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Old News...

\0) B

* Nearly 20 years ago:
neutrinos oscillate — they
have mass.

* Neutrinos broke the Standard
Model.
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Mass Found in Elusive Particle;
_Universe May Never Be the Same

Discovery on Neutrino
. Rattles Basic Theory
- About All Matter

By MALCOLM W. BROWNE

TAKAYAMA, Japan, Friday, June
5 — In what colleagues hailed as a
historic landmark, 120 physicists
from 23 research institutions in Ja-
pan and the United States announced
today that they had found the exist-
ence of mass in a notoriously elusive
subatomic particle called the neutri-
no.

- The neutrino, a particle that car-
ries no electric charge, is =o light
that it was assumed for many years
to have no mass at all. After today’s
announcement, cosmologists will
have to confront the possibility that a
significant part of the mass of the
universe might be in the form of
neutrinos. The discovery will also
compel scientists to revise a highly
successful theory of the composition
of matter, the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, the finding of neutrino mass
might affect theories about the for-
mation and evolution of galaxies and
the ultimate fate of the universe. If
neutrinos have sufficient mass, their
presence throughout the universe
would increase the overall mass of
the universe, possibly slowing its
present expansion.

Detecting
Neutrinos

Neutrinos
pass through
the Earth's
surface to

a tank filled
with 12.5 mil-
lion gallons
of ultra-pure
water ...

...and col-
lide with
other
particles . . .

... produc-
ing a cone-
shaped

flash of light.

The light is
recorded by
11,200 20—
inch light
amplifiers
that cover
the inside of
the tank.

LIGHT AMPLIFIER

And Detecting Their Mass

By analyzing the cones of light,
physicists determine that some
neutrinos have changed form on
their journey. If they can change
form, they must have mass.

Source: University of Hawai
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Old News...

O New Physics!
L = LsmA ]\ZD D

i v’
7t T = i —
FHHLL; ™ -y

if my~0.1eV,v~100 GeV and A\ ~ 1,

then M ~ 1014 GeV (GUT scale)
* Nearly 20 years ago:

neutrinos oscillate — they
have mass.

* Neutrinos broke the Standard
Model.

* Need new physics to account
for neutrino masses, and this
new physics could be at the
GUT scale.
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Old News...

O New Physics!
L = Lsmd ]\ZD |
i v

if m,~0.1eV,v~100 GeV and \; ~ 1,

then M ~ 1014 GeV (GUT scale)
* Nearly 20 years ago:

neutrinos oscillate — they
have mass.

* Neutrinos broke the Standard
Model.

* Need new physics to account
for neutrino masses, and this
new physics could be at the

GUT scale. Be careful when you ask oogle
for an image of “GUT scale”... |
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Neutrino Oscillations S. Stone, ICHEP 2012, arXiv:1212.6374

Ve Uel Ue2 UeS V1 CKM PMNS
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* Neutrino oscillations occur because v flavor states are a
guantum superposition of mass eigen states.

* The PMNS matrix is the neutrino analog to the CKM matrix.

Am?. L
P(Vo = vg) = dag — 42%(U;iU5anjUEj)sin2 ( -/ >

1n vacuo i> ] 2

s L Am?jL
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Neutrino Oscillations

1 0 0 C13 0 8136_7;(S C19 s12 0

IIJ;M?S 0 C23 5923 0 1 0 —S12 C192 0

0 —S93 o3 —8136_'_7’5@ 0 C13 0 0 1
Atmospheric, Accelerator Reactor, Accelerator Solar, Reactor
P(v, = v,) P(v,.e — Ve) P(ve — ve)

* With 3 flavors of neutrinos, there are
two independent mass-squared
differences:

e Solar: Am2y;
« Atmospheric: |[Am?23;| = |[Am?23]|

* sin(1.27Am?; L/E) oscillation terms
—characteristic L/E values:

* L/E(Am?s1) ~ 15000 km/GeV
* L/E(Am?3tm) ~ 500 km/GeV
 dcp is a CP-violating phase
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Neutrino Oscillations

0

0

1

Atmospheric, Accelerator Reactor, Accelerator Solar, Reactor
P(v, = v,) P(v,.e — Ve) P(ve — ve)

« With 3 flavors of neutrinos, there are NuFIT 3.0 (2016) Results

two independent mass-squared Parameter Value =zlo Experiments
differences:

sin2012 0.306 3.9% SNO, KamLand, Super-K

° . 2
Solar: Am?2; Amzs1 (eV2) 7i56(_)5x

2.4% SNO, KamLand, Super-K

« Atmospheric: [Am?23;| = |[Am?23]|

* sin(1.27Am?;; L/E) oscillation terms
—characteristic L/E values:

e L/E(AmZ%1) ~ 15000 km/GeV
e L/E(AmZm) ~ 500 km/GeV

 dcp is a CP-violating phase
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Neutrino Oscillations

Atmospheric, Accelerator
Py, —v,)

« With 3 flavors of neutrinos, there are

two independent mass-squared
differences:

« Solar: Am?;;
« Atmospheric: [Am?23;| = |[Am?23]|

* sin(1.27Am?;; L/E) oscillation terms
—characteristic L/E values:

e L/E(AmZ%1) ~ 15000 km/GeV
e L/E(AmZm) ~ 500 km/GeV

 dcp is a CP-violating phase

Jonathan M. Paley

Reactor, Accelerator
P(v,e— ve)

Parameter

Sin2012

-

Solar, Reactor
P(ve. — v,)

NuFIT 3.0 (2016) Results

Experiments

SNO, KamLand, Super-K

Am?2; (eV?)

9NS-KamLand, Super-K

\
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The Remaining Unknowns of the Physics Associated with

Neutrino Mass (Part of the P5 Plan)
* What is the ordering of their

masses? A
Y V; I V.
| Am
g VvV,
o
.V'. % )
= Amg, w
= Amy,
V,
| Am:,
V, VvV I

Normal Hierarchy Inverted Hierarchy
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The Remaining Unknowns of the Physics Associated with

Neutrino Mass (Part of the P5 Plan)
* What is the ordering of their

masses? A

VI | Vv, I

* |s 0,3 maximal? If not, does v; ./ | Am?,
vV, I
couple more strongly to v, or - !
v.
2 - 2 i

V! é Anm,

Amy,,

V.
| Am:,
VvV, V: I

Normal Hierarchy Inverted Hierarchy
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The Remaining Unknowns of the Physics Associated with
Neutrino Mass (Part of the P5 Plan)

* What is the ordering of their
masses”?

* Is 023 maximal? If not, does v;
couple more strongly to v, or
\

* Do neutrinos violate CP? Link
to leptogenesis.

Jonathan M. Paley

mV.

HV.

K

L

mass

A

V; I

Amg,

V. I
| Am2 |
V) I

Normal Hierarchy

V)
| Am
V)

Am;,,

V; I

Inverted Hierarchy

P(Va — Vﬁ) # P(ﬂa — 55)

Fermilab Neutrino Division
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The Remaining Unknowns of the Physics Associated with
Neutrino Mass (Part of the P5 Plan)

* What is the ordering of their

masses”?
_ mV.
* |s 023 maximal? If not, does vs
couple more strongly to v, or -
v:? mve g
=

* Do neutrinos violate CP? Link
to leptogenesis.

* Are there more than three
types of neutrinos?

Jonathan M. Paley

A

P(V,—7,)

V.,

V; I V., I

Amg,

V.
| Am:,
VvV, V: I

vV, D |

Normal Hierarchy Inverted Hierarchy

0.020

LSND/MiniBooNE anomalies
0.015} .

0.010¢

[ e “e—]
0.005} #‘:r_
0.000 _l[':'

-0.005
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The Remaining Unknowns of the Physics Associated with

Neutrino Mass (Part of the P5 Plan)
* What is the ordering of their

masses? A
V. V. .| V.
* |s 0,3 maximal? If not, does v; . | Am?
. V, I

couple more strongly to v, or

mv. °©
Vi ?

Amg,

mass-

« Do neutrinos violate CP? Link ANt

to leptogenesis.

V. I

. Are there more than three . | Am, )
types of neutrinos? |

* Are they coupled to other BSM physics?
Normal Hierarchy Inverted Hierarchy

‘Qj — ([51‘415175j7

L+ €ce €cp €er

_ *
* *
Cer GMT Crr

eg, non-standard neutrino
Interactions
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The Remaining Unknowns of the Physics Associated with

Neutrino Mass (Part of the P5 Plan)
* What is the ordering of their

masses? A
mV. V: I . V.
* Is 023 maximal? If not, does vs . | Am
| V)
couple more strongly to v, or _ * |
V, “
? -2 _’
' é AV

« Do neutrinos violate CP? Link ANt

to leptogenesis.

« Are there more than three | Am,
types of neutrinos?

* Are they coupled to other BSM physics?

i : : = | Hi h Inverted Hierarch
» Are neutrinos Majorana particles? v & v Normal Hierarchy verted Hierarchy
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The Remaining Unknowns of the Physics Associated with
Neutrino Mass (Part of the P5 Plan)

* What is the ordering of their

masses? 4
_ mV.
* |s 023 maximal? If not, does v;3
couple more strongly to v, or _ ;
2 )

Vi ?

mass~

* Do neutrinos violate CP? Link
to leptogenesis.

* Are there more than three
types of neutrinos?

0

Amg,

V. I
| Am2 |
V) I

S

V)
| Am

Am;,,

V; I

$

* Are they coupled to other BSM physics?
 Are neutrinos Majorana particles? v v

Normal Hierarchy

 What are the absolute masses of the neutrinos?

Jonathan M. Paley
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The Remaining Unknowns of the Physics Associated with

Neutrino Mass (Part of the P5 Plan)
* What is the ordering of their

masses? A
mV. V; I | vV, I
* |s 0,3 maximal? If not, does v; . | AmZ,
g vV, I
couple more strongly to v, or - !
v.
2 - 2
V! é Am?,.,

* Do neutrinos violate CP? Link
to leptogenesis.

V. I

. Are there more than three . | Am, y
. . 4 =
tvpes of neutrinos?
yp 0 < < .
* Are they coupled to other BSM physics?
Normal Hierarchy Inverted Hierarchy

* Are neutrinos Majorana particles? v& v
 What are the absolute masses of the neutrinos?

* Three approaches allow us to experimentally address these questions: neutrino
oscillation measurements, direct mass measurements and searches for
neutrinoless double-beta decay.

 Today | will present “breaking news” from the oscillation experiments.

Jonathan M. Paley Fermilab Neutrino Division 16



Electron Neutrino Disappearance

EP(V6 — Ve) 1 — C()S4 (913 SlIl2 2(912 SlIl2 Agl :
— SlIl2 2913((308 (912 sin Agl + sin (912 sin Agg)
o 1
? - AMPaim ~ AM?3  The solar term enables
o measurements of the 01
a and Am?; parameters.
0.6/— — + The atmospheric term
- {1 enables measurements
0.4— — Of 913 and Amzatm.
0ol 1 * Note, CPT symmetry
e 4 means there is no
- | . . 1 dependence on ocp.
0

L/E,"(m/MeV)
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Detecting Solar/Reactor Neutrinos

Outer Veto: Plastic scintillator strips
Identify cosmic p

Steel shield (15cm thick)

v-target:

Gd loaded (1g/1) liquid scint. (10m3)
Target of neutrino interaction

Neutrons captured on Gd
Acrylicvessel --ececcncccnacansnanaa

y-catcher: Liquid scintillator (22m?)
Measure Yy’s escaped from v-target

ACTYHIC VESSEl snensnsnssmsnnmssnnnns

. Buffer:

Mineral oil (110m?) & 390 10-inch PMT
Reduction of environmental y’s

Steel tank

Inner Veto:

Liquid scintillator (90m?3) & 78 8-inch PMT
Identify cosmic p &reduction neutrong

* Two general approaches:
* inverse beta-decay

Jonathan M. Paley

-+ delayed
“S  signal

Il (O(10-100) ps)
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Detecting Solar/Reactor Neutrinos

Outer Veto: Plastic scintillator strips
Identify cosmic p

Steel shield (15cm thick)
v-target:
e i (L i
mwﬁ % R Neufirons captured on Gd
: SUREOMIPl | 4 Acrylic vessel ----=mmmssncmmannaaaas ve

Ve ‘A‘ ol
y-catcher: Liquid scintillator (22m?)
Measure y’s escaped from v-target

Acrylicvessel ----eecccccnnnaaaaaaa- N d e I ayed

. Buffer: P = nEknv Detect
' : . ? 50.000 ton Water Cherenkov Derector
Mineral oil (110m3) & 390 10-in Si nal
Reduction of environmental y 11.200 207 PMTs g

Steel tank

Inner Veto:
Liquid scintillator (90m?) & 78 €
Identify cosmic p &reduction !

slectronics hut SREEENE - (0(1 0'1 00) ”S)

Qimagin IRFU

* Two general approaches:
* inverse beta-decay
* Cherenkov light

* Threshold: ~MeV

Y L L

1VEer ..“‘..' .‘ .
..... Y xR ‘

' YSy I 'SE LR

(LLFI I I T L E PR )

%Eé:”““. P
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Latest Results from Daya Bay (China)

Jonathan M. Paley

Fermilab Neutrino Division

i | DU S
| T RICCREEE
I s  EH1 DB e o
l"a i v EH2 G 2Tpo
? - * EHS Y] SR R
o 0.95— Best fit NX
ES T S
o i ne2dl
I + s
0.9 2sp
B o o o o 3] SETIITSTSS SRS SV IR P -------------
0 0.2 0.4 0.6 0.8 , T
Lef'f / <EV> [km/MeV] 0.05 0.06 0.07 OS.(i)lé;2 23.1(;9 0.10 0.11 0.12
Phys. Rev. D 95, 072006 (2017)
o o Experiment Value
* 11% (2012) — 4% (2016), close to
] Daya Bay g 0.084140.0033
(o)
thelr 34 goal' RENO —e— 0.082+0.010
. . D-CHOOZ —e— 0.111£0.018
* Spectral analysis also provides ToK | 0.100+0.0:1
measurement of Am?Zee (~ Am?31), inog | N/ 005175035
. . , - 0.054
consistent with MINOS results (and H ' 0-093 0.0is
o 0.02 0.04 0.06 0.08 0.1 0.12 0.14
comparable precision) Sin 26,4
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Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potent.lal to smultapeously measure A — QﬂGpneEy/Amgl
013, 6cp, Sign(Ams;?), sign(023-45°):
o = Ami,/Ams,

.2
. . sin“((A—1)A
Piglyl';a;;rye) ~ SlIl2 (923 Sln2 2(913 ((14(1 — 1)2) ) s

Leading term

M. Freund, Phys. Rev. D64 (2001) 053003

Jonathan M. Paley Fermilab Neutrino Division 21



Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potent.lal to smultapeously measure A — QﬂGpneEy/Amgl
013, 6cp, Sign(Ams;?), sign(023-45°):
o = Ami,/Ams,

in?((A—1)A
P(V,u — Ve) ~ Sin2 (923 @lﬂ (( ) )7'

In matter (A o 1)2

Leading term

M. Freund, Phys. Rev. D64 (2001) 053003
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Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potent.lal to S|multa.neously measure A—9/9 Grn.E, Am§1
013, 6cp, Sign(Ams;?), sign(023-45°):
a = Ami,/Ams,

2((A = 1A
P(V,u — Ve) ~ SiIl2 (923 2) )‘|‘
In matter A— 1)

Leading term

Note: want to optimize matter effect: AA ~ L/(2000 km)

M. Freund, Phys. Rev. D64 (2001) 053003
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Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potent.lal to S|multa.neously measure A—9/9 Grn.E, Amgl
013, 6cp, Sign(Ams;?), sign(023-45°):
a = Ami,/Ams,

sin?((A — 1)A)
Plu, - v) o T A= DT

1n matter

Leading term

Note: want to optimize matter effect: AA ~ L/(2000 km)

Sensitive to octant.
M. Freund, Phys. Rev. D64 (2001) 053003
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Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potent.lal to S|multa.neously measure A—9/9 Grn.E, Am§1
013, 6cp, Sign(Ams;?), sign(023-45°):
o = Ami,/Ams,

sin?((A — 1)A)
Plu, - v) o T A= DT

1n matter

M. Freund, Phys. Rev. D64 (2001) 053003

Interference terms: Jarlskog invariant
up to 103 larger than in quark mixing

Jonathan M. Paley Fermilab Neutrino Division 25



Muon Neutrino Oscillations in Long-Baseline Experiments

- Long-baseline v, — v. experiments have A = Am3,L/(4E,)

the potential to simultaneously measure A—9/9 GrnoE,/ Am§1
013, 6cp, Sign(Ams;?), sign(023-45°):

o = Ale/Amgl
VM — Ve
In matter

M. Freund, Phys. Rev. D64 (2001) 053003

» Separate measurement of v, — v, gives
access 1o sin?(2023) and Am?3;:

P(v, — v,) ~ 1 Sin2 (1.2)

Jonathan M. Paley Fermilab Neutrino Division 26



Detecting High Energy Neutrinos

IceCube Lab
Super-Kamiokande
Fun 4162 Kvent 1350418 50,000 ton Water Cherenkov Derector — et - - - Iceérop
HE 2 —— I S 81 Stations
410‘1 é:;tgll 1)\.}/. 11.200 20" PMTs 50m —— i — 324 optical sensors
p= eVl/e ’ e
ol scironics hul \
- _ | IceCube Array
© i cranc ‘ 86 strings including 8 DeepCore
T £ '«‘+ \ 5160 optical sensors
HY * ; Ao 3
<P} IR ; e , - \
“F Q_: ‘ ;8 . Sty
ik _l 0 ) - !
oF Amanda Il Array
’/ ' 1450 m (precursor to IceCube)
Times (ns)
¥ ) ' ) !\ 1 I
- F ‘ DeepCore
Super-Kamiokande } A ‘ SUPPO! 1 ’ ' 885(§flngS-SIpaCIng Optlmlzed fOl’ I(
om 3743 B 100132 v Ippor 19 0 o 480 optical sensors
4048 total p.e. i1 ] nil-fayer
p =689 MeV/c : :' i B Eiffel Tower
. Eetir ! t : 324 m
ME g Eﬁ"“““ L] 2450
o= :/ o : .- : 2820 m
| concrete ¢ s ,"0":-" .
500 —Mﬂ__{ - ' X .
400 rock —==34A) 9 :
E, 300

Two general approaches:

* Water/lce Cherenkov
(energy threshold:
100s of MeV to
several GeV)

Jonathan M. Paley 27
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Detecting High Energy Neutrinos

Super-Kamiokande

4109 total p.e.
p =480 MeV/c

@ roni
—
©
T
@ O V)
h
- PMT support
4048 total p.e.
p =689 MeV/c
«P I
—
o i
e :
I E concrel
I
40 rock
Ig,]o

o w0 wm 2w

Two general approaches:

* Water/lce Cherenkov
(energy threshold:
100s of MeV to
several GeV)

* Tracking calorimeter
(energy threshold:
few MeV)

Jonathan M. Paley

S0.000

fon

1,200

W

ate

Cherenkov Derector

n PMTs

Vs
]
K
b
»
4 i
W ( '!; -~
v
W b 2';'.5:-
0 L= L) thekina
2 » ——
v ( .’.!‘.}.i."‘ >
; SRS T ,.::: :

4200

4600

NOVA
LS Tracking

Calorimeter

4200

4600

PO S

4800

4800

50 m

1450 m

2450 m
2820 m

IceCube Lab

135 A A SAA———

IceTop

/ 81 Stations

324 optical sensors

IceCube Array

86 strings including 8 DeepCore
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

DeepCore
8 strings-spacing optimized for I
480 optical sensors

Eiffel Tower
324 m

Fermilab Neutrino Division
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Atmospheric Neutrino Measurements from Super-
Kamiokande (Japan)

~ 20 years of data accumulatlon

Super-Kamlokande I IV
- 306 kty _ .
. ! -
—— I .
2. [V, = Vy
C L
O - . -
> Sub-GeV e-like ‘ _ Sub-GeV u-like UpStop u
LL 0 9775 lEvents 0 101 47lEve nts 0 1370 lEvents
re) -1 0 1 -1 0 -1 0.5 0
e
o, ,
= * | 1000} -
- . . i
Z
200 200 500 .
Multi-GeV e-like - Multi-GeV u-like + PC i UpThrough u
ol ?653 IEVQH'(S o 0 [ A54851EvAent‘s o 0 - A58A96 lEvgen{s o
-1 0 1 -1 0 1 -1 -0.5 0
coS zenith

Y. Suzuki, NeuTel 2017
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Latest Atmospheric Oscillation Results from Super-K

20 v “r—— 1 preliminary
15| 5| 1 4L Inverted -
i ‘ ] i Normal ]
o _ i2 I 0
%o W s_.m 0,5 1 wf CP .
5:_95"/ _: 5:_95% __ 5;751:/ \/__
:90% :90% : f/oa/'—'\,\ :
0_6?% \\/ 0_680/10 . 1\\/ o 0|68%1 . \l\ l |:M//|/‘
0.001 0.002 0.003 0.004 0.005 0.2 0.4 0.6 0.8 0 2 4 6
eV/?
Fit (517 dof) sin0, Ocp sin’0,; | |Am?,,|eV?
SK (IH) 576.08 \| 0.0219 (fix) 4.189 0.575 2.5x103
SK (NH) 571.74 /| 0.0219 (fix) 4.189 0.587 2.5x103
Ay:=-4.3 Moriyama, Neutrino 2016
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Latest Results from the IceCube/DeepCore Experiment

Cascade-like Track-like 2
. ' ' T ' ' ' | FC 68%
2000F .. 1o osc. | B, CC By, | o
m || Ay, coomon : l l
e i LA G | 1 1 1
5 B 2 L\ v — t 1S work)
= 1500 _ Sv. CC ata 1C2017 [NO] (this work) SK IV 2015 [NO]
3 £l NC 34r... MINOS w/atm [NO] =+ NOvA 2017 [NOI|
kS T AV S 3.2l == T2K 2017 [NO]
1000} V‘fi' : e | —
E-)‘ 7 Z N N
E : v///a 5 = 3.0}
= GAS I X 3 ot S
Z, ii’i’i’i’t‘i"y 28 ]
a XX ’0’0"* i S~ S
500r !)’0’0‘:‘0’0‘9 " — ! N
AR/ ~ - FC 68%
RIS — 2.6} -
+> X %
or— E n ‘.‘ ““““
ET: 0 = q 24} bl ST TP eY e Y
3 1.2}
m 1 0 I I =2 2.2— .’I’ ".l:'-..'.I.I.I|.||Ill-llll."ll'.'lln-n‘llll:‘T
= : L I 4 R A S e & o & S I e R X A e ——
- 08 2.0} 90% CL contours
E 0 1 2 3 0 1 2 3 04 05 0.6 01 2
1Oglo(Lreco/E’reco [km/GeV]) sin2 (923) Ax?
arXiv:1707.07081

New results on arXiv (July 22).

Makes use of events with reconstructed energies between 5.6 and 56 GeV.

Improvements in reconstruction = x10 increase in event selection.

Statistics-limited result, consistent with results from experiments that use lower
energy neutrinos.
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Latest Results from the MINOS(+) Experiment

Evans, Neutrino 2016

Events / GeV

1 400_ I I I I | I I I I | T T | T T | | i 2_ I I I I | I I I I | T T | T T | | ]
- —— MINOS, MINOS+ data Far Detector - 1 gf- T MINOS, MINOS+ data Far Detector -
1200~ — Prediction, no oscillations — "I — MINOS, MINOS+ combined fit .
 —— MINOS, MINOS+ combined fit ] 1.6 20 —
B ] 8 "~ 10.71x10™ POT v,-mode MINOS ]
1000 5.80 x10%° POT v,-mode MINOS+ — S {.4F 336x10° POT v, -mode MINOS =
N 77710.71x102 POT v,-mode MINOS ® [ 5.80x10° POT v,-mode MINOS+ -
- 3.36 x10° POT v,-mode MINOS & 1.05 ) + =
800 — 3 - + -
: : o B @ @= g= —
- — @) } W S —+— m
600~ MINOS+ Preliminary (ZD :-f--'f'+ + E
: E S E
400:_ 1 & MINOS+ Preliminary -
200~ - E
L s i n .
0 o R o s, I O_ | NN R | ~

0) ) 10 15 20 30 50 0 5 10 15 20 30 50

Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)

* Includes all data collected since 2005.

 The far detector has now been decommissioned and removed from the Soudan
Lab after a decade of excellent performance.
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Latest Results from the MINOS(+) Experiment

Evans, Neutrino 2016

| ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! | B | | | ]
3.0~ 48.67 kt-yr atmospheric v — Profile of likelihood surface,
- MINOS: v, disappearance + v, appearance - 4+ === Normal hierarchy .
| POT: 10.71x10% v,-mode, 3.36 x10°¥,-mode | — [ === Inverted hierarchy :
. 1 [ )
| MINOS+: v, disappearance | \5 3: o A A ~
POT: 5.80 x10?° v,-mode o [ .
[ 1 < oL ]
2.5 - N Tr )
—~ 1 oo\ \ 68% L. A
q N ]
> I : 3
or)CD - - I n T B
o ] T 8523 24 25 26 27
T e IAmE | (10° eV
N | Inverted hiérarchy | | | 5 32 ( 0~e )
AL — -—-mmEmEwm g - rr L L L L s
E I PR - L RS | -
< s Profile of likelihood surface B
- . - === Normal hierarchy
D 5k 4 T === |Nverted hierarchy
- | & SE 90% C.L. T
o
i [} [} | < -]
' MINOS+ Preliminary 1 :
- ¢ Best fit =68% C.L. 1 . L A
MINOS 90% C.L. I ]
-3.0 == PRL 112, 191801 (2014) =90% C.L. - -
I T TR TR A TN T RN T NN TR TR TN TN ES S SR SR R | O L L P T T I T R T
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
. D - 2
Sin“0,, SIN"H

Joint fit of beam & atmospheric v,, v. data.

Jonathan M. Paley Fermilab Neutrino Division

33



Latest Results from the T2K Experiment
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Latest Results from the T2K Experiment
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Latest Results from the T2K Experiment
arXiv:1707.01048
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Latest Results from the T2K Experiment

C.K. Jung will present new results at 8:30 am this
Friday morning using ~2x the amount of data for
neutrino-mode.
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Latest Results from the NOvA Experiment
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Latest Results from the NOvA Experiment

Events / 0.5 GeV
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» Observed 33 events, with an expected

background of 8.2 + 0.8 events.

* Right: Am2 and 823 are constrained from

NOVA disappearance fits.

 Best fit: Normal Hierarchy, dcp=1.5m,

sin2(023) = 0.40.

w

* 93% CL exclusion of IH in the lower

octant
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Looking to the
Not-too-Distant Future...
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Jiangmen Underground Neutrino Observatory (JUNO, China)

Overburden ~ 70. o4 by 2020: 26.6 ‘.

ious site candidate

5 0 ' o A H“bng Kong

_/Macau

Cores YJ-Cl YJ-C2 YJ-C3 YJ-C4 YJ-C5 YI-Co

Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9
Baseline (km) 52.75 52.84 5242 5251 5212 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ

Power (GW) 4.6 4.6 4.6 4.6 174 174
Baseline (km) 52.76 5263 5232 5220 215 265

Neutrino 2016 - July 6, 2016 Gioacchino Ranucci - INFN Sez. di Milano 4
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S T hierarchy via precise measurement of energy
gooof— Normal Hierarchy spectrum.
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4001 e Requires 3%/V E energy resolution and energy
B 1 o)
300] scale uncertainty < 1%
200F * Also: other precise measurements, supernovae
- neutrinos, sterile neutrino searches, etc.
100{—
- e Civil construction of the underground facility to

be completed this year; data-taking by 2020.
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Hyper-Kamiokande (Japan)

« 520 kton water Cherenkov detector +
upgrade of J-PARC neutrino beam to 1.3 MW

e 295 km baseline

Normal mass hierarchy
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« Main goal is discovery of CPV, but can do much more including 10x improvement

onp > et+T10
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The Deep Underground Neutrino Experiment (DUNE, USA)
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The Deep Underground Neutrino Experiment (DUNE,

/k{\h:_OvA Far Detector |
. MINOS.Far Detector
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Image © 2012 TerraMetrics
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DUNE Sensitivities

CP Violation Sensitivity
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Systematics in Future Precision Experiments

CP Violation Sensitivity
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Systematics in Future Precision Experiments

CP Violation Sensitivity
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Systematics in Future Precision Experiments

Both H2K and DUNE require
< 3% systematic uncertainties.

Control of systematics
for H2K and DUNE is critical,
vou’ll hear more about some
of this in the next talk.
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Short-Baseline Neutrino Program

A short-baseline neutrino oscillation program featuring three LAr TPC detectors is
underway at Fermilab that will:

* improve our understanding of v-Ar interactions
 accelerate the improvement of LArTPC simulations and reconstruction
 address the LSND and MiniBooNE anomalies
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Short-Baseline Neutrino Program

A short-baseline neutrino oscillation program featuring three LAr TPC detectors is
underway at Fermilab that will:

* improve our understanding of v-Ar interactions
 accelerate the improvement of LArTPC simulations and reconstruction
» address the LSND and MiniBooNE anomalies
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Short-Baseline Neutrino Program

A short-baseline neutrino oscillation program featuring three LAr TPC detectors is
underway at Fermilab that will:

* improve our understanding of v-Ar interactions
* accelerate the improvement of LArTPC simulations and reconstruction
» address the LSND and MiniBooNE anomalies

* MicroBooNE is up and running,

Run 3493 Event 41075, October 237, 2015
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Short-Baseline Neutrino Program

A short-baseline neutrino oscillation program featuring three LAr TPC detectors is
underway at Fermilab that will:

* improve our understanding of v-Ar interactions
 accelerate the improvement of LArTPC simulations and reconstruction
 address the LSND and MiniBooNE anomalies

* MicroBooNE is up and running, and ICARUS will be installed later this year.

ICARUS arrived at
Fermilab last week yiltts

.....
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Summary

* Although we have learned much in the last 20 years, there is much we still
do not know.

* This is a very active field: @ this meeting: 55 parallel session talks, 35/70
posters are neutrino-related.

* The latest results from SK, T2K and NOvVA all have slight preferences for the
normal hierarchy of the neutrino masses, as well as values of écp around 31V
2. Both NOvVA and T2K are exploring ways to increase their exposure in the
coming years.

* Both current and future oscillation experiments are well-positioned to
determine many of the other “unknowns”.

* Data and results will continue to flow for the next decade; look for many
more “breaking nus” in the future!
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