation
EUR 700M cost
7 — IDS-NF
—= NuMAX
— LBNO1qo
—-—- Hyper-K
— LBNE+PX
— — LBNE-Full
EUROSB 34
-=== EUROSBs54q
....... 2020
» Operations would start circa 2026 |
» Estimating EUR .2 billion total cost : " Fraction of g
I. Ekelof, ICFA Neutrino Panel, Paris (Jan. 2014)



CP Violation, Mass Hierarchy, 023 Octant

* T2HK (Tokai to Hyper-Kamiokande) in Japan

* Pion decay-in-flight off-axis v, beam with >1 MW power and 295 km
baseline from Tokai to Hyper-Kamiokande, a new 0.99 Mton (0.56 Mton
fiducial) Water Cerenkov tank (25x Super-Kamiokande)

* J]-PARC beam peaked at v, — V. oscillation maximum at 295 km (E~0.6 GeV)

F. di Lodovico, ICFA Neutrino Panel, Paris (Jan. 2014)

106 2.5° off-axis - neutrino mode

v/50MeV/icm2/1021POT

AR Chibaf

N L -
e
-
-

|

0O 1 2 3 4 5 6 7 8

Ey (GeV)
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CP Violation, Mass Hierarchy, 023 Octant

NH True
301
* T2HK (Tokai to Hyper-Kamiokande) in Japan _ |
S 25r
F. di Lodovico, ICFA Neutrino Panel, Paris (Jan. 2014) § -
- 7.5MWyear & 2L
b10—5% all syst /2% all syst §in220,:20.1 >
B normal MH E 15:_ ISCP Uncertainty
8l £ |
[=2] L
: 74% region §f d covered at 30 W/ 5% sys. error g 10— 30
- ; :
6 . : 5 20
I_ | | | |- | | | 1| | | 1| 1| | | 1| | | 1|
4 =04 045 05 055 06
sin’ 0,,
5 NH True 3., Uncertainty
301
0 05 e ey 25f
- ° true O (TT) § °F
© L
Cover 74% (55%) of & parameter space at 30 (50) T 200
. o . x
assuming MH known, 5% sys.error with 10 years of £ L
running (750 kW beam), or 5 years (1.5 MW beam) S 150
o N
c B
Determination of MH at >30 for 10 years of £ 10 30
running (using atmospheric neutrinos) “w b
< 50 20
Can distinguish octant of 0,3 at > 30 for L NS,
0,3 < 42° or 0,3 > 48° =04 045 05 055 06
sin’ 0,,
" Future v Experiments, IF Seminar, Fermilab " Alex Sousa, University of Cincinnati B



CP Violation, Mass Hierarchy, 023 Octant

* T2HK (Tokai to Hyper-Kamiokande) in Japan
- Status:

* Hyper-K Collaboration formed in 2012
* R&D funding, including detector prototype, approved in 201 3

* Waiting from feedback from Japan’s Science Council. If positive, will submit
report to Japan’s MEXT (Ministry of Education, Culture, Sports, Science
and Technology) during 2014

Construction start

1

JFY 2012/ 20132014/ 2015 2017 2018 2019 2020 2021 2022 2023 2024 | g 1 " h Hices b
4 | -3 -2 | - 2 3 | 4 5|67 8 9 ould a new particle such as a Higgs boson
Tunnels with a mass below approximately | TeV be
Capity excavation e confirmed at LHC, Japan should take the
Concrete, liner Ieader.shlp role.ln an early realization of an
PMT support, PMT installation ete- linear collider.

* “Should the neutrino mixing angle 03 be
confirmed as large, Japan should aim to
realize a large-scale neutrino detector
through international cooperation”

ass-valve,
iction

Recommendations of the Final Report of the Subcommittee
Can Japan fund both the ILC and Hyper-K? on Future Projects of High Energy Physics, Japan (201 2)

Future v Experiments, IF Seminar, Fermilab Alex Sousa, University of Cincinnati 22



CP Violation, Mass Hierarchy, 023 Octant

* CHIPS (Cherenkov detectors In Mine PitS) in the US
* Uses existing NuM| beam — Pion decay-in-flight off-axis (7 mrad) v, beam
with 700 kW power and 712 km baseline to Wentworth Pit in Minnesota

* Plan to instrument up to 100 kton of water to measure CP violation at
0.2-0.5M/kton cost

——— 0 mrad

8

5 —— 7 mrad
-~ 14 mrad

z
3
8§ Y-
E [
o
5 oF Prototype detector
& 10 kton fiducial mass
Oo_’ 2 g 10 32m DIA——»
E, (GeV) Between PMTs
L T 1400
C ] 1200 om y i ‘
48.5 L : = Veto e i
C Neutrino event rate |l = taver? T =
L ] 20
o 481 at the surface ;| Botwaen | 3
O B —| 300 PMTs | 3 g
2 [ —300LE 1 ;1
© 475 — |00 l o —
—I 5: 500L/E : Gomw——- EA"."""Q""'Q.'
- ¥ MINOS - .0 <« 2m Fiducial Cut
47 [ + NOVA ] 2m Veto Layer
B -l 200
- * CHIPS 1 J. Thomas, ICFA Neutrino Panel, Paris (Jan. 2014)
46‘5 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | 1 1 1 1 ] —
-94 -93 -92 -91 -90
~Longitude | | |
Future v Exrpe'rimen‘ts,r IF Séminar, Fermilab | Alex Sousa, 'Unive'rsity of Cincinnati o | 23



CP Violation, Mass Hierarchy, 023 Octant

* CHIPS (Cherenkov detectors In Mine PitS) in the US

* Assuming 6 years of running with a 100
kton detector in NuMI, CHIPS can

improve significantly sensitivity to CP
violation from NOvVA+ T2K

* In second phase, running 20 mrad off-axis
from LBNE beam with 1250 km baseline,
would help LBNE measurement 10

L [+)
Resolution on 3., (

W

=]

[
=]

¢3.18m (10’ 5.2") - | CHIES@NUMI |
< > 0 100 50 0 50 100 150
0 P\,u v, with Beam v Flux (Arbitrary Unit) Scp (0
i — NH 5 = /2 n
2nd oscillation 5= .u2 60 s LBNE
0.15 — On-axis Flux 4 E + Cl‘;‘“PS
- - -+ Off-axis Flux T SR S S— AN SN O
0.4 illati s F
: 1st oscillation 354m 2 40:_
0.05 PN
27
8 L
Q-—— LT T NPU ORI PSR M é 20:
1 2 3 4 5 S e N :
(a) E, (Geg) 100 - —
* R&D Proposal submitted to PAC and encouraged. -  CHIPS@LBNE
o Y S A B AV -l I BN B
* 10 ton proof-of-principle detector to be deployed T Shrc S
at Wentworth Pit this Summer » LOI to Snowmass: arXiv:1307.5918

" Future v Experiments, IF Seminar, Fermilab ~ Alex Sousa, University of Cincinnati 24



CP Violation, Mass Hierarchy, 023 Octant

Other Proposed Experiments

RADAR - 5 kton LAr TPC in NOVA Far Detector Hall using the NuMI| beam, arXiv:1307.6507

DAEADALUS - Pion decay-at-rest V beam produced by 100 kW cyclotron. Use multiple baselines
(1-20 km) to measure Ocp. Hyper-K as detector would be ideal, arXiv:1307.2949

NuMAX - Low-energy neutrino factory, muon storage ring to produce muon decay-in-flight v, Ve, Ve,
Vu beam, use | MW PIP-Il 5 GeV protons, and magnetized LBNE Far Detector, arXiv:1308.0494

IDS-NF - High-energy neutrino factory,4 MW beam, muon cooling, 100 kton magnetized Fe detector

arXiv:1112.2853
10— — —
' Ao at 1o
0 8_ /
=T — |IDS-NF
- —= NUuMAX detector dist. | power | proton driver | years
i~ o6l —-- LBNOg,, vol. (kt)/type (km) | (MW) | energy (GeV) | v/v
g | —-—- Hyper—K ESSrSB-360 500/ WC 360 5 2.0/3.0 2/8
2 — LBNE+PX | ESSrSB-540 500/ WC 540 5) 2.0/3.0 2/8
& 0.4 o LBNE1O Hyper-K 560/ WC 205 | 0.75 30 3/7
- e ESSVSB LBNE-10 10/LAr 1290 | 0.72 120 5/5
_ LBNE-PX 34/LAr 1290 | 2.2 120 5/5
o2 § i /s 2020 LBNO-Eol 20 /LA 2300 | 0.7 400 5/5
| 2025 IDS-NF 100/MIND 2000 10° 10**
0.0 o aeemam ) NuMAX 10/LAr (magnetized) | 1300 1 5" 5/5
0 40 50

AS[°]

CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013), based on
| P Co/oma P /—/uber J. Kopp W. W/nz‘er Phys Rev D 87 033004 (2073)

‘ Future v Experlments, IF Semmar Fermllab

AIex Sousa, UnlverS|ty of Cmcmnatl

S~

E. Baussan et al., arXiv:1309.7022
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Mass Hierarchy, 023 Octant

Dedicated Atmospheric Experiments:
* PINGU (Precision IceCube Next Generatlon Upgrade) at the South Pole

Ice Top 6 %6: : ;E:ﬂoott tt :
1000 m g, l !
50 m i £ 5 -
\Slﬂmﬂ 5 2 \/?,/’/ .......
0 %ii;;m/;”co,
(@) PINGU livetime [yrs] g
C ' '
©
H N IceCube =
1450m — / 1Gtgn =
N\ | L 5m spacing o
PINGU 1
2100 m — 6Mton =
26m spacing = ‘
2450 m —< | i
) S DeepCore s s PRELIMINARY
75m spacing 30Mton 0 i | | |
£100 s loeCube 0 2 4 6 8 10
= . toeCub PINGU livetime [yrs]
i ] G t » DeepCore
so—Baseline-lreometry- - meu_ |« Can reach 30 resolution of mass hierarchy in 3-4 years
of IS R running, planning to start in 2020-2|
0| A S ' | » Status
: PR A - Still working on optimizing design, number of strings, optical
o g e module spacing, etc.
150 + LOl in arXiv.org:1401.2046. Could become part of a larger
100 50 0 50 100 150 200 NSF faCIllt)’ at the South Pole

| X(m)

2 S~

‘FuturevExperlments, IF Semmar Fermllab - AIex Sousa, Unlver5|ty ofCIncmnatl S | : 0



Mass Hierarchy, 023 Octant

Dedicated Atmospheric Experiments:
* INO (India-based Neutrino Observatory), in India

- - m e E m—

T T
ol Normal Hierarchy ]
2 sin’28 =0 12 Marginalized over ]
£ / or ——— sin20,,=01 Am?pr, 0>5 & 6015
* / B == §in’20,,=008 (no priors) B
16— —~
‘ ‘ S -
_ tem 16m 16m N e N INO Only
e -5 X 12
50Kton Fe-RPC Detectors &/ Ie=h]! 10 —

# of layers = 140
Fe thickness = 5.6 cm
Magnetic Field ~ 1.3T
# of RPCs ~ 27K

# of channels ~ 3.6M

INDIA BASED NEUTRINO OBSERVATORY K2 S 6 8 10 12 14 16 18 20
INO PEAK Years

ks * Need over |0 years of running to reach 30 resolution of mass
hierarchy, but complementary to other measurements

Status

* Location chosen in Pottipuran, 100 km west of Madurai

-
- - -
. ——
y -——
A
.-
p—

-
-
-
-——

-

——
-—

-
o .-
.-
—

-
. -
o -

AN N NN T

 Work started on facilities in Madurai HEP Center

* Wiaiting for full approval by Indian government. Operations to start
circa 2018

. NB Also sen5|t|V|ty from atmospherlcs in LBNE, LBNO Hyper-K

h Future v Experlments, IF Semmar Fermllab A AIex Sousa, Unlver5|ty of Cmcmnatl '- - o 7




Mass Hierarchy

* Reactor Experiments:
* JUNO (Jiangmen Underground Neutrino Observatory), in China

Daya Bay Huizhou Lufeng Yangjiang Taishan E 06
= TN e Non oscillation
Status running planned approved  Construction construction E‘ —— 0, oscillation
= 05 Normal hierarchy
power/GW 17.4 17.4 17.4 17.4 18.4 3 Inverted hierarchy

D 60 km JUNO 0.4

Near Si

12} e
1.0+ %#M———— - '
0.8 0.2

aya Bay
Site

P..(L/E) = 1— Py, — P3; — Psy
= cos4(913)sin2(29 Q)Sillz(A'zl)
= cos?(6y2)sin?(2615

Y. Wang, NuPHys 2013

1
1

oA
|

%
w
o
W
IlllllllllIIIIIIIIIIIIIIIIIIII
td
oS!
o

& . - 2 .
= A ILL ) ) ) Slnz (ASI)
S X Savannah R . . .
2 06k 5 By P35 = sin“(#12) sin”(26013) sin”(As2)
04 & Goesge 0.1
A Krasnoyark — AVE o af Y ARt SO S S
0.2 O PaloVerde
B Chooz ® KamLAND 0 P T PR T T PR T T PR T T PR S T 1
0.0E__1 ] 1 1 | 10 15 20 25 30
10" 10° 100 10t 10° L/E (km/MeV)

Distance to Reactor (m)

* Medium-baseline (60 km) reactor experiment

* Need to distinguish between NH and IH in rapid
Before 2020: . . . - - . p)
Yangjiang 17.4GW + Taishan19.9 GW oscillations in P(Ve_’Ve) driven b)’ Am 31-2

i — + Requires 20 kton liquid scintillator det. with 3% /~/E
energy resolution, and reactors with 36 GW power

* Can determine MH at 40 level with 6 years of

. . 2 . . o . . o
running if Am? can be determined with 1% precision;
< 2% precision measurement of 02 and Am?;,

Status: Detector design underway, prototype to
be started by end of the year, R&D funding
approved, construction approval in progress

* First data expected in 2020

* Also RENO-50 proposal, in Korea, with same
conctnd saehalls

= = True MH {o,, ~ ®)
5L — — False MH (g,, = =)}

True MH (o, = 1.0%)
——False MH {5, = 1.0%)

€€LY"COETAIXIE “[8 R I'T A

o 1 1 1 1 1 1 1 1
234 236 238 240 242 244 246 248 2.5
-3 2

Future v Experiments, IF Seminar, Fermilab
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Mass Hierarchy Summary

» Comparison of reach in determining the mass hierarchy for current and future

experiments
LBNE 10kt if 6,5 varied as well
True NO y Banc.ls. cover maximum
7 Preliminary B sensitivity f:llfferences
| 10 kt due to variation of Ocp
° (NOVA, LBNE),
023 (PINGU, ING,

HyperK), and energy
resolution (JUNO)

Sensitivity [o]
=

IIIIIIII|IIIIIIIII|IIII|IIIIIIII|IIII

S Ay + Expected LBNE
=7 INC sensitivity for most
2
favorable 0,3 values also
; included.
S
0 | | | | | | | | | | | | | | | | | | | |
2015 2020 2025 2030
Date
W. Winter, Frontiers in HEP 2014, Aspen, based on Blennow, Coloma, Huber, Schwetz, arXiv:1311.1822



Sterile Neutrinos

= - -

Future v Experiments, IF Seminar, Fermilab

= - = o

" Alex 's;_'l-J i\'/'sit of ihci h'

30



Sterile Neutrinos

Oscillations into light sterile neutrinos are a proposed explanation for anomalies
seen in short-baseline accelerator experiments, reactor experiments (following re-
evaluation of V. reactor flux to be 3.5% higher), and from gallium anomaly

Severe tension between appearance, and disappearance measurements or
appearance measurements that see no signal

3+1 Ve, Ve SBL Appearance 3+1| Ve, Ve Reactor, Gallium
LSND/MlnlBooNE Slgnal | _Disappearance

3+ 1| Evidence vs No-Evidence

101

175} l' I:‘
10'F . 5 I
: 10 g :""} [LSND + reactors
"""" [ - l_,{‘ + Ga + MB app
= |
7255 No 1 o 7 o 1A null results
- ( /'740 % - - | disappearance
o 0 + LBL reactors —_— oL 8 : I . ~
10F P 1 _ 107 I S| el g 100t
- | Combined _ Nér ; : ' I ~7>"] ' null results
i\/[mlBooNF y l 5 ’ = L I ] - combined
s\\ I .
~~~~~ Sl el -
101} tl
107 1F \~ P : 059% CL EI null results
99 % CL 2 dOf ~\\ :l 0. 2 M | a 2 5..- 2l 99% CL 2 dOf appe arance
10_ 10 ) 10-1 10-3 102 1071 10_10_ . 10_ —— 16.—2 LR 10._1 .
2
sin 2(911e |Ue4| sin 2 20 e

Kopp, Machado, Maltoni, Schwetz, arXiv:1303.3011

Short and long-baseline accelerator, reactor, radioactive, and atmospherics
experiments planned to resolve these anomalies over next 10-15 years

— = g oy P SR = g < ~ o = ~ae 5 = g < AP o~ = g < AP S~ = g < Y g s AP o~ = g < @ o Y =
i o - ~ i = o ~. . = S e , = DS o ~ e e S N D o L o= o e
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Sterile Neutrinos

Short-Baseline Accelerator Experiments
* nuSTORM (Neutrinos from STORed Muons), to be hosted at Fermilab or CERN

* Vy, Ve, Ve, Vy beams from muon decay-in-flight in muon storage ring. 3.8 GeV/c muons

from 100 kW 120 GeV/c proton beam incident in graphite target

Main Injector

|
‘/ ‘/VILA-"‘ ¢ <
w7
s Prima eafMline
g MI-40 : ‘ :
.’ .

Target Hal

Number of Events / 0.30 GeV

* Future v Experiments, IF Seminar, Fermilab

*fﬁ

. "Main Ring

Near Detector Hall

Transport Line

e
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stRM' SuperBIND Detector

* Proposed FD is a |.3 kton
iron-scintillator tracking
calorimeter similar to
MINOS, but ~2.3 T B field
is generated by a
superconducting
transmission line
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Sterile Neutrinos

* Short-Baseline Accelerator Experiments
* huSTORM (Neutrinos from STORed Muons), to be hosted at Fermilab or CERN

* Experimental setup has access to 8 of |12 possible channels from stored U™ or Y-

* Using the very large statistics in the CPT invariant mode of LSND, Ve—Vy, can rule out sterile
neutrino allowed regions at 100

*  With Near Detector(s), can potentially measure Ve, Ve cross-sections to ~1-2%, essential for future

long-baseline experiments 506 100

99% CL Evidence mummmmmm |

‘ﬁ:.:' o, 1
— _ —— 3 99% CL A . I
,U+ — €+Vel/,u [~ — & Vel £ ppear
Uy — Dy, v, — VU, disappearance .
U, — Ue vy, — Ve appearance (challenging) 1% svs
Y
| Pu—? | vu—vr | appearance (atm. oscillation)|| 1
Mo —¥ Vs Ve — U, disappearance '
57 — o K 2
D — Ve = Uy appearance: “golden” channel

J
~
)
&
)
-

"

» Status: Full proposal submitted to Fermilab PAC in June 0'01_0001 T
2013, granted Stage | approval, expecting to produce
Technical Design Report in 2 years; LOI to Snowmass

« EOI to CERN in April 201 3: support to study where to
site the facility at CERN, and also define decisive
european contributions

0.01 0.1
sin22(9eu

nuSTORM paper submitted to PRD(RC),
arXiv:1402.5250 (2014)

= 2 =" = 2 S = 7 > < N St s RETES = s <~ SpPTESE
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Sterile Neutrinos

* Short-Baseline Accelerator Experiments
* Multi-LAr TPC program (MicroBooNE, LARI-ND, and LArI|) at Fermilab, in the US

° RecaSt Of 20 I 2 LAr. I e (( S & | D. Schmitz, P5 Face-to-Face at FNAL (2013)
Y, <k N
: ' Phase 1:

proposal to prqbe * i '\? =4
LSND anomaly into a ; e W

u 74
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v p ¥ & i Booster
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e

L -«

g »
> 25 2 | t
IR { * P
Ny - 3
> L J
. - 0 e
4 / PNS K ’
4 - AIESTN 4
- o D~ - O~ -
e ’ .
) s’ "
:.:," s E
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7
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\ v 4
- s L
~

) y  '» LAr1-ND as Near Detector to

MicroBooNE*
Run ~2016-2017
Estimated ~100 collaborators

*MicroBooNE begins running in 2014

Phase 2:
1 kton-scale Far Detector to
complete 3 detector configuration

stones towards LBNE’s
large far detector

o (.

SN Run ~2020-
' ‘e Estimated 100-150 collaborators

et

e
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....r

Neutrino mode: 6.6x102° POT exposure
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* LArl presented to FNAL PAC in 2012
» LAr|1-ND Snowmass LOI in arXiv/1309.7987 R
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CLSND 99% CL
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Alex s,U n'i\'/'esit of Cincinnati

Future v Experiments, IF Seminar, Fermilab


http://arxiv.org/abs/1309.7987

Sterile Neutrinos

* Short-Baseline Accelerator Experiments
* OscSNS (Oscillations at the Spallation Neutrino Source), at Oak Ridge Nat. Lab, US

* Redo LSND experiment with a more intense and well understood pion decay-at-rest beam

(I GeV protons on Hg target) with 1.4 MW power o ConfderceLove Curves for 5, -5, Osllations 1 yer}
+ Use 450 ton fiducial g E A= i f
detector with same type of E -
mineral oil as LSND, but i ! j E
better electronics (200 MHz E TR L |
vs 10 MHz) %
« LOI submitted to Snowmass F : | ] ’ |
0 0.02 0.04 0.06 107 - O R S “T
Energy, GeV 10* 10" 10 107 ]

* IsoDAR (Isotope Decay-At-Rest Experiment), at KaimLAND, Japan

Cyclotron -
° Mean \_/e energ)’ Of 6.5 Mev y &9 ; ~60 MeV 7Li_}8Li Reaﬁ:torAnomaIy
j pl'OtOﬂS Blanket/ 95% CL Allowed
» Neutrino source placed 7 rget Shield Detector yap.
|6 m from center of N RY B < | -
=34/F). 0 ! pha
KamLAND &P ) rd [sotope decay-at-rest g N
. ] ! 0.16 £ "
* Look for changes in inverse Exampte™<Li decay = Y
beta decay rate as a function s S
. . S 1 €+ R ource Exp.
of L/E inside detector to $ : so ayr i T Cribler etai.
. . T 006 < 50 Limit - 1yr
look for sterile neutrinos § . \
. : v " o 0.1 ‘ B
Proposal in arXiv:1205.4419 O 001 o1
Antineutrino Energy (MeV) Sinzzenew
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http://arxiv.org/abs/1205.4419

Sterile Neutrinos

* Radioactive Sources
« CeLAND (Cerium source at KamLAND), also Ce@Daya Bay and SOX@Borexino

S9Cr@8.25 m , 144Ce-14Pr @7.5 m - 144Ce-144Pr inside

= 75 kCi of 144Ce-144Pr (CeO,) g 0777 T T
Ev~2 MeV, L=9.3 m to center of det. ek & - : .
* Production feasible at Mayak e, < B : :
Facility (RU) in 2014 (1 y) e = ) _
= Standard SNF reprocessing - i
= Ce extraction through Py b
displacement chromatography 1
= Need 16 cm tungsten-shield ~ i ivbdoby
B S'Cr: 95% C.L.
= KamLAND being prepared - 5'Cr: 99% C.L.
= Deployment - ——— '%Ce (water): 95% C.L.
* in water veto (3-16 m) s | 1#Ce (water): 99% C.L.
* In Xenon Room (5-18 m) iﬁ 100 — :::g" (°°“:°")f g::/; gt
= Run in // with KamLAND-zen o = © (Conter): 99% C.L-
- Solar+KL: 95% C.L.
- Solar+KL: 99% C.L.
= Deployment in 2015/16 - .O.ar.+| | o
1072

Th. Lasserre - ICFA-v 2014

* Look for Ve = Vs oscillations within detector volume

e cm e mge e mccas tme m g e ) semmemteem ecmamm—-

140 , — , -
: ' ' Enerdy resolution =7.0%/sqrt(E) -
120k - e e e e ceeeieeeidneeeienn. .. Vertex resolution =15 cm
: " L : : : o
i H - H - ‘g
: : [
5 <
80 - R4
§ . . 8<
e . : -
g 60f- - ----1 — no osclliation : . =)
z o U, =0.25andam; =3.0ev ]
- - 2
/2 . U, =0.25andans =1.0ev 8
20+ - - =
_ _U_,=025andam’ =50 eV a
0 1 1 ' 1 l 1 1 1 L l 1 1 1 1 I L 1 1 1 I L 1 L 1 i 1 1 L 1 i 1 1 1
2 4 6 8 10 12 14 16

Lrec
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" Future v Experiments, IF Seminar, Fermilab ~ Alex Sousa, University of Cincinnati 36



Sterile Neutrinos

* Very short-baseline reactor experiments

1.1

G. Mention et al., Phys. Rev. D 83, 073006 (2011)

TTTT I I]IIII]| I T TTTTI I IIIIIII| I IIII][I| I IIIIIII| I
Stéréo@ILL, France S = N
factor 4 attenuation of vertical flux § oo 1 i
from water pool § o/ _New Oscilationf
g 08— ¥ ;
& | sterile v? Atmospheric
§ ol | I Oscilation
g L
% 06— I
E | Solar
05T Oscilation I
70tons (,_,,IIII(IJ | _II]IIII|1|0 | ilIIllllo0 | III”HJOO | |H”1IO|(|)00 L1 |
. Reactor To Detector Distance (m)
shielding /
Relative measurementin 6 cel /
/
— 1st cell
o 1 /
T — 5th cell *
°
Q
s ......................................................................................
2
S\ /NN S S 10
50 MW core [8.5-11] m g 2 | (b)
. Q —
h=80cm, ®=40cm baseline range 2 o~ —— US SBL Reactor
g Stereo ‘ g
08— ; ——
Experiment . < =
xp_:_a;‘l::en Projects P Myt L Depth Visible Energy (MeV) K ‘»
Nucifer (FRA) 70 MW 0.7 tons 7m Few mwe 1
Mature Gd-doped LS
detector Technology Stéréo (FRA 50 MW 2t [8-11] 10
Free (A m | ™™ < Place small detector as
Neutrino 4 (RU) 100 MW 2 tons [6-12] m Surf.
close to reactor core as
Highly segmented DANSS (RU) 1GW 1 ton [10-12] m 50 mwe .
detector for possible, look for very 1
background reduction . . . . . 10 )
sliauk) | 4ss0mw | stons | &m | 1om rapid oscillations within o5 oL |
Enhanced detector volume AN
neutron Tagging Hanaro (KO) 30 MW 05t 6m Few mwe 10 -3 10 -2 10 -1 2
US project 2%—&30 4m & 15m Surf. sin 29
2 detector complex
or Moving detector China project
DANSS/Neutrino4 Movable detector

< 2 = 3 < - Ay < <
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radioactive

reactor

n-DAR

n-DIF

Other DAR
u-storage ring

Sterile Neutrino Summary

CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013)

Experiment v Source v Type Channel Host Cost Category!
CeLAND [259] 144Ce-144py e disapp. Kamioka, Japan small?
Daya Bay Source [260] A S Ve disapp. China small
SOX [261] S1Cr Ve disapp. LNGS, Italy small?
144Ce 14Dy Ve disapp.

BEST [64 °1Cr Ve disapp. Russia small
PROSPECT [262] Reactor Ve disapp. Us® small
STEREO Reactor e disapp. ILL, France N/A4
DANSS (263 Reactor U, disapp. Russia N/A4
OscSNS [205] m-DAR Uy Ve app. ORNL, U.S. medium
LArl [264] Fermilab medium
LAr1-ND [264] Fermilab medium
MiniBooNE+ [203] Fermilab small
MiniBooNE II [265] Fermilab medium
ICARUS/NESSIE [266] CERN N/A4
IsoDAR [111] 8Li-DAR Ve disapp. Kamioka, Japan medium
nuSTORM [192] i Storage Ring Ve 17,), app. Fermilab/CERN large

1 Rough recost categories: small: <$5M, medium: $5M-$50M, large: $50M-$300M,

* Also constraints on sterile neutrino mixing from long-baseline experiments (a la MINOS/
MINOS+) and atmospheric experiments like PINGU

» SBL accelerator experiments will also contribute to improving V cross sections knowledge

=
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Neutrinoless Double Beta Decay
Neutrino Mass from B-decay

Neutrino Mass from Cosmology

Future v Experiments, IF Seminar, Fermilab Alex Sousa, University of Cincinnati



Neutrinoless Double Beta Decay

- Observation of OV decay would establish:
* Neutrinos are Majorana particles
* Lepton number violation
* Neutrino mass scale
* Majorana neutrinos are required in seesaw mass models and leptogenesis

g n p
= . p> : = =
W T — W -
2V B 2] N L
Vv o 15- // \\ ovpp I AL=2
AL=0 ..l / Vm X
5 = / | Vit om, =0
N\ |
n \V p c 0.0 0.2 0.4 Ke/%.e 0.8 n
= =
(Z,A)— (Z+2,A)+2¢ +2v (Z,A)— (Z+2,A)+2¢
(2V,3ﬁ ) K. Lang, SILAFAE 2010 (OVﬁﬁ)

S = = > < N St Z RETES g <
< A AN g e e e
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Counts/keV/kgly

Neutrinoless Double Beta Decay

« Sensitivity to Majorana mass is a compromise between statistics, background rejection
and detector energy resolution K — isotope yield

1/4 € — detection efficiency
b AE M — isotope mass
Mt t — running time
b — background rate
AE — energy resolution

m55:K 1/6

Different approaches and technologies in next generation experiments:

Calorimeter/bolometer + TPC (Xe) » Tracking calorimeter * Liquid scintillator +
high energy resolution high efficiency, = good bg rejection, isotope - high
and efficiency large mass multiple isotope choices efficiency, large mass
T AR R R RS
10 i\M‘\M\l OvBp é : 4,0 % FWHM 2403 2105
F Y i OvBp i
X E
10 Wﬁﬂ% MLqMM{ 4\( T i 310 .._ ™
N Alpha “forest” § o M
1000 2000 3000 4000 5000 6( 4 10
. 10 ¢ -
208T| (2614 KeV) 0 s 5 |
2%00 2350 2400 2450 2500 2550 2600 E (Mev) 0 - I°5| o 1I | I15I l Izl N J25‘ B Ié’l 3-5l l I4I | Il4-5» L_5
Energy (MeV)

Energy (keV)

= e - - - " = - — _ o . _ ; -
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Neutrinoless Double Beta Decay

« Sensitivity to Majorana mass is a compromise between statistics, background rejection

and detector energy resolution K — isotope yield
1/4 € — detection efficiency
mgg = K 1/6 b AE M — isot_ope_mass
Mt t — running time

b — background rate
AE — energy resolution

 Different approaches and technologies in next generation experiments:

« Calorimeter/bolometer -+ TPC (Xe) » Tracking calorimeter * Liquid scintillator +
high energy resolution high efficiency, good bg rejection, isotope - high
and efficiency large mass multiple isotope choices efficiency, large mass

=~ = = > < N Soroapar 9 5 3
o Lyt e T e T e e T

=
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Neutrinoless Double Beta Decay

* Next-generation experiments will probe the inverted hierarchy region (2020-2030?)

* If inverted hierarchy is established, next generation of OVR decay experiments may
determine neutrinos are Majorana particles

 Conversely if no signal is seen down to mgg~20 eV, neutrinos are unlikely to be Majorana
particles [modulo scenarios with sterile neutrinos, cf. Lopez-Pavon, Pascoli, Wong, PRD 87,

093007 (2013) ]

KamLAND-Zen I i g T
N Current Bound E
Current generation '
107 F
> |
() ngy
g Z
£ 1072 3 -
Q O :
a , :
| 2 e
| ® 8 d
| é 8 §
| .\ £ 10° I
s b m 2 o ]
p.SuperNEMO: E . =1
b R \ 1 : l : - oL
» \ R - : E I — 20'_
. i : : : . 3¢
| 10—4 L 1 Beuf B Q:p 1 1 1 llllll 1 I = mm
107* 107 1072 107" 1
Lightest neutrino mass (eV)
L. vang, NuFact 2013 arXiv:1203.5250v1
" Future v Experiments, IF Seminar, Fermilab ~~ Alex Sousa, University of Cincinnai 43



Neutrino Mass from B-decay

* Measure deviation from m(Ve)=0 eV in endpoint of

B-decay spectrum

+ KATRIN B spectrometer currently the main effort

* Full tritium runin 2015

* Reach of mg=0.25 eV at 95% C.L.

1 i BN A i
Current Bound E
Current generation :

107 F
KATRIN Spectrometer on the way to Karlsruhe % 4
Several other experiments in R&D phase 2 :
, , : €107 :
« MARE - thermal microcalorimeters with 2 :
> I
absorbers containing '8’Re operating at 0.1K % :
Gatti et al. MARE proposal, 2006 § 0 :
. . ] -3 :
« ECHO/HOLMES - Same principle as MARE but S ;
using '®3Ho isotope as absorber i
L. Gastaldo et al, arxiv:1206.5647 :
* Project 8 - Construct B-decay spectrum by 10t ul
10°* 107 1072 107

measuring cyclotron frequency of trapped

region close to endpoint

m(ve) =0 eV

):

only 2 x 10713 of
decays in last 1 eV

interval

S 10| entire spectrum =
2 S, /
2 ©/08
& os ©
o ® 06
& [
g 06 B
o 04
0.4 ]
0.2 B
0.2 of
o I | | | .. 3

2

electrons B. Monreal and J Formaggio, PRD 80, 051301 2009
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Electron-energy E [keV]

* Present limit: mg< 2 eV
Aseev et al. Phys. Rev D 84 112003 (2011)

Lightest neutrino mass (V)

arXiv:120.5250v1

E - Eq [eV]
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Neutrino Mass from Cosmology

« Cosmological limits on neutrino mass are obtained by combination of CMB anisotropy, CMB lensing, and baryon
acoustic oscillation (BAO) measurements
« Best limit from PLANCK+Iensing+BAO:Z m, < 0.26 eV (95%C.L.)  Pianck Collaboration, arXiv:1311.1657

« Neutrino mass will contribute to CMB fluctuations caused by gravitational lensing. These can be precisely
measured through CMB polarization B-modes

« EPIC (Experimental Probe of Inflationary Cosmology) can probe 0.05 eV neutrino masses by 2022

Around 2013 with Planck 3 1 i a
100 T T T — . 2
1 3 I
10 Normal
— 1 - L S | R S ARs]
<z > g
= ~ 0.3 C Current Bound
3 e PLANCK lensing / oo oo T oo
! Current generation
0.1k 0.1 |0_1 3
eravitational EPIC IenSing _ 9
waves A | L J
0.01 Ll B —
10 100  J
[ (multipole) 0.03 ] e St : m——— ®
- 0. 001 0.01 0.1 11072 '
BICEP2  C5 T T lightest m,, (eV) , y
BICEP1 Boomerang f?:*‘ wvﬂ___'_ v' | 5 ;";
0 E S L ae +:-=.=:_+ Ay A. Cooray, NOW2010 o , 0 R
QUIET-W CAPMAP — " . " =% ww™ | ) Z 0
- Reah AR : « Also, if sum of the 8 103
X 1%L ey w7 ] . . = ‘ ®
5 Enashes neutrino masses is lower & —
Y — ] than 0.1 eV, inverted mass g : /
= oML o hierarchy would be [ .
_+_- 1 1 —4 g g peepip) 1‘-;"“‘— ‘
107 ==ttt excluded 10
o 50 10 10° 1072 107 1
- N \e“ g . Lightest neutrino mass (V)
10' 10° 10° _
Mutipole arXiv:1203.5250v1
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Z - o . = . P . Tp— o s

7 Future v Experlments, IF Semmar Fermllab AI'ex So’us;‘Un'i\'/e'rsity of Cincinnati 4



Final Thoughts

* Large quantity and breadth of proposed future neutrino experiments may
answer all of the pressing neutrino questions and will likely raise new ones

* Beyond determining the mass hierarchy, and whether CP violation occurs in the
lepton sector, oscillation experiments will greatly increase precision of the
PMNS mixing matrix measurements, potentially uncovering new symmetries
* Test unitarity of PMNS matrix, Non-Standard Interactions, Lorentz/CPT

violation, etc.
* Will also extend proton decay probes and Supernovae detection

* Funding is finite, coordination between proponents of large facilities is essential

» US is playing a leading role in a highly active field, need to seize opportunity to
make very significant neutrino discoveries.
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Final Thoughts

* Large quantity and breadth of proposed future neutrino experiments may
answer all of the pressing neutrino questions and will likely raise new ones

* Beyond determining the mass hierarchy, and whether CP violation occurs in the
lepton sector, oscillation experiments will greatly increase precision of the
PMNS mixing matrix measurements, potentially uncovering new symmetries
* Test unitarity of PMNS matrix, Non-Standard Interactions, Lorentz/CPT

violation, etc.
* Will also extend proton decay probes and Supernovae detection

* Funding is finite, coordination between proponents of large facilities is essential

« US is playing a leading role in a highly active field, need to seize opportunlty to
make very significant neutrino discoveries. !

Thank You!
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Current Three v Picture

Gonzalez-Garcia, Maltoni, Salvado, Schwetz, JHEP 1212 (2012) 123

NuFIT 1.2 (2013)

bfp 1o 30 range
sin? f12 0.30615 015 0.271 — 0.346
B12/° 33.5710.77 31.38 — 36.01 |+ 2%
sin? fa3 0.44615:007 @ 0.5871 0032 0.366 — 0.663
B2z /° 41.97%4 @ 50.0+12 37.2 = 54.5 |+ 49,
sin® 613 0.022975 0070 0.0170 — 0.0288
puo 710 15007 () -
Scp /° 265129 0 — 360
10 Tz{ﬂ 7457014 6.98 — 8.05 ) -+ 3%
)72 eV~ ' f—
Am? I f
s (N) +2.41715:013 +2.247 — +2.623 o
c
o | + 3%
= 3;2 (I) —2.41019-262 —2.602 — —2.226
== e

= 2 ="
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A Note on Mass Hierarchy Statistics

* Each experiment will produce a test of two discrete hypotheses (instead of
measuring a continuous range of parameter values)

* The T = Ax?(0) test metric we typically use does not follow a X2 distribution for
mass ordering (i.e. Wilks' theorem not valid)

* Instead, T is approximately gaussian, with mean To and width 2(To)”%, where To s the
value for the data set without statistical fluctuations
o see:Qian etal,PRD 86,(2012) 11301 1,arXiv:1210.3651; Ciuffoli et al, arXiv:1305:5150; Blennow et al, arXiv:
1311.1822; Cousins et al, JHEP 051 1, (2005) 046; Capozzi et al, arXiv: 1309.1638.Also see talk by Blennow at

European ICFA: https://indico.in2p3.fr/conferenceOtherViews.py?view=standard&confld=8974

* Need to check gaussianity using MC for each experiment. Quote median
sensitivity instead of sqrt(To)
» Difference in quoted significance w.r.t. to conventional approach is small

5=—90° NOVA 6=-90° \ LBNE

To std. sens. median sens.

9 99.73% (3.00) 99.87% (3.20)
16 99.9937%  (4.00) 99.9968%  (4.20)
25 99.999943% (5.00) 99.999971% (5.10)

T ~10 0 10 20
T

- =~ 9 g ~ . - S
N D P a0 2= o

=

lex Sousa, University of Cincinnati
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More on Systematics

Robust wrt systematics

Main impact:
Matter density uncertainty

Operate in statistics-
limited regime

Exposure more important
than near detector

‘ | | | | |
NF10 1 Fraction of 6=0.5

all off

matter uncertainty off

qux off 8 :

l v, DIS cross section off Neutrino Factory
no ND\.
2xéprsuré
WBB
) all off
H |Q h-E matter uncertainty off
sSu perbearn intrinsic balckgirouﬁd off
RES cross section ratio off
(e. 9. LBNE) no NO T |
Ziexposure
T2HK
all off
QE cross section ratio off
L.ow-E (QE |) ‘ . ilﬁtrin]sic blackg‘grou‘nd off
i no ND
S;u F)er bearn 2I>< exposure
l | GLoJBES 2[1)12
0 S 10 15 20

Ao|°]

(Coloma, Huber, Kopp, Winter, arXiv:1209.5973)
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QE v, X-sec critical:
cannot be measured
IN near detector

?
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Experlment

51



CP Violation, Mass Hierarchy, 023 Octant

LBNE (Long-Baseline
Neutrino Experiment)

Event rate and spectra
expectation

« At 1300 km, full

oscillation structure
visible in the energy
spectra. A combined
spectral fit can resolve
all oscillation parameter
ambiguities with a single
experiment

Future v Experiments, IF Seminar, Fermilab
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