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Neutrino University: Oscillation Experiments (ETW)

Overview

- Introduction to the speaker

- Introduction to neutrino oscillation

- Current global fit

- Short-baseline reactor experiments

- Atmospheric neutrino experiments

- Short-baseline accelerator experiments
- Long-baseline accelerator experiments

Note: Many borrowed slides — thanks to all
for their nice presentations which were
invaluable in preparing this lecture!
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Intro to the speaker

- BS Physics: Georgia Tech 1997
- MS Physics: UCLA 1998
- PhD Physics: U. of Chicago 2007
« CP/CPT in KTeV
- Stay-at-home mom: 2007-2010
- BNL postdoc: 2011-2013
- Daya Bay, LBNE, WbLS R&D
- BNL scientist: 2013-present
- SBN, DUNE
- Primary physics activities:
- Cold electronics development for
LArTPCs (SBND, protoDUNE)
- Simulation/reconstruction/analysis for
LArTPCs (SBND, protoDUNE)
- Long-baseline physics sensitivity for
LBNF/DUNE
- Non-physics interests: marathon
running, Slash
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Discovery of Neutrino Oscillation

- Ray Davis experiment at
Homestake Mine
(1960s-1980s)

- Detect solar neutrinos using
capture on chlorine:
v +37Cl — 37Ar + e*
- Sensitive only to v,

- Observed ~1/3 of v, rate
expected from calculation of
solar neutrino flux (Bahcall)

- Observation of neutrino
oscillation at SNO and
SuperK

- SNO observed oscillation of
solar v, to v, and v,

- SK observed oscillation of
atmospheric v, to v,

- Nobel Prize in 2015!
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Neutrino Oscillation

¢ vi - Uai VO‘ (m:)2
> 2 > . (Amz)‘2
- Flavor composition of my

neutrinos change as o
they propagate e
- Two-neutrino case: s
) Inverted v
: : L Hierarch
P(va — vﬁ) ~ sin” 26sin” (Am2 —) !
4FE
Amplitude depends on 8. o —
baseline, and energy. Mass hierarchy (sign

Am?2,,) is unknown!
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3-Neutrino Model: PMNS Matrix

Uel Ue2 Ue3
Vi>=EUai Va> S U = UM1 UM2 UM3
’ Url U172 U173
1 0 0 cosf, 0 e™sinf, cosf, sinf, O
= 0 cos6O,; sin6,; [x 0 1 0 x| —-sinf, cosO, O
0 -sinf,, cos6,, —ersing; 0  cos6, 0 0 1
. 0,, =450 . 0,,= 350
* Atmospheric, * Solar, Long-
Accelerator Baseline

e (Qctant unknown Reactor
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Sterile Neutrino (?)

= > . Sterile v theoretically well
= | ALEPH /3 motivated
¢ 30 DEL PHI 1M\ - Experimental evidence from
13 I\ LSND (1990s)
OPAL | \ .
ey | d
by factor 10 4 N &
s § 75 g i ) Atmospheric
10 / N n o =
~ 25 i o gzwl_a)r\')rz-15\\"
0 = l, | |

86 88 90 93 93
E., [GeV] -« Significant tension between

_ LSND result and

Z'W|dth measurement at LEP dlsappearance experlments

determined the number of

active neutrinos
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Current (3v) Global Fit
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NuFit: May 2016

NUFIT 2.1 (2016)
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 Includes data from:

- Solar neutrino
experiments: Chlorine,
Gallex/GNO, SAGE, SK,
SNO, Borexino

- Atmospheric neutrino
experiments: SK,
ICECUBE

- Reactor neutrino
experiments: KamLAND,
CHOOZ, Palo-Verde,
Double-Chooz, Daya Bay,
RENO

- Accelerator neutrino
experiments: MINOS, T2K,
NOVA
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NuFit: May 2016

NUFIT 2.1 (2016)

- Most mixing angles and
. mass splittings known to
~3%
S - Least known mixing
T angle is 6,5 (octant
B unknown)
- No significant preference
oot G [V] of neutrino mass
i T s e ordering
] * - Some preference for d.p
o El: _ ~3m/2 (= -m/2)

sin” 0, Scp
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Short-baseline Reactor Experiments
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Reactor Antineutrinos

IIIIII|

! IIIlIII| | L L |
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Near detectors
constrain flux
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10 10°
Baseline [km]
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Detecting Reactor Antineutrinos

Inverse B'decay (IBD) Daya Bay Antineutrino Detector:
vV,+p— e +n

:
n+*Gd —""' Gd+y

0.1%Gd

Prompt positron:

Carries antineutrino energy
E..=E,—0.8MeV

Delayed neutron capture:

Prompt + delayed signature

efficiently tags antineutrino signal
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Reactor Results: Oscillation Parameters

Daya Bay:
1 o o e ]
- A EH1
i v EH2
L e EH3
__ Best fit
- $
i L L | L L L | L L L | L L | L
0 0.2 0.4 0.6 0.8

L.q/ (E,) [km/MeV]

Precise measurements
of sin?260,; and Am?,,

Experiment Value
Daya Bay Fe 0.0841+0.0033
RENO —— 0.082+0.010
D-CHOOZ —— 0.111+0.018
T2K > 0.100%5517
. = 1+0.038
wvos 0TI ooty
0.02 0.04 0.06 0.08 0.1 0.12 0.14
sin® 20,4
Experiment Value (1073 eV?)
Daya Bay —— 2.45%0.08
T2K —— 2.54520 0s1
MINOS —— 2.4240.09
NOrA . 2.67£0.12
Super-K > 2.501038
IceCube . 2.5070 3%
RENO - 2.5703

2.3

24 25 26 27
|Am3,| (1073eV?)

2.8
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Reactor Results: Flux & Sterile Search

“ ” - - .
Reactor anomaly Sterile neutrino search:
e 12— T — Ty T T - - . . T
% i ) 11 EH2 —— Data |:|Unc. of 3v prediction |
T i ] T N
2 L) 1 w 3
L pE——— e :
8 : i —e— Previous data % % ------ ) _ 3 2 2 _ 2 2 E
0.8 — —=— Daya Bay o Amj, = 4x107 eV Amy, = 4x10" eV
L —— World Average o 0.9~ sin’20,, = 0.05 assumed i
L 3] 15 Exp. Unc. 3 - - . |
i 7] 1= Flux Unc. w
Distance (m) 2
8
<
Could indicate issues with reactor

- o . - U B -
flux prediction (non-trivial nuclear Prompt Energy (MeV)
physics). Could be evidence for a

new oscillation mode. Sensitive to sterile neutrino with

mass splitting in the region of
103 eV? <Am?,, < 0.1 eV2. No
evidence for oscillation to sterile
v observed.
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Very-short Baseline Reactor Experiments

PROSPECT at HFIR

Antineutrino

- Search for sterile neutrinos in
region suggested by “reactor
anomaly”

Antineutrino

- Precisely measure reactor Detector I
neutrino flux |

- Utilize small research
reactors

- Allow close (very-short
baseline) access

« Small core size

- High background environment P T e —————
T
- Many current and planned S 0% ‘ o L LA o
experiments, including: S oodf (o } *1‘ u “ MY L
) PROSPECT gg H +:H HI“&&SS lLi_ii :1.78 L\:ﬁi() AmL:li de: 0
- SolLid g:gs I—Phl:sell'?:.yr;D;hasq'l+1'1’(31;3_\.'r)
0

2 3
- NEOS l T kb



Neutrino University: Oscillation Experiments (ETW)

Atmospheric Neutrino Experiments
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Super-Kamiokande

* Super-K is a 50 kton water
Cherenkov detector with 22.5
kton of fiducial volume at 2,700
m.w.e underground.

* The detector is optically separated
into ID and OD.

* Excellent in detection of
atmospheric neutrinos.

* 20 years since the start of data
taking in 1996, >47,000
atmospheric neutrino events.

Four Run Periods: * A Nobel prize winning experiment!
SK-1(1996-2001) SK-1I (2003-2005)

SK-111(2005-2008) SK-IV(2008-Present)
ICHEP 2016 Z. Li
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SuperK Detector

r«.
8
2
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4 i
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i
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Cerenkov
radiation

The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
ring in the photomultiplier

detector bank.

Muon Muon

N 2 neutrino

The Cerenkov radiation
from the electron shower
produced by an electron
neutrino event produces
multiple cones and
therefore a diffuse ring

in the detector array.

Electron Electron
neutrino shower
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Atmospheric Neutrino Studies

: | - Played important role in
kit discovery of neutrino
oscillation

L v~10 km .
- o PreC|se measurement of

cosmic rays | Jd

disappearance

.« Still producing new results
| o | including:

v [\ w N/ - Atmospheric flux
\ = 00}\(4 measurements

et - Tau neutrino appearance
vy l cosmic ray/' - 3-flavor measurements of
Ve

oscillation parameters sin“0,,
Am?,,, dc-p, and neutrino mass
hierarchy
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ICECUBE

k ICECUBE

Founs PoLE NELMIaND DeseRvATDRY

A

50 m ) S, T, e

Amundsen-S

Pole Station, A
IceCube Laboratory g‘:’z‘gg:&?&'ﬁh A National Science Fou
Data is collected here and

managed research facilit
sent by satellite to the data

warehouse at UW-Madison
1450 m T
60 DOMs
on each
string
)
DOMs !
are 17 {
meters
apart /-8
Digital Optical S
Module (DOM) 2450 m I
5,160 DOMs -
deployed in the ice -
Antarctic bedrock L

C. Arguelles,
ICHEP 2016
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ICECUBE
What do they look like?

¢ SR PR eeeee
o9 -0

(LI AT
B 2 202 e
time

SORARNRN. . 202

XL ITITTI L P D
®»- -5 » - -
JJ 111
o - »
EERRE R LI L L L L L LL L

TIIIL

C. Arguelles,
ICHEP 2016

Size of spheres ~ deposited charge
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|ICECUBE: Sterile Neutrino Search

;. ¢ Data (1C86) » "
& s ‘ol ] MC no steriles N
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Short-baseline Accelerator Experiments
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Producing a Neutrino Beam

Booster Neutrino Beam:;

1 ' 1]

—
o
—

/50MeV/m%710%POT

LAritND
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Q
L

D(v)

3
e
S,

w

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy (GeV)
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Short Baseline Neutrino Program

MiniBooNE MlcrOBO_ONE
(operating)

(relocated)

26



Liquid Argon Time Projection Chamber

Cathode
Plane

Anode wire planes:
| | AV

t (ticks)

t (ticks)
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1800
1600
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2000
1800
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100 120 140 160 180 200 220 240
Induction Plane Wire

80

80 100 120 140
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2
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%

MiniBooNE Result |

if+

Events/MeV

Events/MeV

0.4

Antineutrino

e Data (staterr.)

3 ve from u* ]
2 -80 v, fromK* ]
(| vy from K° )
3 ~° misid =
CJA- Ny |
B dirt ]
other 1
—— Constr. Syst. Error

k4 .

Neutrino

0.6 0.8 1.0 1.2 14 1.5 3.0

E% (GeV)

Physics Goals: MiniBooNE Follow-up

- MiniBooNE:

- Excess of v, like events
at low energy

- Not consistent with other
searches for oscillation to
sterile neutrinos

« New physics or
misunderstood (photon)
background?

- SBN detectors are liquid
argon TPCs, which can
distinguish between
electrons and photons
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Physics Goals: Sterile Neutrino Search

arXiv:1503.01520v1

102

T TTTTTT

10

Am? (eV?)
- I I IIIIIII

T IIIIIII

107"

T IIIIIII

T

[ LSND 90% CL
] LSND 99% CL
# LSND Best Fit

+ Global Best Fit (arXiv:1303.3011)

%44 Global Fit 90% CL (arXiv:1303.3011)
+ Gilobal Best Fit (arXiv:1308.5288)
sz Global Fit 90% CL (arXiv:1308.5288)

| Illlllll

| IIIIIIII |

T600, 6.6e+20 POT (600m)

== MicroBooNE, 1.32e+21 POT (470m)
LAr1-ND, 6.6e+20 POT (100m)

v mode, CC Evénts

Stat., X-Sec., Flux,Cosmics, Dirt

v, Only Fit
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— 23 Cl

| Illllll

---50 CL
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L 111l
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0
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== NC Single 7|
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&= Dirt
B8 Cosmics
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&= NC Single y
=y, cCc

&= Dirt

[ MicroBooNE ] B Cosmics
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Neutrino Interaction Measurements

§1 -4 g = ::::::la:i;roduction

> g I ois (w<2.7)

‘t 1.2 S I ois (w>2.7)

(4]

?‘-i? 1

A -8

uf0 DUNE
Signal

Events

v cross section/
© o ©
O N H» O

4 5 6 7 8 9 10
Reconstructed Neutrino Energy [GeV]

° Vv, CC Interactions: CCQE CC Res
QE:v,n = up \\/K/ \‘\/E/
RES: v,N = wN, N" = zN' wi Wi .

DIS: v,N = wX T T AN
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SBN Status . SBND Building

- SBND detector being
built; installation
planned for 2018

« MicroBooNE running
since 2015

- ICARUS refurbishment
at CERN ongoing;
installation planned for
2017




Neutrino University: Oscillation Experiments (ETW)

Long-baseline Accelerator Experiments



Neutrino University: Oscillation Experiments (ETW)

v, Appearance
SI?A(S?B—I ;Laf/ As a= GFN e / \/5

. . ) sin(As; —|aL sinfaL
H sin 26,5|sin 26,5 5in 26, (23:1— aL_1A31 = Ay cos(Asy Am;L

Py, = ve) =~ sin® B,qlsin® 26,5

‘2 .
o sin?(a . i
Hcos? Bysksin? 2912~—ai—2 ‘Aﬁl, J 4F

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

5 ~ itz 05 -ma"! 2 * Ve @PPEArance amplitude
= 4505 /2 $in?20,,=0.1,5 =2 § depends on J 623’ 6CP’
g 400 A B 0 0 O st , Sin?20,, - 0.15,,-0 0_0809_ and matter effects —
s S 350F Sin226. - 018 o g
28 o \ Funthem® <& Mmeasurements of all four
23 250, / ', g possible in a single
2 S, zoova\l | 0.04 experiment
150 y \ « Large value of sin?(20,,)
‘:EV]\ / o allows significant v,
Oh . 0 appearance sample

E,(GeV)
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CP Violation

- Three discrete symmetries:
- C (“charge conjugation”) changes a particle to its antiparticle
- P (“parity inversion”) inverts space: (x,y,z) (-X,-y,-2)
- T (“time reversal) reverses time: t — -t
- Individually conserved by EM and strong interactions

- Parity found to be violated by the weak interaction in
1957 (Wu, et. al)

- CP found to be violated by the weak interaction in 1964

(Christenson, et. al)

- Existence of CP violation in kaon decay required the existence of
the 3 quark generation before experimental observation of
bottom and top
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CP Violation in Neutrinos

- In neutrinos
- Parity inversion
changes left-handed
to right-handed
- Charge conjugation
changes neutrino to
antineutrino

- CP changes a left-
handed neutrino to a

right-handed
antineutrino

Left-handed

neutrino
moving "’l:"l’
(exists i nature)

Helicity (handedness):

H = +1 (right-handed):

spin and velocity are in

the same direction

H = -1 (left-handed):
spin and velocity are in
opposite directions

(exists m nature)

Right-handed

n vin
(not found mn 1

ng left
lature) @
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Matter Asymmetry

Charged-current coherent forward

scattering on electrons:

Ve €

Electrons are

present in matter W

while other leptons
are not.

CC process occurs for electron
neutrinos only; muon and tau have
only NC interactions with electrons
Normal hierarchy: matter effect
enhances appearance probability
for neutrinos and suppresses it for
antineutrinos

CP asymmetries inv , — v, at 1 * osc. node

vacuum, d

,E_- NH.ﬁcp"O RIS
F_ _vacuum, § ., =

- —— vacuum,3

mmuan Vacuumiscp

Ocp

TTTTTTTRTOT 'lllllllll'llll[llll

'

10?

3
10 Baseline (km)
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Matter Asymmetry

Ve Spectrum
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c || . 2 _ u
o 80 sin“(26,,) = 0.1 v, NC Bg
L -
— Beam v, Bg
60—
40—
20—
- i _I‘_I:EZIZ‘::I-.-._,_
D i == .
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Matter and CP Asymmetry

Total Asymmetry at 290km

1

FEETTT NP
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Matter and CP Asymmetry

Total Asymmetry at 1000km
F T
aogb. i S —— 1st osc. node
\ |~ 2nd osc. node
N | IH |
o e ;
0.2 D’ A
0.4 b N : ., J
0.6 N gznen pees
-0.8 § : ————b
=35 00 50 0 50 100 150
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Current Experiments

T2K: Tokal to Kamioka

- Beam: J-PARC

- Far detector: SuperK
- WCD (50 kt)

- Baseline: 295 km

- Far detector located off-axis
such that observed v flux is

peaked at ~600 MeV

Super-KAMIOKANDE

Near Detector

NOVA: FNAL to Ash River

. Beam: NuMI (FNAL)

- Far detector: segmented liquid
scintillator detector (14 kt)

- Baseline: 810 km

- Far detector located off-axis
such that observed v flux is
peaked at ~2 GeV
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T2K Near Detectors and Flux

= 2 ]
210 4 QI0F

N = . T

§ ~Vu ~Ve S L -Vu —V, 1
) = = ) 3 .~ = a
: Vu Ve 10 1\1 o v, :
w10 2 -
e neutrino beam = antineutrino beam 1
S 3

M % 10%F

= = -

= =

104

POO
e

datecior|

10
E, (GeV)
NDz28o

Barrel ECAL

~10m

ND280

- Scintillators and water targets

- Consists of trackers, calorimeters,
and muon detectors

- UAI magnet (0.27)

- Tracks the neutrino prior to

~10m

INGRID oscillations

- Scintillators and iron targets K. lwamoto

- measure neutrino beam direction ’
ICHEP 2016

and stability
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Neutrino Detection at SK Far Detector

Signal (v,)

Signal (v,,)

Background

K. lIwamoto,
ICHEP 2016
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T2K Results: v, Disappearance

Vu Vu

T T

ay  S0pTvTTTvTETTTTTT Ty . - O e T -
12K Runl=7¢ preliminary : | — Unoscillated " 1 et mealidinaey | | Unoscillated
§ 80 ! g !I' Y. Prediction § aek ﬂT;J( Runl-7¢ preliminary Preciction
§ T0E |7 Best-Fit = s ~= Best-Fit
= 60 ) ; (& e el L et 1
< —*= Data = - =*= Data
© 50 - o
.> 1 : > I - - Sy PO — < — . ..................... .
= 40 N ] ETENTEYS SHININTITIN TV YV S—— ...................... _.: &3] p
30 3 A e e e e e e _‘
20 -3 b
3 T L & A e Y S —
10 : b
N P | d
c < 2 !
= - H
: 3 - i
B 3 7 s

Recoastructed Energy [GeV] Reconstructed Enerpy [MeV)

135 events observed 66 events observed
(+10 events since Neutrino 2016)

(135.8 events expected) (64.2 events expected)

K. lwamoto,
ICHEP 2016
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T2K Results: v, Appearance

Events/100MeV

» v R PR TS Dl . - 35T T -
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32 events observed 4 events observed
(+0 events since Neutrino 2016)
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28 7 24 2 19 6 24

1

m 6.0 6.9 7.7 6.8 4 K. lwamoto,

ICHEP 2016
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T2K Results: Hint of CPV?

T2K Result with Reactor Constraint

T2K-Onl :

Only (sin? 20,5 = 0.085 + 0.005)
’§3""Q"'—/j"""""""-:%‘3:- 7 ] E
= T2K Runl-7c preliminary 7 .3 C T2K Runl-7¢ preliminary ]
g 2 4 £ r B
5  G82TACL 1 15 ----- 68 27%CL :
* Best-fit ] = — 90%CL ’
PDG 2015 ] - *  Best-fit ;
0 E 0 B
1 —— Normal Hierarchy 3 - —— Normal Hierarchy ]
—— Inverted Hierarchy 7 s —— Inverted Hierarchy 1
2 —: 2F ‘:
Fixed Mass Hierarchy - Fixed Mass Hierarchy
B el : .‘1,L‘11L,1—1 -3L.L,L N 1..A‘1,L,A1—.:
0 002 10.04 0.06 0.08 0.1 0.015 + 002 0.025 0.03 0.035
) ‘r ] sin’ 0l3 sinz()13

- T2K-only result consistent with the reactor measurement
Favors the & = regi
- avors e o > region
K. lwamoto,

ICHEP 2016
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NOVA Beam

NuMI off-axis beam 7 ]
T '86; // B
i S,
NOVA detectors are sited 3T ,.43/ ‘:
14 mrad off the NuMI = &7 E
beam axis = - v at 14 :
o 7/ Mmrad B
With the medium-energy NuMI /\
tune, yields a narrow 2-GeV L — [z'(ge;,] B
spectrum at the NOvA detectors NOVA Simulatior
O _ .
— ReducesNCandv,CC = | on ads ‘
backgrounds in the £ l4mrad 1
oscillation analyses 5 | (NOVA)
while maintaining s [
high v, flux at 2 GeV. © o I
S I
g % E. (GeV] 15
Ryan Patterson, Caltech 7 Fermilab JETP, August 6, 2015
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NOVA Detectors

NOVA detectors A NOVA cell
To APD
Extruded PVC cells filled with B
11M liters of scintillator _ » .
instrumented with 1) "'
A-shifting fiber and APDs '
&
3
[n]
Far detector: b
14-kton, fine-grained, 1
low-Z, highly-active
tracking calorimeter
32-pixel APD = 344,000 channels
Fiber pairs w i
from 32 cells 0.3-kton version of dcm x 6 cm
— the same
- 20,000 channels

Ryan Patterson, Caltech 10 Fermilab JETP, August 6, 2015
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Neutrino Detection in NOVA

" P

Ny i
w

~5m :

- - = . o N -
75" Shorter, wider, fuzzy shower N
“"umy
'l.-.lll:l|'
r e "= _- ‘{/ n
< ~2.5m >

Diffuse activity from

nuclear recoil system

P. Vahle, Neutrino 2016
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NOVA Results: v, Disappearance

NOvVA Preliminary
——
Prodiction, no systs

o D 1+ syst range

15 -_ Frediction with systs.
[ —+— Backgrounds
: —+— Data

B

Neemal Hierarchy N

1 78 events observed in FD
47 3130 with no oscillation

82 at best oscillation fit %_ +] E

NN

-

Events / 0.25 GeV
f

of PR - aiAB‘ I .
. o 1 2 3 4
3.7 bedm BG + 2.9 cosmic Reconstructed neutrino energy (GeV)
— ﬂ T v v v v v T v v - v v
§ 15— NOwA & :ﬁ-lc":‘(ﬂ-cmw ] =
2 g i —+— Do
X-/NDF_4] '6/1 7 § o Bed ¥ predicion
Driven by flucfuaﬁons in tcil' g, 1'.-_. .................................. ;_.0_.- ............... -
no pull in oscillation fit ': i } ’ | -
o = = »
g 0S5 A i
s [ ~ —~+
=
2 i .
Tﬁ 0 sfdecssscccssssssssassscssssssssssssssssflecssscdhssccssscscfeccdac p—
a C i | PR BRI SR | P
0 1 2 3 4

Reconstructed neutrino energy (GeV)

P. Vahle, Neutrino 2016
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Hint of non-maximal mixing?

NOvVA Preliminary

Ll l Ll Ll L) Ll l Ll Ll Ll Ll l Ll

R NOvA 6.05x10° POT-equiv. i
mal Hierare . . . . .

—— 0%CLNOVA201E | = Dominant systematic effects included in fit:

Normalization

NC background

Flux

Fit for Am? and sin20,,

(107 eV?)
‘:l.’

2
32

Muon and hadronic energy scales
. . Cross section
- 7 Detector response and noise

Am

[ Ng FC Correction,
0.3 0

4 05 0.6 0.7

Best Fit (in NH):
[Am32,| = 2.67 +£0.12 x 10~%eV?

c2p o An+0.03 /1 ao+0.02

Maximal mixing excluded at 2.5

P. Vahle, Neutrino 2016
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NOVA Results: v, Appearance

Events / 0.5 GeV Bin

o0

20

NOvVA Preliminary

'''''''
0.75 <« CVN < 0.87 0.87 « CVN « 0.95 095 <« CVN < 1

[ NH

- 4-FD Data

: — Bast Fit Pradiction .

- Tctal Background 1

[ Cosmic Background .

L 6.06x10™ POT equiv.

1 2 3 1 2 3 1 2 3
Reconstructed neutrino energy (GeV)

Observe 33 events in FD
background 8.21+0.8

NOvA - FNAL E929
Run: I

CVN=0.991
E=1.63 GeV

UTC Mon Feb 15, 2016

04:36:13.43706233¢6

P. Vahle, Neutrino 2016
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NOVA Results: v, Appearance

NOvVA Preliminary

- Fit for hierarchy, 8p, sin%0,,

o Constrain Am? and sin?0,, with NOvA
disappearance results

™

o

= Not a full joint fit, systematics and other a?c:’
oscillation parameters not correlated 7

= Global best fit Normal Hierarchy
dcp = 1.497
sin?(fy3) = 0.40
o best fit IH-NH, Ay?=0.47

> <_
B o B R S 2o

@Em3o No FC Correction NH
o~

- - c 0-5
o 30 exclusion in |H, lower octant around
7]

8 p=11/2 0.4
Antineutrino data will help resolve degeneracies, s 2:130 2o »
o
particularly for non-n?cxximcxlmixing 0.25——— — i —
Planned for Spring 2017 2 dcp 2

P. Vahle, Neutrino 2016
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Future Experiments

T2HK: Tokai to HyperK

- Beam: J-PARC

- Far detector: HyperK
- WCD (~500 kt)

- Baseline: 295 km

- Far detector located off-
axis such that observed v
flux is peaked at ~600
MeV

DUNE: FNAL to SURF

- Beam: LBNF (FNAL)
- Far detector: LArTPC

(~40 kt fiducial)

- Baseline: 1300 km
- Far detector located on-

axis such that observed v
flux is a broadband
spectrum covering 1st and
some of 2"d pscillation
maximum

Both nominally start operations with beam in 2026
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Physics performance for oscillation studies

10 years of running

) 1.3 MW for JPARC proton beam
Assuming { . 1 tank then 2 tanks

~ 40% PMT coverage in HK
3-4% systematic uncertainties

Electron-neutrino appearance

% = - } ‘ H > - T T T 3
- m — Total 3 o I =
g aof V bea —Signalv, — v, 2 . 30 bea :;d;al\ -V :
8 =f Sgnalv,ov, 1 @ = A% signalv, v, -
g . —Ba W 2 of —BG 45,
S ol — K % - —BG v, +V, 1
S 1
2 15 1 S 1S0E
5] . 1 B 1
g o E § tocf
E af ‘ E o :
E : : s
z ——t 2 | ]
e 02 04 06 08 1 12 G 02 na 06 of 1 T2
Reconstructed Energy E™° Reconstructed Energy F*°
8=0 Signal Wrong sign | v«,v, | Beam v, ¥, NC
(v,—v, CC) | appearance e contamination
v 2300 21 10 362 188
beam
v 1656 289 6 444 274
beam

M. Gonin, ICHEP 2016
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HyperK

Physics performance for CPV studies

10

. Normal mass hierarchy
. §IMP26,3=0.1
- SIf6,=05

%

o=\
o®

..................................................

Tl PR BT LYY Bl (SRR | O
-150 100 .50 0 50 100 150
5@[“*8‘“]

® Exclusion of sindcp=0

® 80 for 56=-90°
® 80% coverage of &

parameter space for CPV
discovery w/ >30

-

error of & (degree)
I
Ot Of
3 2
Il PO
QRE
| |

® Bcp precision measurement
® 20° for 5=-90°

® 7° for 5=0° - -

6

8 10

Running time (year)

M. Gonin, ICHEP 2016
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HyperK

JPARC Beam + Atmospheric neutrinos

Normal Hierarchy
8

8 r
% 7} - 7|
6 T 6
2 $
- € 5
2 c
[
5 4 S years g .
- 30 > 3
g 3 5 3 c
§ e 1 20
o 2 ":; 2 -
< —
— 1 1
o Ao " " Ly o . M 1
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6

sin’ 0y sin® 6,,

M. Gonin, ICHEP 2016
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DUNE

Measure v, appearance and v, disappearance in a wideband neutrino
beam at 1300 km to measure MH, CPV, and neutrino mixing parameters
In a single experiment. Large detector, deep underground provides
sensitivity to nucleon decay and supernova burst neutrinos.

Sanford - B _
Underground J—
Research P

Fermilab




Neutrino University: Oscillation Experiments (ETW)

DUNE Far Detector

One 10-kt module (active):
12 m high

15.5 m wide

58 m long

150 “APAs” (2.3 m x 6 m)
384,000 readout wires

DUNE 10-kt
module

- 40-kt (fiducial) liquid argon TPC at 4850L of SURF

- Four 10-kt (fiducial) modules
- First module will be a single phase LArTPC
- Modules installed in stages; modules probably will not be identical
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Sanford Underground Research Facility

thé Homestake Mine
of South Dakota
rimental area

Majorana Demonstrator;
and DUNE far detector

) 4850 Level (4300 mwe) S ]
¢ 12 Proposed Laboratories
3 . Lz ‘ § + Experiment Hall
= LUX/ZEPLIN ‘ Thwd gzneranon dark matter and/or
nd generation dark matter neutrinoless double-beta decay
R&D opportunities

< LBNF
Long-Baseline Neutrino Facility
4850 Level 10 KT and 30 KT liquid argon

Masonana DenonsTRaToR
Neutrinoless double-beta decay
« CUBED
Center for Ultra-Low Background Experiments in the Dakotas
Lowbackground counting
- BLBF

Low Badgmum Facility

Berkeley
Low-background counti
Ross ca(

* MJD

MaJoRana DEMONSTRATOR
Electroforming laborator

+BHSU Underground Campus
Low-Background Countir

R&D opporlunmes

+CASPAR
Compact Accelerator System
for Performing. Amnpnym.al Research
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DUNE Timeline

2017: Far Site
Construction Begins

The CERN Neutrmo Platform

2018: protoDUNEs at
CERN

2021: Far Detector
Installation Begins

2024: Physics Data
Begins (20 kt)

2026: Neutrino
Beam Available
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Oscillation Sensitivity Calculations

DUNE CDR:

Events/0.25 GeV

Events/0.25 GeV

120,

1001
80f
60f
ol

20

L e R A

DUNE v, appearance
150 kt-MW-yr v mode
Normal MH, 5..=0
sin’(0,,)=0.45
= Signal (v +v,) CC
= Beam (v +v,) CC
— NC
—— (V4 CC

~~~~~~~

Reconstructed Energy (GeV)

D
(=]
[=]

a
(=]
(=]

W
o
[=]

200

-:DUNE v, disappearance

1150 kt-MW-yr v mode
§sin2(623)=0_45 — Signalv, CC
: - NC
i — (7#v,) CC
—— Bkgd¥, CC
—— CDR Reference Design
=sssee Optimized Design

o e

U I ST T
1 2 3 4 5 6 7 8

Reconstructed Energy (GeV)

Events/0.25 GeV

30f

25}
20
15f

10(

DUNE v, appearance
150 kt-MW-yr v mode
Normal MH, 5..=0
Sin’(0,4)=0.45

= Signal (v +v,) CC
= Beam (v +v,) CC

2 3 4 5 6 7 8
Reconstructed Energy (GeV)

N
a
[=]

Events/0.25 GeV
N
o
o

sin’(6,,)=0.45

DUNE v, disappearance

150 kt-MW-yr v mode

— Signal v, CC

—— Bkgdv, CC

— NC

—— (V,#v)CC

= CDR Reference Desi
=ssses Optimized Design

ign

......

e,

Reconstructed Energy (GeV)

GLoBES-based fit to four FD
samples

Two neutrino beam line
designs shown: optimization
of beam design is ongoing

GENIE event generator

Reconstructed spectra
predicted using detector
response parameterized at
the single particle level

Order 1000 v, appearance
events in ~7 years of equal
running in neutrino and
antineutrino mode

Simple systematics treatment

GLoBES configurations
arXiv:1606.09550
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MH & CPV Sensitivity

Mass Hierarchy

CP Violation

25 —_ 8y —_
i zgy:a?ﬁ?:r'::g:‘yy ——— CDR Reference Design ﬁgyr:afﬁn::::g:\y ——— CDR Reference Design
= I y
[ 300 kt-MW-years ... Optimized Design 7F 300 kt-MW-years ... Optimized Design
2ok sin®20,, = 0.085 sin®20,, = 0.085
| sin0,, = 0.45 6 sin0,, = 0.45
15 N >
= | 3
< — 4
= g
2

G llllllllllllllllllllllllllllllllllllll 0

-1 -08-06-04-02 0 0.2 04 0.6 08 1 1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

Ocp/T Ocp/T
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Oscillation Parameter Sensitivity

DUNE CDR:
dcp Resolution sin?20,, Resolution sin?0,, Resolution
40 — 0.02 P 0.04
DUNE Sensitivity DUNE Sensitivity DUNE Sensitivity
35 Normal Hierarchy 0.018 Normal Hierarchy 00350 Normal Hierarchy
sin’20,, = 0.085 " sin’20,, = 0.085 ' sin’20,, = 0.085
Fa2 - 2 _ ) _

’a‘": 30f sin“e,, = 0.45 sin“g,, = 0.45 0,030 - . sin6,, = 0.45
e N c NuFit 1o uncertainty
® 25 s 20.025
KA n )
c - o o
o L - 7]
£ 20: :— & 0.02
g C - CD&’
3 15¢ : < 0.015
n:n. E 8cp=90° [ »
< 10 . 0.01

5F Bop = 0° - 0.005

¥ ) 0.002[- Expected reactor uncertainty
G-IIIIIIIIIIIIIIIIIIIIIIIIIIIII :...I...I...I...I...I...I...l. ' E NN NS I IS I A I
0 200 400 600 800 1000 1200 1400 0500400500 ""500"1000 12067206 %200 400 600 800 1000 1200 1400

Exposure (kt-MW-years) Exposure (kt-MW-years) Exposure (kt-MW-years)
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Octant Sensitivity

DUNE CDR: OCtant SeHSItIVIty

o 60

S

2 L

g L - DUNE Sensitivity, Normal Hierarchy
‘E ol | [ ] NuFit1obound (2014)

€ [ | [___] NuFit3obound (2014)

dh) B Width of significance band is due to the unknown
"q',' CP phase and variations in beam design.
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Systematic Uncertainty

DUNE CDR:

50% CP Violation Sensitivity

[ DUNE Sensitivity
[ Normal Hierarchy
8[ sin?20,, = 0.085

[ sin0,, = 0.45

g CDR Reference Design.

- Optimized Design

IIIIIII 1
0 200 400 600

1 1 1 I 1 ]
00 1000 1200 1400
Exposure (kt-MW-years)

5%®1%

o4 5%®2%

o 5%@3%

- Next generation long-

baseline experiments require
precise control of systematic
uncertainty (“the precision
era of neutrino oscillation”)

- Systematic uncertainty arises

from uncertainty in:
- Neutrino flux (beam)
- Neutrino interactions

« Detector rec_onstruction and
event selection

- Rely partially on cancellation

of uncertainty between
appearance/disappearance
and neutrino/antineutrino
samples
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When?

Now: Reactor, SuperK, ICECUBE,
MicroBooNE, T2K, NOVA

Near future: VSBL reactor, SBND, ICARUS,

protoDUNEs

Future: HyperK, DUNE, ?
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Summary

- Neutrino oscillation experiments use a large variety of
detector technologies, covering energies from the MeV to
multi-GeV scale

- “Anomalous” results hint at sterile oscillations while ever-
stronger constraints applied by other results

- May be seeing initial hints of non-maximal 6,,;, CP
violation?

- Next-generation long-baseline experiments provide a
huge step forward in v, appearance statistics

- It's a very busy time for the field of neutrino oscillation!



