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Much more than just missing Ex!

1988 Nobel Prize - First v Beam and v, Discovery
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What do we know?

atmospheric short baseline reactor solar
accelerator v, accelerator v, ong baseline reactor
i \ \( s \[ , \( )
.| Ve ( I 0 O a0 spe ¢, S, O Vi
O <
> | v, |= Cry Sy 0 1 0 -5, €, O v, | @
L ié 7
0 -s5,, ¢ t -5, 0 ¢ 0 0 1 v
) R\ BN ANRERY
0, ~ 45° 039" 0., =~ 34°
v, 1 How preusely do we know it?

Am?so 2.3%
Am’ ~2 x 103 eV2| Am?am  1.6%
sin’612  5.8%
Am’~8 x 105eV2| sin%63  9.6%

\sin2013  4.0%

F. Capozzi et al., Phys. Rev. D 95, 096014 (2017)

v,
Vv, [T

v, v. -
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What we don't know

atmospheric short baseline reactor solar
accelerator v, accelerator v, ong baseline reactor
( \ / \ o \( \/
t_ Ve 1 0 O a0 spe ¢, Sp 0 Vi -
O
> | v, |=| 0 ¢ sy 0 1 0 -85, ¢, O v, | @
TR . 10 O . v
vV 0 -5, C, —3,3€ i3 0 0 | Vv
T )\ 23 2B ) J\ J\ ?
v, v, v.O
°? | | E— — I S
Is B23 really 45°7 | - |v; A v, $ am?
/ =] V, -A sol
7 Normal 2
: . o = Or:IL?:g Am,,, Inverted
{Is there CP violation] g Ordering | Am;,
i inthelepton | 2 V2 ‘:—i A
5 ‘ V. | msol V3 v
sector? Value of dcp! ! i 5 [Tr;

Alex Sousa - University of Cincinnati

Are there more

' than 3 neutrinos? |

Fractional Flavor Content

What is the vV mass orderlng, the 5|gn of Am atm

|s"the absolute,

"~ = > - i o~

CAre neutrinos MaJora"
\ O Dirac particles? _J
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Answering the Questions...

» Neutrino Oscillations

@ Solar Sector

@ Atmospheric Sector

@ Measuring 013

@ Determining the Mass Ordering and Looking for CP violation
@ Digression: Systematic Uncertainties

@ Beyond the Three-Flavor Paradigm

» Measuring the Absolute Neutrino Mass Scale

» Are Neutrinos Majorana Particles?

@ Neutrinoless Double Beta Decay Experiments

Alex Sousa - University of Cincinnati Expt. v Physics - WIN 2017 - Irvine, CA



Answsring the Questions...
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®

Solar Sector ‘;

Solar Neutrmos
e ons >UAnlverSIty of Cincinnati . Expt, v Physics - WIN 2017 - e A
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Solar Expts. and KamLAND Results

» First indication of solar ve disappearance from »
Homestake experiment started ~50 years ago
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SNO confirmed solar ve oscillate to vy, v¢
KamLAND long-baseline reactor experiment

made precision measurement of Am?2se

» SNO+KamLAND combination provides most
precise measurement of solar mixing params.
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Solar Expts. and KamLAND Results

» First indication of solar ve disappearance from » SNO confirmed solar ve oscillate to vy, v:

Homestake experiment started ~50 yearsago » KamLAND long-baseline reactor experiment
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SuperK Results

» Day/Night Asymmetry

. . S. Moriyama, Neutrino 2016
® Direct observation of matter effects G e
-~ 05 < 6 AT A
3 — Super-Kamiokande, PRD 94, 052010 (2016) - 4 5 \'\\ / |
o - i 1 2 - “\ 7 . |
®© : - N S e
50.48 - S % el s oy e e
o I i o 17 sin(0,,)=0.307313  Am3,=(7.4931%) 10°eV?
= ; —+- B E 18
—0.46 - . E 14
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= 2 g £ . 12
3 1 . ’ 1 | 11
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O i | T 1 Enhanced Ve in] | 8- b s Se—
N . ] 7 - R SOEEEE
i e .  Earth at night ) 02 5 RERN
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z Cos0, sin%(6,.,) Ay
Al S. Moriyama, Neutrino 2016
SK- -2.0+1.8+1.0%
- __(Day - Night) » SuperK data prefers lower value of Am?s
SK-II -4.4+3.8+1.0% DN = :
(Day + Night)/?2 5 5 2
SK-I -4.2+2.7+0.7% ® 5x107> vs. 7x10™ eV
SK-IV -3.6+1.6+0.6% ® 20 tension with KamLAND
combined -3.3+1.0+0.5%
non-zero
significance 3.00
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pep analysis (2011)

Borexino Results
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2 ' e L } transition region
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Answering the Questions...

Atmospheric Neutrinos

/ oot

David ierstéin, Sciehtific American (1999)

Atmospheric Sector

Alex Sousa - University of Cincinnati Expt. v Physics - WIN 2017 - Irvine, CA
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Atmospheric Sector

» Discovery of Neutrino Oscillations

Zenith 0 Kton
Isotropic flux of : L
cosmic rays : ;
0
i i W et
1
Zenith ...\
. 9 -
Q) e

Alex Sousa - University of Cincinnati
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Accelerator Neutrino Experiments

Simon van der Meer’s

“Horn of Plenty” a
Remark by .
W.K.H Panofsky (1962)

ND Measurement
Analyze beam flavor content,
neutrino flux, rates
Obtain ND energy spectrum

VIJ Beam —

» Create intense neutrino Blind to full FD sample until

. _ freezing of analysis procedures Predict the Far Detector
source with well Transfer ND to FD,
understood flux function of flux, cross sections,

FD Measurement

detector acceptance
» Multi-detector Analyze beam flavor, rates

Obtain FD energy spectrum
approach allows for

partial cancellation of Fit osc. prediction to data

Derive oscillation parameter

systematic uncertainties values and uncertainties L
e e L MR Target Focusing Horns Decay Plpe
Fermilab's Mdin Injector ~ \ b S Tl .
Main Injector 'I 4 120 Gev ?
- protons T
from MI < > <—p <€

15 m - | O m 675

=

Alex Sousa - University of Cincinnati
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Accelerator Neutrino Experiments

Simon van der Meer’s

“Horn of Plenty” a
Remark by .
W.K.H Panofsky (1962)

Input: sin2(20)=1.0, Am?=3.35x10-3 eV?

‘2 Far Det vV, spectrum ® 1'42 Monte Carlo
. . L300 ® 1.2f
» Create intense neutrino | Unoscillated i
source with well- 6 [ A oo N ] ++
understood flux 200 Oscillated Sos 7Y (2923l+++++
3 it
2 0-6# : ++
- (4+] B 1
» Multi-detector 100 =045 4 +++
approach allows for Qo2 i
partial cancellation of Bt ag Monte Carlo e A2

| I -
systematic uncertainties 00 2 4 6 8 10
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Accelerator Neutrino Experiments
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MINOS/MINOS+ Results

" Total NuMI protons
C T T T I T
— [0 Low Energy antineutrinos
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» Exposure of 25x10%° POT collected in 11 years of running
» MINOS+ running used higher-energy beam
» Look for v, disappearance - Most precise measurement of Am?s;

Normal hierarchy

AmZ, = 2.42 + 0.09 x 10~

3 eV? (68% C.L.)

Inverted hierarchy
Am3, = —2.48757]

x 103 eV (68% C.L.)
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MINOS/MINOS+ Results
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» Exposure of 25x10%° POT collected in 11 years of running
» MINOS+ running used higher-energy beam

Normal hierarchy

AmZ, = 2.42 + 0.09 x 10~
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Inverted hierarchy
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» Look for v, disappearance - Most precise measurement of Am?s;
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T2K Results
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Reconstructed Neutrino Energy (GeV)
T. Nakadaira, Rencontres de Moriond 2017

Most precise measurement of 0,3
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NOVA Results

L e ! ) = 11T ":
80 (7”:1-1(:)(11(: off-axis oo®e ] WASh g 120:_ : NOVA 8.05x10 POT-equiv. ]
> [ = 14 mrad off-axis . . | Fermilab B e Best fit prediction .
3 [ — 21 mrad off-axis ¢ 1 100 = ; ]
™ 'G>J B i memeee Unoscillated prediction .
o B H -
5 S), 80— ! —4— Data ]
g : SO : )
= » 810 km baseline o F : ]
[ 0 N . T
Z » 700 kW NuMI beam s I ]
= . > 40— —
g » Detectors placed 0.8° off-axis *' [ ]
> 20— -
S - _
o _ ]
= 0
0 1 2 3 4 5
Reconstructed neutrino energy (GeV)
|[Am3,| = 2.67£0.11 x 10 3eV?
————T ——
_ +0.030 +0.022 - —— Prediction NO A605><1020 POT- 7
Sln 923 — 0 404 —0.022 (O 624 —0. 030) _I:I 1o Syst range Vv -equiv. -
15}_==== Max. mix. pred. ]
T T T T T T T T T T T T T T T T T T T T T T | T T :___. Backgrounds :—Q—: —— :
3-51— Normal Hierarchy, 90% CL ] o | —+Data i
i NOVA 2016 | & 10 -
I — NOVA 2015 _ w L :
c\’:>" S T2K 2014 - . . . sl -
o S8 MINOS 2014 ..., — Maximal mixing - ]
ST - : 1ldisfavoredat2.6 o] | . R -]
=z | ] oF
NI I T W G N | o 215F
E [ I oS -
< 25— — o8 F
- %, e TTTTeTTTY - = Tg 0.5
| “””“““'“ --------------- I'I“”””“‘ ] o o 0 [
- Teeall L . 0 1 2 3 4 5
- NOVA, PRL 118, 151802 (2017) - Reconstructed neutrino energy (GeV)
b e by Analysis with ~¥50% more data ongoing

P2
Sin 923

> Antmeutrmo runnlng ongomg See Session Nu-1

-

P~y = > < o 8 S q g S =
DR WOTN Bz 2 L < P o I . S
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Superk, IceCube Results

» Direct measurements of atmospheric neutrinos continue to contribute to precision of

oscillation parameters

20 1 T 1 | T 1 U 1 | } 20 T 1 1 I T U T
* R nverted |/ > Sk-1/11/111/1V results - 0.33 MtonYr exposure
I Normal 1
151 5l ] Fit (517 dof) sin%6,; | [AmZ;,|eV?
! - ] -3
| Am2,, | 2 1 SK (IH) 0.575 2.5x10
ol |Am? 5] | | Sin“Oa 1 [ sknH) 0.587 | 2.5x10%
o oo J. Kameda, NuFact 2016
3 | os% i 3 [ os% | v ! | T — |
0% i 0% 38l — lceCube 4 years [NH] oo SK IV (2015) [NH] |
‘sf%l SR A 'ssn’:’ ' MINOS w/atm [NH] == |C2014 [NH]
oot 0.002 0.003 o.oo4ev2o.005 %2 ¥ 3.6 == T2K 2014 [NH]
o 3.4} : 90% CL contours
IceCube Lab >
S 52 2 32
50m —— ".-°:-:-::::.'i:i.°:_ ------ - 324 é?)ttll(tj::lssensors |
o = 3.0}
f -
| 2.8} ) 4
| | C"Eco femmam B =
| il IceCube Array A 2.6}
| I 8 Dobplors singe —
‘ / 5160 gptlcal sens%rs 2.4 —— R
1450m i : | Isi)eepCore . 2.2t R I o T—rr Y] :
strings-spacing optimize T R TE PP RT R R
| _ oLlceCube prellmmary“'l | |
0. 3 0.4 0.5 0.6 0.7

Eiffel Tower
324 m

2450 m
2820 m

— = » — g ——

Alex S'c:)ﬁsa“-”hi'vr's‘ity of Cincinnati

(Normal Ordermg)
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J.P. de André, NuFact 2015 sin? (6y3)

_ -|-0 08

\Am32| = 2. 80+8 ;8 x 10~ 3eV?

Best Fit:

o~ 2 - 9 =

A = = o - ~ . L o
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v: Appearance

» What are v, disappearing into? OPERA established v ,—v. oscillations
PRL 110, 181802 (2013)

v, A
T/ hadrons T
Vv, vV, T 300} R
Threshold r ¢
~3.5GeV ,
800" ._._‘ T T 1 J T .' y T ] m200 —-—
| : Signal £ | ] ‘
L ® S ve®
600| - AT % ' D
I 100 =2
400?
p > nm L
Phys. Lett. B 691 (2010) 138 n® > yy 2001 Tau Like
Event: 12227007334, 14 Aug 2012, 01:27 (UTC)| L [ i _
- 0= 02 04 06 08 =1 2806 days livetime
2 Neural Network Qutput a=1.42+/-0.35(stat)+0.14-0.12(sys)
- 3.80 (2.70 expected)
| -tg 300—D BG after fit
h’?$+ g) Tau after fit
0 —~+- Data —%—% j
o » Confirmed by Superk 200 " !
Channel | Expected signal | Observed .
background search for tau-like events [ 4, 7T
7 — 1h | 0.04 £ 0.01 0.52 £ 0.10 3 S 1
+— 3h | 0.17 4+ 0.03 0.73 +0.14 1 ) 30 =
7 — p |0.004 +0.001| 0.614+0.12 1 Fit result: i |
r—e | 0.03+0.01 0.78 = 0.16 0
Total | 0.25 + 0.05 2.64 + 0.53 5 o=1.47 £0.32
Pvalue =<1.1-10-7  OPERA, PRL 115, 121802 (2015) 4.60 (3.30 expected) gL —

21 05 0 05 1

Exclusion of background-only hypothesis: 5.1 o K. Okumura, NNN 2016 COS@
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Answering the Questions...

Accelerator Neutrinos

Reactor Neutri

From Symmetry Magazine, 06/30/15

Measuring 913

L= 7 q ~ J S 9 < =y g = = \@ s T 2 < J = ¥
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Daya Bay Results

» Measure disappearance of reactor Ve. Look for inverse beta decay (IBD) signal in detectors

Py, = 1— sin“260,3sin? ( 1'27Am2eeE)

¢~ Prompt signal

1 ; . " .« 2 2 — v
: NW\ s SIN (Amee%) = K
09 | ! 1 :

' I \\ ] cos2 012 sinz(Amg1 %)
Lo .
T 07 b

N3 4

B : ! I
U o6

V,+p—e +n

08|

Q
T Capture on H. or Gd. Cd, etc.
Delayed signal

{

N X(A,Z)

05 |

> Daya Bay discovered non-zero 013 in 2012
{» Latest result is the most precise measurement of 913 and Am ce

0 |, detector 1 detecior2

i
- I
03 i :

0.1 1 10 100 e R e 2.9

L

2/NDF 234 7/263 089

o
o0

o
=)

CT-\
S e —
EH3 1 X

™
>
()
N

— No oscillations |]
] == Bestfit

Entries (/MeV x 10°)
o
;‘\_

I Fast neutrons |] [
m ¥C(a,n)'®0 || SR 2 1 SUURUUOUUUUY SURRURUIRRR IO U S SO ]
0 2 241 A 130 ] [ I R A

-~

°Li/*He I~ . ! ! ! : ¥
m Accidental 1 4 2.3 _ ................... O beeemennes 1
=+ + Data : [ : : : : T

2‘:':":i:::%j::i:::j::::::::"3':1:::}:"":':5'“"":'1--;'f::j::::::::j::j ’—5:1:2::::::1:5 221 ""123035?5 """" """"""" """""" S

: s ] 2.11L S N S P S
. +‘|’ N A S 0. Oo 0 06 0 01 0.08 0.09 0.10 0.11 0.1
SR 23 . : : ] : . 2
— Daya Bay Near Hall sin” 260 13
% 363 mfrom Daya Bay

. 1,98 m overburden : | Prompt energy (MeV) sin” 26,, = 0.0841+0.0027(stat.) £ 0.0019(syst.)
»— 7 L. Lebanowski, NNN 2016
o | Am?, |=[2.50%0. O6(stat)+0 06(syst. )]xlO ‘el?

3 Underground
Experimental Halls

3 Py A 4
2R C e »

o © o 2
xS D o
ey T .
}

b pred
R° s/ Rio-osc.

e e e

o
o<

=1l

[\D._

g e R
S

m..

= L

=F

L

[N

- S S g i o~ = 2 < . B
Ao — P N ey P .
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RENO, Double Chooz Results

» First multi-detector results from Double Chooz

» RENO’ S Far/Near rate+shape analysis
~

Near Detector € :

-4

Far Detector

c
K
ks
?
21500 7= ‘S
= | i S
S B
o =
1000{— — S
= o
= = . )
cl>) pd
/500 ¢ Far Data ] c
Prediction (best fit) | £
g==== Prediction (no oscillation) g
. o)
o )
Q
2 S
2
g
£
~ 0 | |
3
+~— 0-8 ] | I I | I
A1 2 3 4 5 6 71 8
Prompt Energy (MeV)

sin? 2013 = 0.08240.009(stat.) £0.006(syst.)
|Am2 = [2.62102  (stat.) T 15 (syst.)] x 1073 eV?

Con5|stent W|th Daya Bay measurement

Alex Sousa Unlver5|ty of Cmcmnatl |

Near Detector:

L =400 m

B 10 m* target
i 120 m.w.e.

——+— FDIData

-------------- No oscillation

Best fit: sin 26, =0.119

[ ] single detector systematic uncertainty

_ Suppressed systematic uncertainty

.+.
+

ND

Far + Near (818.18 and 257.959 live days)

Double Chooz Preliminary
| | | | |

Observation / No-oscillation predictio

2 3 4 5 6

Visible Energy (MeV)

Far Detector:
L=1050 m
10 m? target
300 m.w.e.

—+— FDII Data

-------------- No oscillation

Best fit: sin 20, = 0.119

[ ] single detector systematic uncertainty
- Suppressed systematic uncertainty

4t

Far + Near (818.18 and 257.959 live days)

- Double Chooz Preliminary
| | | | | |

1 2 3 4 5 6 71 8

Visible Energy (MeV)

|sin?(26,,) = 0.119 + 0.016 (stat.+syst)]

» 2.20 higher value than Daya Bay’s

» All experiments see a “bump” at ~5 MeV

Expt Y} Phy5|cs WIN 2017 Irvme, CA

See Session Nu-1
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The "5 MeV Bump”

» Multiple explanations advanced...

1.15

—
—

1.05

0.95

Data / prediction
o
o

0.85

Alex Sousa - "n"i.vr's‘ity of Cincinnati

Data (normalized to prediction)

—¢— Daya Bay near [IcCHEP2014]
—+— Double Chooz far [Nu2014]
© RENO near [Nu2014)

All three experiments

Figure courtesy of S. Jetter

i’

1 ] | l | 1 1 l | | 1 1 |

IITT{II\ IT I III[TIII 1

|

T

| l 1

1

1 il |

| -

Maybe it’s specifically related to beta-decays:

® Maybe forbidden decays aren’t treated properly. Hayes etal, PRL 112 (2014), PRD 92 (2016)

e Maybe prominent beta branches measurements
are incorrect. See TAS measurements. ..

Table of the Isotopes

160

102 yr

e Maybe fission isotope beta spectrum measurements fission isotopes »vz' i

are wrong. Dwyer+langford, PRL |14 (2015)

10" yr

140 .
10 yr

Maybe it’s specifically related to fission yields: 10°yr

120

104 yr

fission products

e Fission yield databases are

incorrect! Sonzogni, et al PRL 116 (2016) 100 yr

100
lyr

e Fission yield dependence on neutron energy not 10%s

considered correctly. Hayes, etal, PRD 92 (2016)

80
10%s

60 100 s

Maybe there’s an issue with
*ONLY* U238 Hayes, et al PRD 92 (2016)

Maybe there’s an issue with *ONLY* Pu239
235 Buck, et al, hep-ex[1512.06656] (2015)

ls

40 102s

107%s
20
10°°s

10%s
no data

Etc... B. Littlejohn, NNP 2016

» Will likely need multiple reactor
experiments with diverse reactor
compositions to explain effect

» Good News! - Several coming online or
proposed

5

6

Prompt energy [MeV
" Expt. v Physics - WIN 2017 -

2

See Sessions Nu-1, 4

'
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Measuring 013 with LBL Expts.

» Look for v,—v. appearance over long-baselines
g 2 2 2 2 5 c;=coshy , s;=sinb, Ay=Am; 1E a:ZJEGFneEj
ms;
2 : : :
+8C13517 513 523(012c23 c056—512513523) CcoS A3,Sin Az SinA CP Conserving
V VS. Vv 0.2 2 2 : aL 2
sign +8C13513553C08 Ay, Sin A314 E (1-2535) Matter effect
change 0.2 : : : : At
g F8C15C1yCo3 512513 23810 OSin Ag,sin Ay sin A, CP Violating
2 2 2 2 2 .2
|J-Imber, NNN 2016 +457,C15(C1pCot51,513553—2C15 €351, 5135,5COS B)sin“ A, Solar termJ
» NOVA first results on ve appearance :
Tc | I I"I I I"I T | L | L | LI } Global Plcture
» T2K latest results on ve appearance W LID NH
31 : . l N R l
Fixed Mass Hierarchy T2K Run]-7 Preliminary oy L Best fit Double Chooz T
Tg‘ Py N AT T T T T T ] : JHEP 1410, 086 (2014) ._.._,_4 P
s f .- Normal - 68CL - L ==68% C.L. | | Ppreliminary | P
s L * Best fit —Ng$21-9OCL n o Ty (CERN seminar 2016) '-O-'
€ 2 PDG 2015 ---- Inverted-68CL ]~ O | —90% C.L. .
& — Tnverted - 90CL { @ | Daya Bay T
“ 11— ] 2 gggj‘cgi ] PRL 115, 111802 (2015) o
E E _ '.:I Ll | | | Ll | I°| I.I I.I RENO : ;
O_— ] 27[ [ J I ALY S L PRL 116 211801(2016) l-q:-l
- . [ i T2K I
- ] 3?75 NOVA PRL”_;IIE PRD 91, 072010 (2015) i@ i Arbitrary 5,
1= 7 : VA, s Amiy >0 I
- 1 o | 151806 (2016) Amd, <0 b i
o _ OOO TC . NOvA S
B 7 Preliminary (private communication) : P
N ] Ami,>0 —te-
na T2K, PRL 118, 151801 (2017)7 g At <0 R R
0 - - - - S0, N ara | 0 0.05 0.1 0.15 0.2 .02.223
0 01 02 03 04 05| A. Cabrera, CERN Seminar (2016) S <P

sin‘20, ,

See Session Nu-1

S~ 2 -

Alex S'c:)Alesa“-"hi'vr's'ity of Cincinnati
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Answering the Questions...

Sanford Underground
Research Facility - e g

"«JEUTFTIMD
PRODUCTIO

PARTICLE
DETECTOR

UNDERGROUND
PARTICLE DETECTOR B ;D D

Hyper-Kamiokande

A gigantic detector to confront
elementary particle unification theories
and the mysteries of the Universe's evolulie

AV

Mass Orderlng and CIO|O

AIexSousa _‘U'nlver5|ty ofC|nc'|nnat|' U Expt‘ v PhyS|cs_”WIN 2017 : Irvme,"CA .




» sin &cp determines the size of CP violation in the lepton sector

Reference

Mass Ordering, 6cp (and octant of 033)

» Why do we want to measure these?

Hierarchy

Anarchy Model:

. . . dGM [18]| Either
® May explain matter-antimatter asymmetry through Leptogenesis v
. . . . e — Ly, — L. odels:
@ Measuring 6cp precisely is needed to understand structure of PMINS matrix and BM  [35] Inverted
: : BCM  [36]| Inverted
underlying symmetries - m - - - m GMN1  [37]| Tnverted
GL [38]| Inverted
- - u ¢ - - - PR [39]| Inverted
) 3 - - - Sz and S4 Models:
CFM [40]] Normal
HLM [41]] Normal
quark mixing leptonic mixing Normal
KMM  [42]| Inverted
» Mass Ordering is a good model discriminator - A
MNY 44 Normal
@ Important to understand if neutrinos are Majorana or Dirac particles MPR  [45]| Normal
RS [46]| Inverted
o ° =
» 023=45° could be a hint for a not yet understood symmetry Normal
. . ) ) . I TY [47]| Inverted
@ Precision needed to test PMNS unitarity and for neutrino model building T [48]| Normal
dependence on mass ordering dependence on dcp Aa Tetrahedral Models:
05— T~~~ T T 1T T 15— 71 T T 1 T T T 1 T ABGMP [49]| Normal
L=735Kkm L=735km AKKL [50]| Normal
sin’(260,,) = 0.15 Sind(29,,) = 0.15 | Ma  [51]| Nowmal
A =0 7 SO(3) Models:
_nﬁza 0 - M [52]| Normal
- B ] Texture Zero Models:
6 =m/2 B CPP [53]| Normal
—0=T Inverted
i Inverted
— WY [54]| Either
Either
Neutrino Energy (GeV) Neutrino Energy (GeV) Albright, Chen, PRD 74, | 13006 (2006)|  gither
Alex Sousa - University of Cincinnati ~~ Expt. v Physics - WIN 2017 - Irvine, CA S 29



T2K Results

Global minimum T2K Runl-7 Preliminary
~12 L B e i B e B S B
E L Normal -
—_— 'y 'y, < — 1 - n
Sop £ 0 => P(Vu N Ve) £ p(yu N ye) ¥ 101 No reactor constraint - Inverted -
» T2K observes 32 veand 4 Ve o -
® Expected 29 ve and 6 Ve for Normal - A
Ordering, 8cp=-1/2 (or 31/2) S R
i) 7_ LARELEEL N L AL EL A L EL EL BLALL A LELAL ILELELE B 4i _—
o - T2K Run 1-7 prelimina NMation = .
2 o P Y —No oscullatlon_? _90% CL ]
o -V « Data . =
© [~ e B . 7 2_ . \
- — Best-fit = N T h
< - ]
g 4 XS — O_I\.%. | | I N
Z F - -3 -2 -1 0 1 2 3
3 o | oo * o — (Radians)
- T ] Global mlnlmum T2K Runl 7 Prellmlnary
- il ] £ F :
- N S <ol . — Normal -
1= te tlee e - w18 w/reactor constraint =
- g . - ---Inverted -
o T T T S PO I O s e e == B 16— —]
0 0.2 0.4 0.6 0.8 I 12 - -
Reconstructed Neutrino Energy (GeV) 14 = =
1] I L B B B 12— -
) - T2K Run 1-7 preliminary __ Ng oscillation 10:_ =
:_Z 25k . Data - 8:30 . =
- X7 — Best-fit - . E
2 20 Ve — 61— -
£ C ] [ .
> - . PI=EE -
ISP E £90% Cl-. S
1:— * 0 [ [ —: 2-%\ =
s | oCL o+ L e ey 1
- : -3 -2 2 I
0.5 P - dcp (Radians)
T = s R -\_\_\_‘_‘_‘_‘\-—; » Prefers large CP violation, 6cp=0 disfavored at 90% C.L.

O ""02 04 06 08 1 12

J. Haigh, FPCP 2017 Reconstructed Neutrino Energy (GeV) > In combmatlon W|th reactor results dlsfavors 6cp—0 at 20
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NOVA Results ' =

» NOVA observes 33 ve events o5k
S . v i
@ background 8.2+0.8 » Also prefer large CP @ o4 —
0.75<CVN<0.87 | 0.87<CVN<095 | 095<CVN<1i ] - - =
N ] Violation O3 @ic M26 O8c - BestFi E
6.05x10%° POT equiv.| -4-FD Data ] - 6 G G ° NH ]
. F biveis | - » Two degenerate best e ———
8 - [ Background ] ﬁt p0|nt5 in N.O. N -
g B i .2 0.6 .
; 10 — Sin 923 = 0404, 5cp = 1.487 ™ E
E L . & 0.5¢
z F 1 |sin® 63 = 0.623,6cp = 0747 £ |
5 _ 0.4p
- 1 » NOvAseesa3o ' ]
03 - exclusion at IH, lower °'3g_l1 c 020 O30 e
oz Re%onst;uctec%ene%y (G1eV) 2 3 octant around &cp=11/2 0 5 6" 3375 2n
» Predictions depend on oscillation NOvA, PRL 118, 231801 (2017) ™%
. . . ) -NOVA FD —— NH lower octant +
parameters. For maximal 823 mixing: = 5F6.05¢10 POT equiv.  — 1. lower octant 3
NH, 37/2 IH, /2, — 4F ---= NH upper octant
3 - ---- IH upper octant
D - > Inverted Ordering in £ =
| _-._"r SE3SSSSsEsasis the lower 653 octant 2 [ T
3 | : . 1 a
: e AR RRRRRN RGN disfavored at 93% CL S ]
gz=N" SEEsssii for all &cp values S g’ n
» CVN - Deep Learning-based event selection » Antineutrino running (ongoing)
A. Aurisano et al., JINST 11 P09001 (2016) See Session Nu-1 will help resolve degeneracies
Alex Sousa - University of Cincinnati ~~__ Expt. v Physics - WIN 2017 - Irvine,CA 31



The Future - DUNE/LBNF

1300 km
= =

South Dakota

Chicago

Sanford
Underground

Fermilab

ResearCh . — id i . - SN ~
Facility — g

The DUNE Collaboration

» High-intensity source, large detector mass, 60 % non-US
A

high-resolution detectors, large matter effects

970 collaborators from'162 institutions ‘in 31 nations

» High-power v,/ V,beam produced at Fermilab
@ Startat 1.2 MW, upgradable to 2.4 MW

» Large underground LArTPC detectors at
Homestake

® 4x17 kton (fiducial mass > 40 kton)
@ 1300 km baseline, detectors on-axis

» Near Detector to characterize beam

» Large international science Collaboration

Alex Sousa - University of Cincinnati ~ Expt. v Physics - WIN 2017 -



The Future - DUNE/LBNF

Mass Hierarchy Sensitivity CP Violation Sensitivity
30 — 10
D U N E T- I o zUNE IS(e)n:ltlYIty I:I 7 years (staged) DUNE Sensitiyity - 7 years (staged)
Imeiline Normalordrng o [ 10 years Gtage NomaIOnerng ] 10 years (staged
6,,: NuFit 2016 (90% C.L. range) ====== sin2623 =0.441 = 0.042 8,5: NUFit 2016 (90% C.L. range) ====== sinz(.)z3 =0.441 = 0.042
o
‘ P
< -------------------------------------
I
© 4
2018: protoDUNESs at
CERN
Q.' —0.8-06-0402 0 02 0.4 06 0.8 1 Q1 ~0.8-0.6-04-02 0 0.2 0.4 06 0.8 1

Scp/m S¢p/m

2100240 ==1i Blziizleite)sl  *> Neutrino mass ordering determined at > 5o for all parameter values
Nl l==e[lfEl  » 5o discovery of CP violation if 8cp near -1/2; 30 over 65% of &cp range

- DUNE Sensitivity (Staged)

1 2=Normal Ordering
= sin’26,, = 0.085 = 0.003

o, = 2 12

L. DUNE Sensitivity (Staged) B s, =2
[ 100% of 5, values Y (Stag s

X ) . Normal Ordering [ ] 50% of 5, values
[ o’ Nominal Analysis L sin’20,, = 0.085 = 0.003 [ 75% of 5, values
[ sin°e,, = 0.441 = 0.042 A ssuees 0,4 & 0,4 unconstrained 10 —sinzem =0.441 = 0.042 m— Nominal Analysis

10 T 6,, & 6,, unconstrained

7 years

o 1 2 3 4 5 6 7 8 9 002468101214'
Years Years
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The Future - HyperK

» High-power v,/ V,beam produced at JPARC
@ 1.3 MW beam power by 2026

» Large Water Cherenkov detectors near Kamioka
@ 2x260 kton (fiducial mass ~200 kton = 10 x SuperK)

@ 295 km baseline, detectors 2.5° off-axis
@ 46700 PMTs (40000 50 cm, 6700 20 cm)

» 300 members from 15 countries in protoCollaboration

FY 2016|2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
2015

Suvey|detailed desig Cavity excavation | Tank construdtion

———

» Exclusion of sin(6cp)=0 at 30 for 78% of &¢p values and
at 50 for 62%

T2K-11 will continue operation during construction, can
reach 3o sensitivity to CP violation by 2026

nsor
stallati

Accesstunnels

ater

Photosensor development

filling )
Beamup to 1.3MW_

12 Ll l L) LA ] L) Ll L ] L] L LI l L) - -
© " Known Hlerarchy - 20 ——————— .T":Klpr?“rf‘"]ar}’ .
10 - — sinze =0.50 - ? 20x10%' POT w/ eff. stat. improvements (no sys. errors) i
_ 3 i % - = ==x 20x10%' POT W/ eff. stat. improvements & 2016 sys. errors -
- = Q45 [ —— 7.8x10°'POT (no sys. errors) .
8 B - (% | - - = 7.8x10% POT w/ 2016 sys. errors. i
- _ ) B 7
6 . S B i
. . S 10F —
- - o e Al wh el ‘Sl 2 Al b
4 - X - 7
- - (©) 5 —

— - -+
21 : Iy n -
; : X I -]
0 I il l LI | l P S - l Ll 1 1 LA A 1 sa g a1y . < - -
-150 -100 -50 0 50 100 150

0500 00 o0 100 200

M. Hartz, NuFact 2016 CP See Sessmn Nu-Z See Kutter plenary True 5op

S~ 53 = S < 8 = J < '@ 53
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The Future - PINGU ORCA JUNO

» PINGU - Upgrade to IceCube 3

| = |nverted Hierarchyi
» ORCA - Upgrade to KM3NeT 15[~ Normal Hierarchy |

1 1
—

Cun = X2 = -4.3 (-3.1 expected
10

* only few (26) strings

— number of holes to drill is a driving cost factor
* very dense packing of optical modules

— 192 per string with a vertical spacing of 1.5 m

(~50 kt ~ 2 x SK)
(~3 kt ~ MINOS)

B —

0 2 4 6
J. Kameda, NuFact 2016 6cp

Deehe24TSm » SuperK favors N.O. at ~20
: s ; , J from atmos. neutrinos

= NO (A5|mov) e NO (LLR) ‘ z s
7 __Io(Asimov) ........................ IO(LLR) ................... ! .............. _. 8 KM3NeT
6 [ SR R S 5 S S ; — NH, 6, = 42° e
S 5 Y 1 N n I [N SN S AN S SO —
s PINGU o P ¥
Eﬁ/ 7 (N SO 8 6; ----- NH: 05 =48 "" o VLA
:b jc 7] S ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, § 53 _____ H, 0,.= 480"3”"'
) S SO S SN S s F ’
S-) 4_ """""""""""""" Vé
T b e PRELIMINARY ....................... (j_) E
0 % 3: """"
10 ; ; ke 2:_
[o 7 R \ ,,,,,,,,,,,,,,,,,,,,, NuFitVZO(Free+RSBL) " (0] -
NX O f ...... "'""NO ........ ___|0 - 2 1_:_: ------
4 B L NN oo S I AN 5
2 b O N———eeee T S
0

035 o040 045 .0-2'50 055 060 0 2020 2021 2022 2023 2024 2025
P. Eller, NuFact 2016 S % Date

» Can determine N.O at 3o over 3- 4 years

See Sessmn Nu-2

— = > < ~Ae = = S < o 52l S
- ~ . i o ~ = =
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» JUNO - 60 km baseline reactor
experiment near Daya Bay site

Palo Verde
Chooz ® KamLAND

10> 100 10t 10
Distance to Reactor (m)

—
S r

25 — T T 1

T
Normal true MH
20 - -
N
7 \
______________________________________________ Y R
N
10 -
I\
=
< = = True MH (G, = ©)
5L = = False MH (G,, = ©) .
True MH (c,.. = 1.0%)
False MH (G, = 1.0%)
1 A 1

0 1 " " . " " L
234 236 238 240 242 244 246 248 250

|IAMZe| (X10” eV?)
» 30 determination of mass ordering
with 6 years of running
» Under construction, operations
starting in 2020 W. Wang, NuFact 2016
35




Answering the Questions...

NuMI Beam Horn, January 2015
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Effect of Systematic Uncertainties

50% CP Violation Sensitivity » Reduction of systematic uncertainties essential to timely get to the physics
DUNE Sensitivity =] cor Reterence pesig in future experiments
Normal Hierarchy - Optimized Design ) ] )
@ Note: NOVA and T2K report 11% syst on their sample bgs and 6-7% in signal

sin’26,, = 0.085
s NO §ysumaﬂcs (W%)

sin’e,, = 0.45

5%1% S - v T — 7% v+ v (31%) L S S S S B S T -
= — 5% v+ V(47%) =i
B — 14  HyperK AR 1% —
X = ssus All 2013 systematics (56% -
’ |e~:\< --------- 5%®3% o 12 - y =
< - =
“ 10— =
o = -
81— —
Optimized . 3 =
beam 4 -
Reference - o
beam 2F =
1 1 1 l LA 1 l LA L l LA 1 l | l L1 1 l LA 1 l A 0 i 2 . 1 2 1 1 l 1 L 1 L l 1 L 1 A m
% 200 400 600 800 1000 1200 1300 3 2 N
D. Cherdack, NuFact 2015 Exposure (kt-MW-years) M. Hartz, NuFact 2015 [nput
dN] & ror
A
Vi =V 0SC signal dErec fpv#—we(Ev) * 4)35”(51/) * Ffar/near (Ev) * Uver (Ev) * Dve (Ev'Erec) dEv
e . . near -
: dNVu f¢17}5ar(Ev) g 0.134: (Ey) * Dgiar(Ev: Erec) dE,
dErec

. . A. Weber, DUNE Meeting (2017)
» Near Detector is essential

» Cross sections of ve,Ve measured in FD not directly cancelled by ND measurements of v,V
® Need better knowledge of ve, Ve cross sections and uncertainties on G(ve)/0(vy) and 0(Ve)/0(Vy)
» Precise understanding of absolute flux rate and shape necessary to disentangle convolution of

hadron production and beam optics, cross sections, and detector effects to determine energy scale
@ Hadron production experiments, test beams, and detector R&D

— - ——

Alex Sousa - n|vr5|ty of Cincinnati
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Near Detectors

Q 2T T T 1 T T T 1 | —_ - w/o ND w/ ND
= ; v, disappearance analysis ‘ ¢
= 5 PRELIMINARY measuremen measuremen
> 1.5 e v flux and flux 7.1% 3.5%
5 f 5 Cross section (g section cmn to ND280 5.8% 1.4 %
ISR (flux) x 9.2% 3.4.%
% 0 52_ B (cross section cmn to ND280)
E ) - l - cross section (SK only, include ) 10.0%
Or —: multi-nucleon effect on oxygen 9.5%
0 5:_ _Z total 13.0% 10.1%
o E - Prior to ND280 Constraint E Final or Secondary Hadronic Interaction 2.1%
-1F 53 _ Super-K detector 3.8%
C After ND280 Constraint ] total 14.4% 11.6%
. { S Y Y B ' '
. ~ W = = =
& <§U C_S') é') SO EO ;9 Sp ED Z § é‘) gO s & K Mahn, NuFact 2015  Fractional error on number-of-event prediction
2 i s s s pUSB TS 222538 : -
& & S 5 22882 » Impactof ND280 in T2K analysis
o o I £ 2 = 8 Z
S © . . . . L
8 8 a 8 8 8 Z ® Large reductions in flux and cross section uncertainties
8 O 9 . . . . . .
HyperK ND - “ @ Motivated improved modeling of neutrino interactions
' T with correlated nucleon pairs (2p2h)
3l
e DUNE ND LAr TPC (ArgonCube)
! B Ot p T o High Pressure Ar Gas TPC
H/\ Fine-Grained Tracker ) | - -
N u P R I S IVI """"" =3 BARG%;‘”E)CAL SOLCLS::OID MAGNET YOKE

Probe the neutrino ene.kgy
vs. reconstructed energy
relationship

SURE
L/TPC

REAM
(10Xe)

DOWNS'
ECAL (

o 6.5m

See Session Nu-2
Straw Tube Tracker (Argon target) ) BOTTOMFLANGE : : 4

< -

< 2 -
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Hadron Production,

SHINE / NA61 CERN-SPS

] w ZDC
o

Single-Arm; T

Spectrometers

Hadroproduction measurements
p(r) +A—h+X

Time of Flight
i

MIPP/ FNAL-E907

Chambers

eeeeeeeeeeeeeeeee

~rimeter -,

A. Bravar, ICFA 2014 =

» In 50 years we have gone from 30% uncertainties
on v fluxes to ~¥10% while increasing proton
fluxes on target by ~103 - 104

SK: Positive Focussmg Mode, v, K. Kowalik, NuFact 2016
03 — - —————

—
g m— O Il ons Vienal Moce i g -
E m— Proton Boam Protie & OMaxis Argle Proton Number )
g Horn Currer & Fielo w—13av1 Erve N
§ 02 Horn & Target Algrrant * 11v32 Emor ]
£ | 2009 NA61 data mcIuded ;
-~ -

| [P

P *w -- 4

\-'

T2K E,~0.6GeV 1

0==
10” 10

E, (GeV)

» Ongoing 2-year NA61/SHINE program for

G. Zeller

T2K | HK
NOVA

TOTAL

v cross section / E, (10 cm?/ GeV)

S
®
2
39-
uf
S~
S
c 0. %
I> .
107 1 10 10°
Ge
J. Nelson, NuFact 2016 E, (GeV)
uE@
MicroBooNE I3 S
+ 170 tons of Liquid Argon £ .
Time Projection Chamber &
(LAFTPC) i
+ Broadband BNB at FNAL Z 1o

15 20 25 30
Energy (GeV)

LBNF/Nul\/II Aim to reduce flux uncertainties to ~5%

S~ > > o~ -

Alex Sousa UnlverS|ty of Clncmnatl
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Cross Section Measurements

T2K near detectors T2k
ND280 (off axis) and INGRID (on axis)

++0 is (INGRID) |
TPCs, fine-grained
calorimetry &
muon tagging in
magnetic field
Iron, CH, water

rino flux (A.U.)

NOVA Near Detector

Mostly active segmented liquid scintillator
(low Z) target with muon range stack
In a narrow band off-axis beam

Side view of Near Det.

= e ot L@I -
MINERVA

= Finely segmented solid scintillator detector in NuMI

— Active tracker is made completely of scintillator

— Calorimeters are scintillator with either Iron or Lead
= Upstream targets composed of Iron, Lead, Carbon, Water and Helium
= Magnetized MINOS Near Detector serves as muon spectrometer

Elevation View

Side HCAL
Side ECAL
& v-Beam U/
-] | [t CHpY x
2 SE g2 [iio)s
= [ [B%s ! X P 9% =] £
w [ Jo Active Tracker Region E oE <
= L 52R ElE 2£ T
] \ IS = 55 S5 b
& <8 55| 23
2 Liquid 29 8.3 tons total 8o
Helium « o
15 tons| 30 tons
Side ECAL 0.6 tons

Side HCAL 116 tons

(- 5m
NIM. A743 (2014) 130

See Session Nu-3

o~ = 2 - A o _ =

39



Systematics - R&D, Test Beams

ProtoDUNE Dual Phase

Major CERN investment to support DUNE

EHN1 extension in the North area

The ANNIE experiment G

Two tertiary charged-particle beam lines A i i :

. = , Seeks to measure the abundance of final state neutrons
Two 8mx8mx8m CryOStatS & cryogenic from neutrino interactions in water, as a function of energy
systems (see arxivi1409.5864 and arXivi1504.01480).

= [t is also the first application in a HEP experiment of LAPPDs (Large-
Area Picosecond Photo-Detectors).

first 2 radiation lengths of a 1.5 GeV i — y y

reconstructed

A key physics measurement in understanding the nature
neutrino-nucleus interactions.

Application of a promising technology for detecting neutrinos.

Both ProtoDUNESs aim to begin data taking

in mid 2018. . . .
ryogenic pparatus for recision estsof rgon
LArIAT nteractions with eutrinos - CAPTAIN
“Table-top” (170L) LArTPC in a test beam — 5, Los Alam
at Fermilab Test Beam Facility —— Sl i |
- Repurposed ArgoNeuT detector Ny : I~ Hamamatsu R8520-PMTs

MicroBooNE electronics

- Physics goals: . :
LAPD style Purity Monitor

- 1-Ar interactions

- e/y shower ID

- u-Ar capture

- non-magnetic charge determination
- kaon studies

*Funded by Los Alamos National Lab (LANL) { 77OOL cryostat

Geant4 validation
_ R &D goals: Laboratory Director Research & Development 1 meter drift
Ooti PID al ith lori t ith (LDRD). Now a multi-instituitional collaboration. lor 5-ton fiducial mass
ptimize algorithm, calorimetry wi * A portable full-scale liquid argon TPC (CAPTAIN) : 500 V/cm drift field

charge & light, and 2D/3D event
reconstruction

and a prototype (Mini-CAPTAIN). 1 3-mm wire spacing
* Study interactions in liquid argon with neutron . . :
source at LANL and neutrino beams at Fermilab.

} See SeSSIOn nu-4 See SeSS|0nS Nu-Z 7 Jianming Bian - DPF2015 1

< i = = = - i 3 = S Ny <
e s S > ~ . S o > -~ = = Lo ~
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Answering the Questions...

Beyond the Three Flavor Paradlgm
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"Anomalies”

« LSND v, — v : : _
H € « GalliumAnomaly V. — Ve . | ey sace _:
— Excess of electron antineutrinos from decay- _ GALLEX & SAGE o o
at-rest (~3.80) . S «  Designed for radiochemical - 2 :
2 ! detection of solar neutrinos < g GALLEX SAGE ]
§ 17.5 ® Beam Excess \g- o f ? ? Cr2 Ar
w i . — Measured rates for calibration > °F g A A IS
g 15F S pOTeen 51 37 ?l 4 N
8 125l P, e sources 5'Cr and ’Ar was ~2.70 . _f i
T EER other below expectation - s F R E
. o Y | R=084%0.05
7.5 _ NE - Feldman-Cousins — °
i S 3 E g?)%:tsant Slice
St N Gariazzo et al. J.Phys. G43 (2016) 033001
25F DOI:10.1088/0954-3899/43/3/033001
1
0 ! e
04 06 08 1 12 14 o |
L/E, (meters/MeV) * Reactor Flux p, — 1,
A. Aguilar-Arevalo et al. Phys. Rev. D64 (2001), p. 112007. | 10 o3 e o o _ Recalculation of expected reactor flux found systematic
bias in previous predictions
. = V, — Ve - , , , , , , — — New prediction is ~6%(~2.50) greater than world
¢ MlnlBOONE DH D % 15 Antineutrino 3 average of experimental measurements
¢ Data (stat err., 1
K € & 10 %ﬂj’:ﬁ;ﬁ ) E o * Indicates observed deficit |Gariazzoeta|. (2017). arXiv: 1703.00860 [hep-ex]
- DGSIgned mOtlvated by LSND 08 == =;5:;?,TdKu _ - ' —a—’ Bugey-3 —+— Daya Bay o ILL’ —&— Palo Verde #- Rovno91
o« [IEH o R e T T
KARMEN results N ot e ] _ = _
: 3
— Observed Low-energy excess  * = 2 o
. % 25 ) N
in e|eCtr0n f|aVOr % f § : R b b b
. g *° c Deficit
* Neutrinos (~3.40) . 8 -
« Antineutrinos (~2.80) w0 o o R-0940£0024
° 10 102 10°
°e ; L [m]
e oeeoee o2 wigooe ) Oscillation interpretation requires Am?~1 eV?
i s A. Aguilar-Arevalo et al. Phys. Rev. Lett. 1vi 1 1 1 ?
110 (2013), p. 161801 J. Todd, MINOS+ Wine&Cheese (2017) © |V||X|ng with sterile neutrinos
Alex Sousa - University of Cincinnati Expt. v Physics - WIN 2017 - Irvine, CA 42
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Vy — Ve
Vy — Ve

« KARMEN2

Null Results

— No excess above background from spallation

source with decay-at-rest

L

..‘;
o
z
g
<1
10 F _
>
95% C.L.
AreClL.
1 = 1
g 63% C.L. E
-1
10k
lD': sl Loy 1 -
107 10 107 1

Church et al. Phys. Rev. D66 (2002), p. 013001.

VM — VM
« MiniBooNE/SciBooNE

. . v, — U
— Search for muon (anti)neutrino ¥ a

disappearance in neutrino beam

— Dual-detector fit over short baselines

» SciBooNE as near detector and
MiniBooNE as far detector

— No evidence seen in either neutrino
or antineutrino channels

100 m 440 m

See Giunti, Cao, Diwan talks

IlceCube ol
>
— Detects no evidence of beyond three -7
. . : : <01l
flavor oscillations in atmospheric O ————==1
neutrinos traversing the earth B |
wen Collin et al. (2016)
10°¢
=
i 2L

-

enertoner = JceCube 99% CL
4 9% CL sensitivity :
(68% and 95%)
M.G. Aartsen et al. Phys. Rev. Kopp et al. (2013)
Lett. 117 (2016) 071801 102 = Collinetal (2016) | |
1072 107! 10"

- MINOS+, Daya Bay "+ " A

10?

An?[eV?

90% CL limits from CCFR and CDHS
777777/ 90% CL limit from MINOS

MiniBooNE only 90% CL sensitivity
I MiniBooNE only 90% CL limit
--------- 90% CL sensitivity (Sim. fit)
s 90% CL observed (Sim. fit)

(SRS, o e R 90% CL observed (Spec. fit)

A Lo bt b b b la s b adaagg
01 02 03 04 05 06 07 08 09 1

sin® 20

Ve % Ve 103 Elllll T IIIIIIII 1 IIIII|T| 1 IIIIIIII 1 IIIIIIII 1 IIIIIII| 1 IIIIIE
Combination of two disappearance Eecol% C.L. Allowed Preliminary 3
B LSND ]
measurements comparable to LSND 10% F—winiBooNE Mo+ =
— MiniBooNE (v mode) Daya Bay 7

Disfavors sterile mixing over large 10 L MKopp et al. (2013) Bugey-3

r-= Gariazzo

reg|ons of parameter space “etal. (2016)

11 III|_|,| | IIIIIII| |

3
B
S3
S3

3

IIIIII| 1 IIIInTl 1 IIIII|T| 1 III-IIIII LI I

" 90% C.L. (CL,) Excluded
102 E—NOMAD

E --- KARMEN2

[ — MINOS/MINOS+ and Daya Bay/Bugey-3
10—4 1 1 1 il 1 IIIIIII| L IIIIIIII 1 I|||I||| L L 1Ll

10° 10° 10* 10° 102 10 1

P. Adamson, et al. Phys. Rev. Lett. 117 (2016), p. 151801 Sin226 = 4|U |2|U |2

» Also SuperK, IceCube-DeepCore, NOVA, OPERA,

J. Todd, MINOS+ Wine&Cheese (2017)

Mahn, K et al. Phys. Rev. D85 (2012), p. 032007.

S~ S R SR
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Future - SBL Experiments

_ . . . 102 . .
» Short-Baseline Neutrino Program at Fermilab z E 7500,6 50120 POT o0
- ‘.~ MicroBooNE, 1.32e+21 POT (470m)
® Three LArTPC detectors in the Booster beam, data takmg starts in 2018 - , A= SaND. 560120 POT (100m)
S , oL =
= v mode, CC Events
- Reconstructed Energy
B 80% v, Efficiency
B Stat., X-Sec., Flux, Cosmics, Dirt
Ve Only Fit
3 —90% CL
s —3s CL
B ---56 CL
- 50
107" mmisnpsov%cL N
E ] LSND99% CL
- LSND Best Fit
C Global Best Fit (arXiv:1303.3011) s
| 2% Global Fit 90% CL (arXiv:1303.3011) S S
+ Global Best Fit (arXiv:1308.5288)
‘ - = Global Fit 90% CL (arXiv:1308.5288)
MicroBooNE —’——— 1072 Ll Lol Ll L1
-4 -3 -2 -1
MiniBooNE RN - Near Detector 10 10 _ 120 10 1
Far Detector v SBND sin“2 eue
ICARUS — 760t LAr , , 180t LAr 35 [T e
D. Schmitz, ELBNF Meeting (2015) : Band: Variation of 6,4 ( true) ] ]
2 . . i NH (true) 7] 3
» JSNS* will use decay-at-rest beam from spallation source 30 Mo =00 1S
i m— 3y 1~
I 1o
@ Direct test of LSND, potentlal exclusion at 30, data taking starts in 2018 2sf R 13
MLF building (bird’s view) 2 : '\ l‘| : §
= y 4_0' 10 E - - 4 1 1 13
_ L E E—— JSNsto%CL > ook \ 1%
q Ly E A == JSNS2 6 20 - :U
Yty P E T — i::i ::%CL o i 4o 12
Detedtor @ rdﬂoor Y, { < 10 = = E LSNDSS%C.L . a2 T - Bl ST S
32 » e E [ oremacony s, < N
% ff C 5:—— . IceCube+SBLa!Iowed (90%) i %
’ .: y — A ® 99% from arXiv 1607.00011v2 10':____ - ____3(_7_ ___________ ___E g
50t Gd-loaded liquid 1 = - 130
cintillator detector C I 1 S\\
(4.4m diameter x B 50 15
4.4m height) , r ] S
150PMTs 10E PV YA /0 \ e
3GeV pulsed proton C -180 -135 -90 -45 0 45 90 135 180
beam -
10—2 1 1 L1 1111 1 7-I Ilwlql"ll:llyamal IIC.IHIEE 20:16| 11 1111 613 (true)[degree]

Searching for neutrino oscillation : v, 2 V. with baseline of 24m. 104 10°2 102 10"

1 . . a1y e
no new beamline, no new buildings are needed = quick start-up si20 » |f sterile neutrinos present, they will ImpaCt

See Sessmns Nu-3 7 See Cao plenary interpretation of future results on 6¢p

— 7 2 - y 53 7 S 2l 1 2 < o Tyr— o e 52 7 2 - 9 Seats
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Future - SBL Experiments

» Short-Baseline Neutrino Program at Fermilab
@ Three LArTPC detectors in the Booster beam, data taking starts in 2018

Lemen “ L /AMersToort (AT
& Utrecht
The Hague % S b9 50
\> | Arngem
Rotterdam % /~\J =N )y -

&
W om m” -

% Y.
[A29] Dordrecht < . Ogs
- S “'m 2591
N A5
/a \\
SeraR Brgda Tilburg
: ICARUS 2 . O
Middelbl.ofeed: 0.0 km/h D =3 o\
o | Date and Time: 2017- In §OOVen
Vlissingg 06-18 22:44:02 A67

Knokke Heist
L

Ostend Bruges

E19
AntWerp

ICARUS 1
E40 | Speed: 0.0 km/h
oDe Panne ES0] Ghent Date and Time: 2017-
O /| 06-19 02:51:53
(E403 \( =
Leuven

Brussels o
279 Kortruk @

- ]
S = > < N S = I 7 > < APTES 7 2 < RETES
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Future - SBL Experiments

_ . . . 102 . .
» Short-Baseline Neutrino Program at Fermilab z E 7500,6 50120 POT o0
- ‘.~ MicroBooNE, 1.32e+21 POT (470m)
® Three LArTPC detectors in the Booster beam, data takmg starts in 2018 - , A= SaND. 560120 POT (100m)
S , oL =
= v mode, CC Events
- Reconstructed Energy
B 80% v, Efficiency
B Stat., X-Sec., Flux, Cosmics, Dirt
Ve Only Fit
3 —90% CL
s —3s CL
B ---56 CL
- 50
107" mmisnpsov%cL N
E ] LSND99% CL
- LSND Best Fit
C Global Best Fit (arXiv:1303.3011) s
| 2% Global Fit 90% CL (arXiv:1303.3011) S S
+ Global Best Fit (arXiv:1308.5288)
‘ - = Global Fit 90% CL (arXiv:1308.5288)
MicroBooNE —’——— 1072 Ll Lol Ll L1
-4 -3 -2 -1
MiniBooNE RN - Near Detector 10 10 _ 120 10 1
Far Detector v SBND sin“2 eue
ICARUS — 760t LAr , , 180t LAr 35 [T e
D. Schmitz, ELBNF Meeting (2015) : Band: Variation of 6,4 ( true) ] ]
2 . . i NH (true) 7] 3
» JSNS* will use decay-at-rest beam from spallation source 30 Mo =00 1S
i m— 3y 1~
I 1o
@ Direct test of LSND, potentlal exclusion at 30, data taking starts in 2018 2sf R 13
MLF building (bird’s view) 2 : '\ l‘| : §
= y 4_0' 10 E - - 4 1 1 13
_ L E E—— JSNsto%CL > ook \ 1%
q Ly E A == JSNS2 6 20 - :U
Yty P E T — i::i ::%CL o i 4o 12
Detedtor @ rdﬂoor Y, { < 10 = = E LSNDSS%C.L . a2 T - Bl ST S
32 » e E [ oremacony s, < N
% ff C 5:—— . IceCube+SBLa!Iowed (90%) i %
’ .: y — A ® 99% from arXiv 1607.00011v2 10':____ - ____3(_7_ ___________ ___E g
50t Gd-loaded liquid 1 = - 130
cintillator detector C I 1 S\\
(4.4m diameter x B 50 15
4.4m height) , r ] S
150PMTs 10E PV YA /0 \ e
3GeV pulsed proton C -180 -135 -90 -45 0 45 90 135 180
beam -
10—2 1 1 L1 1111 1 7-I Ilwlql"ll:llyamal IIC.IHIEE 20:16| 11 1111 613 (true)[degree]

Searching for neutrino oscillation : v, 2 V. with baseline of 24m. 104 10°2 102 10"

1 . . a1y e
no new beamline, no new buildings are needed = quick start-up si20 » |f sterile neutrinos present, they will ImpaCt

See Sessmns Nu-3 7 See Cao plenary interpretation of future results on 6¢p
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Future - Non-Accelerator Ex

N. Bowden, Neutrino 2016

pts.

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability
DANSS 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
(Russia) LEU fuel PS & Gd sheets
NEOS 2800 MW ~20 Homogeneous none Direct double | recoil PSD only
(South Korea) LEU fuel Gd-doped LS ended PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil ..
(USA) 23y fuel ®Li doped PS 3-axis Opt. Latt & capture PSD 7
Neutrino4 100 MW ~10 Homogeneous 2D, ~10cm Direct single Topology only ':
(Russia) 23U fuel Gd-doped LS ended PMT :
PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recoil 5
(USA) 25U fuel *Li-doped LS ended PMT | & capture PSD o
\‘l
{
Solid 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology, \
r Be ue iZn multiplex capture
(UK Fr Bel US) 25U fuel ®LiznS & PS Itipl PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
(USA) U fuel ®LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD
Stereo 57 MW ~15 Homogeneous 1D, 25cm Direct single recoil PSD - 10
rance ue -dope ende s
(F ) 23U fuel Gd-doped LS ded PMT
2
NEOS Preliminary T |
LI I 1 |l LU I ‘ 1 l LI I O c -
" RAA allowed (§ 7 60 —}— Data signal (ON-OFF)
- . - = mﬁ Il Data background (OFF)
i 90% C.L. ! | _92 T H-M (flux uncertainty)
95% C.L. ‘. 8 a0l : H-M + excess fit (1o err) 1 —
o 99% C.L. -‘ - = L Full uncertainty =
, S e =
; & -
Q -
— L2 N
‘% 1 - Excluded E §
= | —— NEOS 90% C.L. - w il oS0
T or — — Bugey-390% CL. ] el
a | . M ST CrSOK: 9% CL
e DayaBay 90% C.L., _ c 107 o CeSOX 98% CL
N e ] £ L eeeee CoBOX 99% C.L
A 2 " e— gnomalios 95% CL
L, - g:’ | ewwes ancmales PN CL
2 * bestFa ‘
o » | ' e e A A s ' s .
o - B = 2x10%  3x107 10" 2x10"  3x10"
Coov ke 1 Ll 1 L1l T 8'“’”
102 10" - 2 3 "
sir20,,  NEOS, PRL 118, 121802 (2017) Frompt Energy [MeV]

» CeSOX - Use powerful *44Ce V. source in
Borexino detector. Use “oscillometry” within
detector to look for sterile neutrino mixing

» Multiple reactor experiments will address

reactor anomaly and “5 MeV bump.
See Sessmns Nu 1 4

= 9 < a0 g = 7 9 < = < =5 Ny == = 2 < AP = =
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Other BSM Searches

» Non-Standard Neutrino Interactions

» Non-Unitarity of PMINS matrix
KamLAND SNO

Reactor LBL v  gg1ar CC /NC Ratio

Vequappearance

o
.
------

??

SNO
Solar NC fluxes

» Heavy Neutral Leptons

* Neutrino portal to Heavy Neutrino.
* The HNL coupling to SM “should not” be more than U2 ~ 107.

e e
| n | K—>vh+{u | Ds—>vh+{u |

5o MeV 140MeV 500 MeV 2GeV Mass of v
Appelquist and Shrock, PLB548,(2002) & PRL90,(2003), & PRD 69,(200

e
T - v, +{

TT:

A. Hatzikoutelis, DUNE Meeting (2016)

See Sessions Nu-1,4,5,6, 8

S~

Alex Sousa UnlverS|ty of Clncmnatl |

Reactors SBL

v.Disappearance

- T ~ / MO/ T2k
......... _| ' V. Appearance

MINOS/T2K

v,Disappearance

OPERA and SK

v, Appearance

leptonic
decay

Expt v PhyS|cs WIN 2017

S. Parke, M. Ross-Lonergan, PRD 93, 11309 (2016)

NC\/

Lo = “J’NPV )(f7,,PL Rf )

d

Lye =, 7" BV YLV Porf)

d

CCNS| —« d —NC NSI

production, detection

propagation

amman
.....

0
H=U Ams5, /2E U' + Vmsw
Am3, /2E
m m m
o 1 + Eee eeu, ee'r
- Tk m m
Mm% m*x m
€er €pur Err
» KeV sterile neutrinos as dark matter
5 '?e ECHO AN T@ KATRIN
10~ /o,,. (most optimistic) ™ e, (most
1@6(}. % optimistic)
o OI] \~s
:
E
—~ 10_6 =T LTI N S
> (=N S bbb LL T PIRSNE
5 | DM o radiation |
I g Model—dependent Qve 1)1()(/“
o= structure formz mon - Clion
107°F bounds
g : " Boy'usky
L |scalar decay (sat.)—»] PN Bulbul
B~ ]scalar decay (Ly— a)—:—». S
resonant (satellites) — : L /i/\ .
resonant ELy —a) ! : S /"Q/
10—12 1 . R Y AN . .
0 5 1 5 10 50

M. Drewes, NuFact 2016 M [keV]

» And many more...
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Neutrino Mass from B-decay

» Measure deviation from m(Ve)=O eVin %i T e %%.8 ran et
. s 08 9
endpoint of B-decay spectrum. Need: 3 3 % 0s g
® high-luminosity source s 04 |
® low-energy endpoint > 02 | s o 15
® low background v °f m(V)=1ev ]
e extremely good energy resolution, e w e w2 "
calibration and stability Fiectron-eneray £ [kt i

Calibration& Windowless

Monitoring Gaseous Tritium Transport & " B Detector
Source Tritium Pumplng Spectrometer
retarding energy qU - E_ in eV
= N - N - NN N S -
» KATRIN uses a tritium source and a giant 10f - a
. _ 13 -—_ 1, ‘__.mf 3
spectrometer SH— °Het +e + 7 o I“s« ]
0.01f , s
® 0.2 eV 90% C.L sensitivity on m,, factor of 10 | | ;
. . . 0.00 fv———v==3+ T = ] z 7 4
improvement over current limit. ’ ”HH““J{ * ‘ N ’
® “First -Light” in October 2016, electrons went through 001} {U l .l
the full 70-m beam line L | ‘? }
. .- . . . . 0.02} m, 5 7 me ?
® First tritium data with entire beam line in 2018 Bk iuBng ' . ' | '
® 5 years of operation .- Simulation m,=350 meV ﬂL :
o aoooanaonaoanononon . AOA0On0R
-30 -25 -20 -15 -10 -5 0 5
/. WO/]i SURF 2017 retarding energy qU - E_ in eV

o o= — S Lar—onpa AP Ss T - A S
5 P s — o a2 Ny A e
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Neutrino Mass from B-decay
» Thermal calorimetry using Holmium ’\‘O/y"/

163 163)y* |\
Ho — "°°Dy* + v, o o
4
Low Qgc ~2.8 keV and T, ~ 4570 years Cyclotron radiation from tritium spectrometer
800 . uniform B-field,
T T T U Y X N tic t
" Non-destructive measurement of oL ol K magnetic frap
\ — milve)=0evic electron energy via cyclotron ; 3H-3H low-pressure
600 | —=-mve)=2eVic' || frequency: . gas cell
> \ === m(vy)=5 ev/c? R :
® We eB R R & K
S w(y) = ~ = Bin + e C  EEELCHIEELEY
~ 400
2 .
C y
§ EAVAVAVAV)
200 |+ First observation of cyclotron radiation from single electrons
25
€A Asneretal., PRL 114, 162501(2015)
02826 2828 2830 2832 2834 780 20
Energy / keV N . collisions with 5
788 residual gas o
s £
» NuMECS/ECHO/HOLMES = . s
G 786 i
» R&D for calorimeter arrays 3 el toping: =
3 784 + sudden onset i s
X = 1 of narrow-band ' 10
, g O _ . steady energy scatter out E
\ o 782 decrease by of trap ! =)
S\ absorber cource w 3 cyclotron emission @
N 780 = e ~1 fW radiation loss 5
N ' N paramagnetic
o X : sensor (Au:Er) .

Time (ms)

» lk-channel arrays will reach 10 eV (90% CL) » Aiming to reach 2 eV (90% CL) by 2020
sensitivity by 2019

» 10° 1k-channel detectors can reach sub-eV

reach sub-eV sensitivit
Sensiﬁvitv in 2 years K. Valerius, Neutrino 2016 See Formaggio plenary
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Neutrino Mass from Cosmology

» Cosmological limits on sum of neutrino masses are dominated by Planck CMB data
» Constraints are model-dependent and vary with data sets used

8 | | 1 1
X = Planck TT+lowP
S N — lensing i E m, < 0.23 eV (95 % CL)
T> 6L \ = text _ Planck. A&A 594. A13 (2016)
k ==+ Planck TT,TE EE+lowP
2, \ e - 0
> 5 \ ==+ +lensing Neff_ 3.15 +-0.46 (95/3 CL)
2 == fext 10° .
3 4 /
2 ,
= 3
0
R
o 2 /
o . 202
1 S U/,]{)l
Seea \Q.)/ I /S S/
0 e — / /
0.00 0.25 0.50 0.75 1.00 3 -Future Cosmology - - A~/ ------- ] '//'/
Zmy [eV] AN nverted Hieralsl ac_,e\‘\(\e v / /‘// /
100 [ Lond / ‘// /‘/_
» TT: temperature power spectrum : S
» TE: temperature-polarization cross spectrum - porma! HIEE= '
p. _ P P St Future Cosmology - -} -~ -~ 1
» EE: polarisation power spectrum. . /
» lowP: Planck polarization data in low-2 likelihood L . . vV

10° 10° 10"
mlightest (GV)

K. Abazajian et al., Astrop. Phys. 63, 66 (2013)

» lensing: CMB lensing reconstruction
» ext: External data (BAO+JLA+HO)
@ BAO: Baryon acoustic oscillation

® JLA: Joint Light-curve Analysis (of supernovae)  » Upcoming dark energy Experiments DESI, EUCLID,

* 10: Hubble constant LSST (starting between 2018-2021) will have
sub-eV sensitivity to neutrino masses

: S5 e — e = = ~ g = =
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Answering the Questions...

Are Neutrinos Majorana Particles?

Neutrmoless Double Beta Decay From Symmety Magazie, 0 /30 /15
‘Alex Sousa - UnlverS|ty of Cmcmnatl . xph |'2'7ife", AR ! RO =



Neutrinoless B3 decay

» Observation of OvpBB decay would establish
@ Neutrinos are Majorana particles
@ Lepton number violation
@ Neutrino mass scale

» Majorana neutrinos are required in seesaw mass models and leptogenesis

3 n p
_ 1l p) | o o
W © — W ©
ZVBB 2.0 / -
P B ovBB  AL=2
AL=0 £ .1 / Vm X
< = / \ bt m, =0
0s] / \. , v
n W p c o.oo o 0.2 0.4 Ke/%e n
= —
(Z.A)— (Z+2.A)+2¢ +2v (Z,A)— (Z+2,A)+2¢
(2vpp) K. Lang, SILAFAE 2010 OvBpB)

o~ = g < S S - oy -~ o " = .
~ - oy S ~ . = L
E s S C PN s o .
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Neutrinoless B3 decay

» Sensitivity to Majorana mass is a compromise between statistics, background
rejection, and detector energy resolution _ _
K — isotope yield
1/4 g — detection efficienc
b AE / M — isoto !
- - pe mass
mgﬁ — K 1/6 . .
Mt t — running time

b — background rate
AE — energy resolution

» Different approaches and technologies in next generation experiments:

o Calorimeter/bolometer ¢ TPC(Xe) high ¢ Tracking calorimeter good « Liquid scintillator +

high energy resolution efficiency, large bg rejection, multiple isotope - high efficiency,
and efficiency mass isotope choices large mass
§20"I"'I"'l"'l"'l"
1 ovBp g15- 3% FWHM - 3.0 b
10 3 =10 £ =
, V\ 2| : ==
% 1 ‘ ﬂ WJ 5102_ O‘VBB 510 : __;:E]:
& ﬁw N‘W‘ ”w’ Lf % 10 ki E”:(:
0 L Alpha forest E 1 .,_ 102 ¢ fﬁ:gz:::zgz::
1000 2000 3000 4000 5000 GC P 10 \ . ]l*
I 94 096 098 1.00 1.02 1.04 1.06 LU { , , || LAY TN Y i
208T| (2614 KeV) BQ o 1 2 3 4 5 lﬂl]
E(MeV) o o5 i syt g s
Energy(MeV)

— = » — g ——



Neutrinoless 23 decay

» Sensitivity to Majorana mass is a compromise between statistics, background

rejection, and detector energy resolution _ _
K — isotope yield
1/4 g — detection efficiency
b AE M — isotope mass
Mt t — running time
b — background rate
AE — energy resolution

mw:K 1/6

» Different approaches and technologies in next generation experiments:

o Calorimeter/bolometer ¢ TPC(Xe) high ¢ Tracking calorimeter good « Liquid scintillator +

high energy resolution efficiency, large  bg rejection, multiple isotope - high efficiency,
and efficiency mass isotope choices large mass
&= P
3 N Water-Cherenkov
";ﬁ 7 /%? veatlocdetecctocr 0
W 7 : (3.2 kton)
| i ‘7- : 7 _ PMT array
’ Xe-LS 13 ton i/ {l ]ﬁ" \ Buffer Oil
I (T TR o
] ;;;;E n > | Fiducial Volume
130 3 (R <6m)
£ o ; ~ Balloon
1A ES 1 kton (13 m diameter)
> ¢ ™\ Inner Balloon
2 N T e || (3.()08 m diameter)
- KamLAND-ZEN
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
’6Ge 53 x 102 yr 150-330 meV
130Te 40 x 10%*yr 270-650 meV
136Xe Il x 10%®yr 190-450 meV
KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV
KamLAND-Zen E 1W
o |

A,

Ll

10-4 | T
10 107 107 10! 1
Y. Kolomensky, NuFact 2015 mlight ost leV]

» Also AMoRE, CUPID, CANDLES, COBRA
PANDAX-III, THEIA

See Sessmn Nu-8 See Wmslow plenary
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
’6Ge 53 x 102 yr 150-330 meV
130Te 40 x 10%*yr 270-650 meV
136Xe Il x 10%®yr 190-450 meV
KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV
S GERDA
SN . P o
ik o [ EXO
Ll
107
10
10-4' | L1111 1 |||l|||| | L 11111l
10 107 10 10" 1
Y. Kolomensky, NuFact 2015 mlight ost [eV]

» Also AMoRE, CUPID, CANDLES, COBRA
PANDAX-III, THEIA

See Sessmn Nu-8 See Wmslow plenary
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
’6Ge 53 x 102 yr 150-330 meV
130Te 40 x 10%*yr 270-650 meV
136Xe Il x 10%®yr 190-450 meV
KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV
— 1 '
> GERDA
2, CUORE
2 EXO

KamLAND-ZEN

10'4' | 1 1111 1 1 IIlIIII 1 1 111111
10 107 107 10" 1
Y. Kolomensky, NuFact 2015 mlight ost leV]

» Also AMoRE, CUPID, CANDLES, COBRA
PANDAX-III, THEIA

See Sessmn Nu-8 See Wmslow plenary
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
’6Ge 53 x 102 yr 150-330 meV
130Te 40 x 10%*yr 270-650 meV
136Xe Il x 10%®yr 190-450 meV
KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV
— 1 '
> GERDA
2, CUORE
2 EXO
= 10" KamLAND-ZEN
Future and

Near Future
~100-1000 kg

10-4' | 11111 1 1 IIlIIII | 111111l
10 107 10 10" 1
- Y. Kolomensky, NuFact 2015 mlight ost [eV]
» Also AMoRE, CUPID, CANDLES, COBRA » Next generation of experiments will go beyond the
PANDAX-III, THEIA degenerate region and start probing the inverted

See Sessmn Nu-8 See Wmslow plenary ordermg reg|ons
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
6Ge 53 x [0®yr 150-330 meV
130Te 40 x 10%yr 270-650 meV
136X e I x 102 yr 190-450 meV

KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV

1 GERDA

S v

KamLAND-ZEN

Future and
Near Future

102 ~100-1000 kg
Beyond 2030?
~10000+ kg
107
10-4' | 11111 1 IIIlIIII | 111111l
10 107 10 10" 1
- Y. Kolomensky, NuFact 2015 mlight ost [eV]
» Also AMoRE, CUPID, CANDLES, COBRA » Next generation of experiments will go beyond the
PANDAX-III, THEIA degenerate region and start probing the inverted

See Sessmn Nu-8 See Wmslow plenary ordermg reg|ons
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OvBpB decay - Results and Prospects

Experiment Isotope limit on T 2% limit on mgg
’6Ge 53 x 102 yr 150-330 meV
130Te 40 x 10%*yr 270-650 meV
136Xe Il x 10%®yr 190-450 meV

KamLAND-Zen 136Xe 1.07 x 1026 yr 61-165 meV

1 GERDA

S i d

& 10" KamLAND-ZEN
Future and
Near Future
102 ~100-1000 kg
Beyond 2030?
~10000+ kg
10~
10-4' | 11111 1 IIIlIIII | 111111l
10 107 10 10! 1
- ~ Y. Kolomensky, NuFact 2015 mlightest [eV]
» Also AMoRE, CUPID, CANDLES, COBRA » Next generation of experiments will go beyond the
PANDAX-III, THEIA degenerate region and start probing the inverted

See Sessmn Nu-8 See Wmslow plenary ordermg reg|ons
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Conclusions

» We are living in a precision era in neutrino physics

» Exciting results:
@ T2K disfavors CP conservation at >90% CL.
@ NOVA excludes CP region of inverted mass ordering for the lower 0,3 octant
@ NOVA sees hints of non-maximal mixing
@ Unexpected “5 MeV bump” in reactor flux measurements
@ Sensitivity of neutrinoless double beta decay experiments approaching I.O. region

» Very rich experimental program will address (and provide definitive answers to?)
some of the major questions in neutrino physics over the next 10-15 years

@ Experiments with larger mass, longer baseline, and higher resolution being planned
- DUNE groundbreaking at Homestake this Summer

@ Suite of new dedicated experiments will probe deviations
from three-flavor mixing

» As always with neutrinos, expect the unexpected!
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Conclusions

We are living in a precision era in neutrino physics

Exciting results:

@ T2K disfavors CP conservation at >90% CL.

@ NOVA excludes CP region of inverted mass ordering for the lower 0,3 octant

@ NOVA sees hints of non-maximal mixing

@ Unexpected “5 MeV bump” in reactor flux measurements

@ Sensitivity of neutrinoless double beta decay experiments approaching I.O. region

Very rich experimental program will address (and provide definitive answers to?)
some of the major questions in neutrino physics over the next 10-15 years

@ Experiments with larger mass, longer baseline, and higher resolution being planned

- DUNE groundbreaking at Homestake this Summer

@ Suite of new dedicated experiments will probe deviations
from three-flavor mixing

As always with neutrinos, expect the unexpected!

Thank You!
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The Future -

» European Spallation Source Neutrino

SuperBeam
@ 5 MW beam power by 2023

» Large Water Cherenkov detector

L

gl

65 M

* 500 kt fiducial volume (~20xSuperK)
* Readout: ~240k 8” PMTs
* 30% optical coverage

(~1.85 B€ facility)

* COST CAI15139: 2016-2019 (just networking)
* EU H2020 Design Study: 2018-2021

0.20(3

0.15Fg

under construction phase |
& 0108

E=2GeV L =540 km
7, 27 oscillation max.

0.0s 1118

e Decision for ESSvSB: 2022

-
"

End of Linac construction: 2023
e Construction of ESSvSB: 2023-2030 R
Data taking: 2030-2040.

M. Dracos, ICHEP 2016

= 3 < N = g <

Alex S'c:)ﬁsa“-”hi'vr's‘ity of Cincinnati

75% 6cp coverage
at 3o after 10 years

50% 6¢cp coverage
at 5o after 10 years
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13t oscillation max.

ESSvSB

S
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t/’/‘/% 6-'-'7 == =

-

S
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Fraction of values of d¢p
]
=

P5 requireme’r_];;J—S%'a{: 30

————— i-—-:------------—!—,—-_'
. i B __E__

Impact of systematics

0.2+ -
Setup: 2GeV — 360 km
06 08 10 12 14 16 18 2.
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Running and Future Experiments

 Many new neutrino projects proposed during Community Summer Study

SuperNova g

(Shnowmass) 2013 process.
10

3

— —h
© o
o ~

Cross Section (v, e” 2V, e in mb)
o

107® MINOS+ . Cosmic
% Atmospheric
1 0‘19
- i Super-K
INOS+
10° i meCube
= ne
102 E INO

WA Hyper-K
LAGUNA

—L

Q
N
@

—

'
w
-d

10  107? 1 10 10* 10° 10° 10° 10% 10" 10° 10
|. Hewett, IF Summary, Snowmass 201 3 Neutrino Energy (eV)
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Solar neutrino oscillations: MSW-LMA

Solar neutrino oscillations are observed via v, survival probability:

X 2v2G N E,
a’ A= A2
vacuum 2 08-A < cos 201 m
oscillations 7§ L
E<IMeV 8§ 05 1.,
o E 1 — —sin 2912
Q 04— 2 A > 1
T F matter
S 03F 5 oscillations
5 L sin“ 012 | Ex5MeV
0.2—
0.1
0:| 1 | | | | | | |- | | | | | | | 1 1 I
10 1 10
neutrino energy E [MeV]

- Three distinctive regions:
vacuum oscillations, transition region, matter-dominated oscillations

Michael Wurm (Mainz) Solar neutrino spectroscopy
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Solar neutrino Measurements

10
0.8 — R N 110
0 ® p Be pep CNO °B ‘Hep - 9‘“2
f 10° ©
0.7_— 1 4 %
: 110° <
.- £
vacuum o6 10" x
oscillations Lo T
E<IMeV o5 1 s
10
0.4 1o*
f 13 matter
0.3 N, 95¢illations
1 Ex5MeV
0.2] 410
: 1
0.1~ 4 1
<10
- 1 -2
0 — ! L x | | . ——e— | | L —10
10 1 10

Michael Wurm

Alex Sousa - University of Cincinnati

v Energy in MeV

= full agreement with basic MSW-LMA scenario

Solar neutrino spectroscopy
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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

l | | | | |
NF10 { Fraction of =0.5

all off

matter uncertainty off

qux off 8 "

. v, DIS cross section off Neutrino FaCtory
no ND\-
2xéprsuré
WBB
) all off
H |g h-E matter uncertainty off
sSu perbearn intrinsic balckgirouﬁd off
RES cross section ratio off
(e. 9. LBNE) no NO I |
Ziexposure
T2HK
all off
QE cross section ratio off
L.ow-E (QE |) ‘ - ir:1trin§ic black‘grou‘nd off
_ I no ND
SDu F)er bearn 2|x exposure
l | GLOFES 2[1.12
0 S 10 15 20

AS[°]

(Coloma, Huber, Kopp, Winter, arXiv:1209.5973)

Alex Sousa - University of Cincinnati
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QE v, X-sec critical:
cannot be measured
IN near detector

Theory: v /v, ratio?
Experiment:
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CP Violation, Mass Hierarchy, 023 Octant

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

Uses existing NuMI 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
Prototype detector :

so— —— 0 mrad
|0 kton fiducial mass

E —— 7 mrad
-~ 14 mrad

v, CC events / ki / 6x10°" POT / 200 MeV [810km]

32m DIA———»

2 4 8 9 10
E. (GeV) Between PMTs
T T B el 7 e i B -7 - 7\ ) 1400
485 C -~ 1200 °m ¥ |
. L Y Veto ":%‘JHHHHHHH (X[}
: Neutrino event rate [l ~ taver? T :
r 2 20 g
o 48 at the surface | Botween | & iducial Regi :
% i PMTs | 3 5
2 - — 300 L/E | Tl 5
© 4750 — — = Jr_f “““““““
| : 500 L/ E : 60m W X/ 'AOA'A'A'A'A'A'A’AQA’A’A’A’A’A’A
- * MINOS . 100 <« 2m Fiducial Cut
47 = + NOVA ] 2m Veto Layer
= | 200
-+ CHIPS ol J.Thomas, ICFA Neutrino Panel, Paris (Jan. 2014)
46‘5 | I 1 1 1 1 I 1 1 1 Il I Il 1 1 I 1 | 1 1 I —
-94 -93 -92 -91 -90

~longitude N . R I R
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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 NuMlI, CHIPS can

improve significantly sensitivity to CP
violation from NOvA+ T2K

In second phase, running 20 mrad off-axis
from LBNE beam with 1250 km baseline,

would help LBNE measurement
< ®3.18m (10’ 5.2”)>

P\.p v, with Beam v Flux (Arbitrary Unit)

== NH 3 = n/2

= |H 5 = -n/2

= On-axis Flux
= =+ Off-axis Flux

2nd oscillation

* R&D Proposal submitte

* 10 ton proof-of-principl

1st oscillation

E. (Ge

3.54m

d'to PAC and encouraged
e detector to be deployed

at Wentworth Pit this Summer

—

Alex S'c:)ﬁsa“-”hi'vr's‘ity of Cincinnati
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>
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=
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CHIPS@LBI\IIE
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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,
Vy beam, use | MW PIP-1l 5 GeV protons, and magnetized LBNE Far Detector, arXiv:|308.0494

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

arXiv:1112.2853
1.0— S — —
' ' As at 1o
| /
0.8 — IDS-NF ]
_ —— NuMAX | detector dist. | power | proton driver | years
© 0.6l —-- LBNOg,, | vol. (kt)/type (km) | (MW) | energy (GeV) | v/v
2 _ —-—- Hyper—K ESSrSB-360 500/WC 360 5 2.0/3.0 2/8
S | — BNE.Px | | ESSySB-340 500/ WC 540 | 5 2.0/3.0 2/8
0
& 04 o laNETO Hyper-K 560 /WC 205 | 0.75 30 3/7
- o SR LBNE-10 10/LAr 1200 | 0.72 120 5/5
_ LBNE-PX 34 /LAr 1290 2.2 120 5/5
o2 f il /s 2020 LBNO-Eol 20 /LA 2300 | 0.7 400 5/5
| — 2025 | 'IDSNE 100/MIND 2000 | 4 10° 10
0.0l | GLoBES 2013 1| NuMAX 10/LAr (magnetized) | 1300 1 5 5/5
0 40 50

E. Baussan et al., arXiv:1309.7022

AS[°]

CSS 2013 (Snowmass) Neutrino Report, arXiv:1310.4340 (2013), based on
P Coloma P Huber J. Kopp, W. Wmter Phys Rev D 87 033004 (2013)
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Mass Hierarchy, 023 Octant

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

| ! | ! | !

14.4m

__ 1ém 16m

50Kton Fe-RPC Detectors
# of layers = 140

Fe thickness = 5.6 cm
Magnetic Field ~ 1.3T

# of RPCs ~ 27K

# of channels ~ 3.6M

D NN N N N

INDIA BASED NEUTRINO OBSERVATORY

INO PEAK
2207 Mts.

* NB: Also senS|t|V|ty from atmospherlcs in DUNE HyperK

Alex Sousa UnlverS|ty of Cmcmnatl |

=
-
B

—
. -
——

-
.-
- -

24—
2 —— sin"20 ,=0.12
m .
- ——— sin"20 =01
18— "= = sin'20,,=008
16—
~ N 14 INO Only
I L

' L

—_
-
o - &
-
-——

-

Normal Hierarchy

Marginalized over

Am? g5, 053 & 053
(no priors)

s s s m s s e .. e ... -

I

. -
- g
o a8
. -——

-
-

A 6 8 10

 Need over 10 years of running to reach 3o resolution of mass
hierarchy, but complementary to other measurements

e Status

e Location chosen in Pottipuran, 100 km west of Madurai

 Work started on facilities in Madurai HEP Center

* Waiting for full approval by Indian government. Operations to start

circa 2020
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Mass Hierarchy

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

Daya Bay Huizhou Lufeng Yangjiang Taishan ‘g 0.6 &
. . N < o Non oscillation
Status  running planned approved  Construction construction E“ —— 6, oscillation
= 05 Normal hierarchy
power/GW 17.4 17.4 17.4 17.4 18.4 3 : . ‘ Inverted hierarchy
WY P —— DayaB 60 km JUNO 0.4 | N
. Wang, NuPhys 2013 | o E P..(L/E) = 1— Py — Py; — Py
o ) 12 “ar Site ~ :‘ \\ . y
T2 T : o #_# l '_£ 03 Py; = cos*(613)sin®(26012) sin®(Ag)
N D p=s s e = == E ':' .\‘ 9
£ ot L oF Py = cos?(6y5)sin?(26,5) sin?(Asy)
oo o e F Py = 81112(912)Si112(2913)Sinz(Azz)
04r- ¢ Goesgen i ~
A Krasnoyark ™
0.2+ O PaloVerde F
W Chooz ® KamLAND 0 PR - PR S ' PR T R Lo PR
0.0k . ! ! 10 15 20 ”5 30

/E (km/MeV)

« Medium-baseline (60 kmr) reactor experiment

* Need to distinguish between NH and IH in rapid
Before 2020: . . . - - . 2
Yangjiang 17.4GW + Taishan19.9 GW oscillations in P(veeve) driven by Am<31

e e Requires 20 kton liquid scintillator det. with 3% /VE
energy resolution, and reactors with 36 GW power

e Can determine MH at 4o level with 6 years of running
if Am? can be determined with 1% precision; < 2%
precision measurement of 612 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
234 236 238 240 242 24 46 248 25  Also RENO-50 proposal, in Korea, with
|Amzee| (X10 eV) same concept and same challenges
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Mass Hierarchy Summary

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

experiments
LBNE 10kt if 0,5 varied as well
I
s [ 7 '
= True NO ' |3_E[|\<IE  Bands cover maximum
7. Prlimineey b Leng|  sensitivity differences
= ‘ 10 kt due to variation of Ocp
2 (NOVA, LBNE),
= 023 (PINGU, ING,

HyperK), and energy
resolution (JUNO)

Sensitivity [o]

S = * Expected LBNE
sensitivity for most

favorable 0,3 values also
included.

2020 2025 2030
Date

2015

W. Winter, Frontiers in HEP 2014, Aspen, based on Blennow, Coloma, Huber, Schwetz, arXiv:1311.1822
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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, Vu 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 Wy '
Neutrino Beam Muon Decay Ring

: - @
C T STORM’ SuperBIND Detector

185 m —————>

w .
o PrimaggBeaffline : BAGY |
g MI-40__ % . 1900:M % o0 X
S ) AR ‘ % | \*/,/qx/ » Far Detector

Target Hal Near Detector Hall SR 8 N\ n

Muon Decay Ring " .
*fﬁ - Proposed FD is a 1.3 kton
Transport Line : " . . L. .
iron-scintillator tracking

oo e e e calorimeter similar to
400000} - - 9,5, CC: 21456322 ev - MINOS, but ~2.3 T B field
! Saavonl 7~ ’ | is generated b.y a

o superconducting

2900007 4 _ a 1 transmission line

800000} -~ y,-sy, CC: 39604218 ev -
100 ton ND, 102! POT

600000 r =0
4000001 / \

/ V \
200000} / e 100000f / \

Number of Events / 0.30 GeV
Number of Events / 0.30 GeV

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Neutrino Energy [GeV] Neutrino Energy [GeV]

— 7 » — g ——
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Sterile I!\Ieutrinos
X t

 Short-Baseline Accelerator Experiments

* NuUSTORM (Neutrinos from STORed Muons), to be hosted at Fermilab or
CERN
Experimental setup has access to 8 of |2 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
99% CL Appear.

¥+ +1, 5 — —
T — eTrly, | BT — €T Ve,

Uy — Dy, My, —% By disappearance .
5% sys.
1% Sys

Uy — Ve V), — Ve appearance (challenging)

RS S e e | 1 |

Mo = Ve Ve — U, disappearance

P — Do = Uy appearance: “golden” channel

0.1 — l

- Status: Full proposal submitted to Fermllab PAC in June %4, 0.001 0.01 0.1
2013, granted Stage | approval, expecting to produce sin®20,,,
Technical Design Report in 2 years; LOl to Snowmass o

« EOI to CERN in April 2013: support to study where to
site the facility at CERN, and also define decisive
european contributions

~
.
-
.Q.Q
.
.

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

— 2 SR

Alex Sousa - "n"i.vr's‘ity of Cincinnati
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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

Confidence Level Curves for ¥, —+ ¥, Osclllations {1year)

T Pttt
« Use 450 ton fiducial § s Y Yy "Emzf_.

detector with same type of E F |
mineral oil as LSND, but H' / “,_ S 1 S S
better electronics (200 MHz E TR L |
vs 10 MHz) Fea |
+ LOI submitted to Snowmass 2 S ’ _;gt . | |
ArXiv:1307.7097 0 .02 ?.0¢ 2.06 T R R
Energy, GeV 10* 107 10 10" ]

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

Cyclotron -
* Mean V. energy of 6.5 MeV_ M, & j ~60 MeV N —
0 / j protons 95% CL Allowed
» Neutrino source placed s{#/7 = » T Detector Ll
|6 m from center of N "\ < | -
— S\ v i i
KamLAND @Y Isotope decay-at-rest =1 e
o & £ i
* Look for changes in inverse . = \
beta decay rate as a function
of L/E inside detector to : S S Etm:t ':-y
look for sterile neutrinos : \
. . . ) 0.1 ‘ B
Proposal in arXiv:1205.4419 0 01 01
Antineutrino Energy (MeV) Sinzzenew

— P SR

Alex Sousa - University of Cincinnati
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http://arxiv.org/abs/1205.4419
http://arxiv.org/abs/1307.7097

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 Ve disapp. Kamioka, Japan small?
Daya Bay Source [260)] o BT Ve disapp. China small
radioactive SOX [261] » S1Cr Ve d?sapp. LNGS, Italy small?
Ce-141Pr Ve disapp.
BEST |64 >1Cr Ve disapp. Russia small
PROSPECT [262] Reactor Ve disapp. Us? small
reactor STEREO Reactor Ve disapp. ILL, France N/A4
DANSS (263 Reactor U, disapp. Russia N/A4
n-DAR OscSNS [205] m-DAR Uy Ve app. ORNL, U.S. medium
LArl [264] : Fermilab
-DIF LAr1-ND [264] v Ve app. Fermilab
MiniBooNE+ [203] : Fermilab
MiniBooNE II [265] : Fermilab
ICARUS/NESSIE [266] ‘ CERN
Other DAR IsoDAR [111] 8Li-DAR Ve disapp. Kamioka, Japan medium
u-storage ring nuSTORM [192] u Storage Ring v, v, app. Fermilab/CERN large
N

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

2 R = S~ 2 < o S o e o~ = 2 < 9 g
— ~ o= oy = S ~ . = L o
> 2 o 2 oo a PN s o = 2
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