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Neutrino Nobel Prizes:

® |988 Lederman, Schwartz and Steinberger

® |995 Reines
® 2002 Davies and Koshiba

e 2015 Kajita and McDonald
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3t
i Key Experimental Neutrino Questions: ©
‘Nature of Neutrino Mass:
+ 2 comp & L violation (Majorana)
-or 4 comp & L conserved (Dirac)
 Neutrino Standard Model:
- Perform stringent tests 3 nu paradigm: check unitarity, ...
- Determine size and sign of CPV
- Determine atmospheric mass ordering
- Does nu_mu or nu_tau dominate nu_3 (theta_23 octant)

- Beyond 3 nus:

- Steriles, Non-Standard Interactions, Lorentz violation, nuBSM, ....
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Flavor Content of Mass Eigenstates:

e Labeling massive neutrinos:

|Uel‘2 > |U€2|2 > |U63|2
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G:) AmSOl sin2023
z | 3]
-2
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2 —5 /2 - 2 1
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2 _ —3 2
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Neutrino Masses:

0m?, | = 2.4 x 1073 eV?

atm

500 km/GeV

om2_, = +7.6 x 107° eV?
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Neutrino Standard Model:

9o
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Neutrino Standard Model:
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V) Neutrino Standard Model: 3F
Ve Y1
Yy, V2
U, V3
Vo
w Jo % &
5 o—im;L/2F
v, -
M
V. M
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¢ Neutrino Standard Model: F
Ve Y1
vy, V2
Uy V3
Vo
we go 7 Vi
5 o—im;L/2F

Stephen Parke, Fermilab PhysStat_Nu / Fermilab 9/19/2016



¢ Neutrino Standard Model: 3¢
Ve Uel Ue2 UeB V1
V), = Upr Uz Ups V2
V. UT]. U’7'2 UTB V3
Vo
T+ . Mixing Matrix ” v;
5 o—im;L/2F

accuracy: . >> . > > -
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Uphins
(Uel UeZ (}63 Uen\
Un Uwp U Uin
UEBxtended _ Ur1 UTQ Urs Urn
KUsn Usn2 sn3 Usnn)

Stephen Parke, Fermilab

PhysStat_Nu / Fermilab

9/19/2016

13



het

ARE THERE LIGHT STERILE
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The Three-Detector SBN Program ©
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The invisible
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Two electromagnetic
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Assuming Unitary with 3 flavors:
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Oscillation Probabilities
In Vacuum:

het
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Oscillation Probabilities
In Vacuum:

decompose flavor states into mass eigenstates
= then propagator
= decompose mass eigenstates into flavor states

het
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Oscillation Probabilities
In Vacuum:

decompose flavor states into mass eigenstates 2
= then propagator
= decompose mass eigenstates into flavor states
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Oscillation Probabilities
In Vacuum:

decompose flavor states into mass eigenstates 2
= then propagator
= decompose mass eigenstates into flavor states

P(vo — vg) = | Y, UZ, e ™iL/2E [y, |?

| 18
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Oscillation Probabilities
In Vacuum:

decompose flavor states into mass eigenstates 2
= then propagator

= decompose mass eigenstates into flavor states

P(ve — vg)

" —im?2
12, Ui e vmiL/2E Ugi |2

P(Ija — 17[-})

‘Zz U.,; e—im%L/2E U*z |2
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Oscillation Probabilities
In Vacuum:

decompose flavor states into mass eigenstates 2
= then propagator
= decompose mass eigenstates into flavor states

P(vo — vg) = | Y, UZ, e ™iL/2E [y, |?

P(0a — 7g) = | Y; Ui e "™L/2E U |2

P(I/Ig — I/a) CPT
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¢ Disappearance: v, — v, and UV, — U,

In vacuum the electron neutrino disappearance is 5
Am:. L

J

4F

P = 1— AU |Un|?sin? Ay, Aij =
—4’U63‘2’U61‘281H2 Agl — 4|U€3‘2|U€2‘2Sin2 A32
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Disappearance: v, — V., and U,

In vacuum the electron neutrino disappearance is
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Disappearance: v, — V., and U,

In vacuum the electron neutrino disappearance is
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¢ Disappearance: v, — v, and UV, — U,

In vacuum the electron neutrino disappearance is 5
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Disappearance: v, — V., and U, — U, 3F
In vacuum the electron neutrino disappearance is
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¢ Disappearance: v, — v, and UV, — U,

In vacuum the electron neutrino disappearance is 5
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Disappearance: v, — V., and U, — U, 3F
In vacuum the electron neutrino disappearance is
A = Am,?jL
P =1 _4‘U62|2‘U61|281n2 A21 1] = 4F
—4’U€3‘2’U€1‘281n2 Agl — 4’U€3‘2’U€2‘2Sin2 Agg
= 1-— COS4 (913 Sin2 2(912 sin2 Agl
— SiIl2 2913(C082 (912 SiIl2 A31 + SiIl2 912 SiIl2 Agg)
~sin® Ace  with Am2 = 2, Am2, + s2 Am2,
Pee
T T T | IIII| T T T | IIII| T
o 229 I 1'00__ ------------------------------------
S111 I
13 . )
3 1 KamLAND
~ SiIl2 2912 /|\ i .
;CD 0.50_— i
T I I
i 2 :
025 Ams, -
—> .
Daya Ba : —
y y OOO | | lIllllI | | lIllllI | | UNO
0.1 0.5 1.0 5.0 10.0
RENO L/E (km/MeV) J
D-Chooz . = RENO 50
19

Stephen Parke, Fermilab PhysStat_Nu / Fermilab 9/19/2016



het

Stephen Parke, Fermilab

KamLAND

P 1.4
Ag\!.
Inner Detector LA F$Ll Y Oute 1.2
{ ala n(‘_{ Ymmn
l iquid |" {(:;"’ e A l ()
Scintilaltor _ |} £/
; : e s —~ =
Plastic | ol 6 0.8
Balloon . !U [I‘? = Z P
Mineral | ey 5
- c 0.6
" T G 2
PMT A = 0.4
e 0.2
0.0

A IO, B
¥ Savannah River e
— O Bugey Eb el
<  Rovno :
| & Goesgen ]
A Krasnoyarsk
[ Palo Verde
— WM Chooz
® KamlI.AND
= 1 1 1 1 1
2 3 5
10" 10 10 10* 10°

Distance to Reactor (m)

ol
.E -
£ e
e e o
— 4 O Y I A A
T
=
m —
02+ L
<. ——3-vbest-fit oscillabon ——Data-BG-GeoV.
- -—— 2-v best-fit oscillation
oIIIIllllllllllllllllIllllllllllllllllllll Illll

20

30 40 50 60

70

80

L/E, (km/MeV)

90 100 110

PhysStat_Nu / Fermilab

9/19/2016

20



het

Solar Neutrinos

&
Matter Effects
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# Coher’ent FO rward Mikheyev + Smirnov Resonance VWIN ‘85

Scattering:
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ldentical Solar Twins:

/ Ve
V- 1

flavor eigenstates

22?7

mass eigenstates
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|dentical Solar Twins: Y

~ fractions are energy dependent

/ Ve
V- 1%

" flavor eigenstates
_ . )
Vo v,

o~ 22227

mass eigenstates
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|dentical Solar Twins: Y

~ fractions are energy dependent

/ Ve
V- 1

" flavor eigenstates
_ . )
AV

h 22227

mass eigenstates

Ny

# of oscillation lengths in Solar radius is
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|dentical Solar Twins: Y

~ fractions are energy dependent

/ Ve
V- 1%

" flavor eigenstates
_ . )
Vo v,

e 22227

mass eigenstates

Ny

# of oscillation lengths in Solar radius is 2 x 10 (4=£1)
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~vacuum
pp and “Be

f1 ~ 69%

Vo i fo ~ 31%
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Tt
L. 3

. ~vacuum
pp and ‘Be

matter dominated

f1 ~ 69%

fo ~ 31%

fo ~ 90%

f1~ 10%
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3 Life of a Boron-8 Solar Neutrino:

Ve & V9

for B

2 I N
M I

at birth

Solar Center

Ve - Vp Vf [

Stephen Parke, Fermilab PhysStat_Nu / Fermilab 9/19/2016 25



het

Life of a Boron-8 Solar Neutrino:

Ve & V9
for 8B Once a vy always a 15!
O O

2 I N q B

M I 1 I

at birth toddler

Solar Center

ve - V# v‘r H
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Life of a Boron-8 Solar Neutrino:

Ve == /9 .
for 8B Once a v, always a vp!
O O O

2 I N 2 N 2 s
'H I 1 BN E

at birth toddler teenager

v

Exit Core

Solar Center

VC - v# V-r u
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Life of a Boron-8 Solar Neutrino:

for B Once a 15 always a ol
S ® o °
q B o B e L > e
' I . i
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Solar Center v v
Exit Core Exit Sun
VeV Vr
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Ve & V9

for B

2 I N
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at birth

Solar Center

Life of a Boron-8 Solar Neutrino: 0

. _ In Vac
Once a vy always a v»! vy LU,
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| I s I § B I e
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Exit Core Exit Sun
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Which Neutrino Dominates ?

ve+e—v+e CC+NC
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Which Neutrino Dominates ?

ve+e—v+e CC+NC

Vey Vs Vr
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Which Neutrino Dominates ?

ve+e—v+e CC+NC

Vey Vs Vr + Vi, Voe Ug
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Which Neutrino Dominates ?

ve+e—v+e CC+NC

Vey Vs Vr + Vi, Voe Ug
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Tension between KamLAND & Solar Data

NUFIT 2.1 (2016)
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Tension between KamLAND & Solar Data
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14 AL L B O 12 L L L L L I LA
B 913 = 8.5° ] - GS98 w/o D/N -
12~ 7 1of | T ©GS% —
B _ - —— KamLAND —
o 1 . :
= 1 °F -
° 8 o i i
— B 1 < 6 B -
NE& 6 ] B ]
I F ] 41— ]
4 . - ]
o — 21 U —
0 AN BN B I BN AN AR I AN B AN 0 IR A | 00 ]
0.2 0.25 0.3 0.35 0.4 2 4 6 8 10
. 2 2 -5 2
sin6,, Am,. [10 ~eV']

SNQOs CC/NC measurement
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Reactor 0,5 Experiments

L G
DOZ, Trranc
L

— 29
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neutrino SM Physics Channels for LBL:

Disappearance: v,, — v,, v, — U,

Appearance: vV, — V. VUV, — Ve
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neutrino SM Physics Channels for LBL:

Disappearance: v,, — v,, v, — U,

Appearance: vV, — V. VUV, — Ve

+ Perform Stringent tests of the 3 neutrino paradigm
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Three nuSM Questions for LBL:

- Is there CP Violation

- Atm Mass Ordering

(SNO solar ordering)

- Dominant Flavor Content of v_3
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Three nuSM Questions for LBL:

31 I
si Bl

|s there CP Violation — _—

O. Mena & SP
hep-ph/0312131

- Atm Mass Ordering

(SNO solar ordering)

Dominant Flavor Content of v 3
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- Is there CP Violation

- Atm Mass Ordering

(SNO solar ordering)

- Dominant Flavor Content of v_3

Three nuSM Questions for LBL:

31
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normal order
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Inverted order
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- Is there CP Violation

- Atm Mass Ordering

(SNO solar ordering)

- Dominant Flavor Content of v_3

0-3 octant ?

Three nuSM Questions for LBL.:

ot
'
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33
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v. Disappearance:

CPT

Am,, and |Uys|® = ci3535 ( but degenerate with (1 — [U,3/?) )
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v. Disappearance:

CPT
Am,, and |Uys|® = ci3535 ( but degenerate with (1 — [U,3/?) )

v, disappearance: vacuum & matter
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v. Disappearance:

CPT
Am,, and |Uys|® = ci3535 ( but degenerate with (1 — [U,3/?) )

v, disappearance: vacuum & matter
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Disappearance:

CPT

Am;,, and |Uysl® = ci3535 ( but degenerate with (1 — \ng\ ) difference
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Ve Appearance Channel:
CP
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Ve Appearance Channel:

CP

V), — Ve <

T :U: CPT across diagonals

CP

het
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e Appearance Channel:

NAT: V ! — V@
MDCCC
XXX
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o ADCCC ﬁ T

: ‘.'ﬁ I . .{v Z ;:A
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e Appearance Channel:
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e Running experiments:

T2K (295km) and NOvA (810km)
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e Appearance Channel:

A S,

vV, — UV o \ Uy — UV
Ve AL
-3 X“- Al
T ) ) T

e Running experiments:

T2K (295km) and NOvA (810km)

e Future experiments:
DUNE (40 ktons LAr, 1300km)
HyperKamiokaNDE (0.5kMtons H2O, 295km)
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e Appearance Channel:

A S,

NAT: ﬁ ! — D e
MDECC

e Running experiments:

T2K (295km) and NOvA (810km)

e Future experiments:

0.2Mt + T2HKK

DUNE (40 ktons LAr, 1300km)/

HyperKamiokaNDE (0.5kMtons H,O, 295km)
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UV, — Ve 2
A1 = 2893513¢13 SIn A3y A1 = 2c13c23512¢12 5N Aoy

A,,;j = Am,%jL/4E

Aje = Az + et (0F832) Ay

P(vy — ve) = Aue A7,
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UV, — Ve
A1 = 2893513¢13 SIn A3y A1 = 2c13c23512¢12 5N Aoy

A,,;j = Amij/élE

Jt
L 2
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UV, — Ve
A1 = 2893513¢13 SIn A3y A1 = 2c13c23512¢12 5N Aoy

A,,;j = Am,%jL/élE
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UV, — Ve
A1 = 2893513¢13 SIn A3y A1 = 2c13c23512¢12 5N Aoy

A,,;j = Am,%jL/élE
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I/Fl’ _) I/e Asz1 = 2593513C135in Agy #
C PV Aa1 = 2cq3c23512¢12 5in Aoy
AP = P(v,—v.) — P, = U.)
‘ A31 _|_ 6i(A32 + 5)A21 |2 L | A31 _|_ ei(Agg — 5)A21 ‘2

only difference
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I/Fl’ _) I/e A3l = 2593513C13 510 Asgg #
C PV Aa1 = 2cq3c23512¢12 5in Aoy

AP

P(v, — ve) — P(v, — 1)
= [ As + €2 T4 |2 — | Ay 4 €852 7 DAy 2
only difference

= 2A31A21{COS(A32 -+ 5) — COS(AgQ — 5)}

— —2 cosfi3sin 2013sin 2019 sin 2053 sin 0 sin Ao sin Asgq sin Ass
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I/Fl’ _) I/e A3l = 2593513C13 510 Asgg #
C PV Aa1 = 2cq3c23512¢12 5in Aoy

AP

P(v, — ve) — P(v, — 1)

= [ As + €2 T4 |2 — | Ay 4 €852 7 DAy 2

only difference

— 2A31A21{COS(A32 -+ 5) — COS(AgQ — 5)}
— —2 cosfi3sin 2013sin 2019 sin 2053 sin 0 sin Ao sin Asgq sin Ass

/

J=darlskog Invariant
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I/Fl’ _> I/e Asz1 = 2593513¢135in A3y
C PV: A21 — 2C13023812C12 Sin A21

AP

P(v, — ve) — P(v, — 1)

_ ‘ A31 4 6@'(A32 + 5)A21 |2 o | A31 4 67L(A32 — 5)A21 ‘2

only difference

— 2A31A21{COS(A32 -+ 5) — COS(AgQ — 5)}
— —2 cosfi3sin 2013sin 2019 sin 2053 sin 0 sin Ao sin Asgq sin Ass

/

J=darlskog Invariant 4 sin Ay sin Agy sin Ay

= sin(2A31) — sin(2A33) — sin(2A9;)

Jt
L 2
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I/Fl’ _> I/e Asz1 = 2593513¢135in A3y

C ‘ V Ao1 = 2c13€23512¢12 8in Aoy

Jt
L 2

AP = Py, —v.) — Py, — i)
= | Ag + /P32 T DA, 12| Agy + (P32 =94, |2
only difference
— 2A31A21{COS(A32 -+ 5) — COS(AgQ — 5)}
— —2 cosfi3sin 2013sin 2019 sin 2053 sin 0 sin Ao sin Asgq sin Ass
J=darlskog Invariant 4 sin Az sin Agy sin Ag
\ = sin(2A31) — SiIl(QAgQ) — Sin(2A21)
3
L
2
L
= —0
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CPV:

I/Fl’ _) I/e Asz1 = 2593513¢135in A3y

Ao = 2¢13C23512C12 81N Aoy

AP

P(v, — ve) — P(v, — 1)
‘ A31 _|_ 6i(A32 + 5)A21 |2 L | A31 _|_ ei(Agg — 5)A21 ‘2
only difference

2A31A21{COS(A32 -+ 5) — COS(AgQ — 5)}

—2 cos 613 8in 26013 sin 26015 sin 26053 sin 0 sin Aoq sin Agq sin Ao

/

J=darlskog Invariant

\

7\3
~ 2. J(I1 Am2) [ =
1 am) (1)
£ -0
Depends on AL
This incluc

4 sin Agl Sin Agl sin Agz
= sin(2A31) — sin(2A33) — sin(2A9;)

Jt
L 2

_ @'s, § and Am?s |

2 11
es Am21
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€ Matter Effects: Az + elAnT0A,, 4

sin(Ag1Fal)
(A31:FCLL) A31

Azl = 2893813C13

_ sin(a L
Az1 = 2¢13€23812C12 (aL)) A2y

a = GpN./v/2 = (4000 km)~1,
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Matter Effects: Az + elAnT0A,, 4

- Sin(Aglea,L)
5 — 0.0 Azl = 2823513C13 ~(A_.1ar) 31

12K
A3y = O% Aor = 2C12CoaS10C sin(a L) A
NO | ~ A 21 13€23212€12 (aL) 21

\\/5A2
— ALY
- Aii P(V,u—>l/e) Aue Ze a — GFNe/\/i — (4000 km)_l’
—_— ?me* Py — ) = A% Ape

A
A
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Matter Effects: Az + elAnT0A,, 4

sin(Ag1Fal) Asy

Azl = 2893813C13

6 = 0.0m oK (Az1Fal)
Ago = 0.57 Aoy — 92 sin(aL) A
NO ‘ N 21 — 4C13C23512C12 (aL) 21
, \\JJM
_— AT
— A4 Py, = ve) = ApeAje a = G!I'?‘Z\]-e/\/5 — (4000 km)_l'
— A Py — ) = A% Ape
Ape
0 = 0.0
NOVA

Agg = 0.4m N

NO  —— [ . LAy

— NAGS

— AT I ———

Py, = v.) = AueAZe

el Py = Ue) = Al Ape
Amx

Denton & Parke
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Matter Effects: Az + elAnT0A,, 4

sin(Ag1Fal) Asy

Azl = 2893813C13

6 =0.07 oK (As1Fal)
. :O% Aoy = 2C13Co3812C10 S2@L) A
NO | N LA 21 13€232012¢C12 ( L) 21
\\/ N
— Al
— Ail P(VM—>V6):AWA;’;6 a — GFNe/\/i — (4000 km)_l'
— A Py — ) = A% Ape
A
0 = 0.07 NOVA
Agg = 0.4m N
NO — / / X ot v
— NG
—_ A% Py, — ve) = Ay A
— Y| P, =) = A5 A
Ajle
0 = 0.0
DUNE
A32 = 0.4m PN
NO | ——— / ‘\ / ot v
/5— 32
— N
Am ~—
= 2| Py, —ve) = Ape A,
—_— AT
Agb:* P(v, - v.) = A* Aﬂe
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€ Matter Effects:

0 =0.0m

Sasvw 7
NO . NS

14

— jﬂ Py, — ve) = Ape A,
= Py D) = Af Ape
Amx

X pL SiIl2 923

Stephen Parke, Fermilab

NG

A31 + ei(A322t5)A21 #

sin(Ag1Fal)
(Az1Fal) Asl

Azl = 2893813C13

sin(aL) Aoy

Az21 = 2€13€23812C12 (1)

a = GpN./v/2 = (4000 km)~ !,

NOVA
_ [ LA
| \ / 9 32
Py, — ve) = Aue A,
P(v, — U.) = fl;ef_lue
Denton & Parke
0 = 0.07 H
DUNE
A32 = 0.4m PN
NO | mm—— / \ / O¥ R
/ 6 — Az
— ALY
A'rn ~
— 21 Py, - v.) = AueAZe
— Y| P, - ) = A% A,
Ane
Denton & Parke
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In Matter:

0.15

0.10

P(v, —> v,)

0.05

0.00 &

I
PhysStat_Nu / Fermilab

Almospheric + Solar:

] |
Nu: Normal Inverted

-
N P_sol
Y _ |
N
.‘l:l.l‘lll\l“ " *l—_l._Llllll

0.5 1.0 2.0 5.0 10.0 20.0

E (GeV)
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Vy, — Ve
P, e~ | A3 + et(As2t9) A, |2
where Az = /Patm = 2823513C13

and Az1 = vV Psoi = 2¢13€23512C12

1300 km

Cerveraetal ¢
hep-ph/0002108 ™

Sin(AgleaL) — GFNe
(AsiFalL) V2
sin(aL) ~ (4000 km)~*
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In Matter: V,, — Cerveraetal g
0 H € hep-ph/0002108

P, e~ | A3 + et(As2t9) A, |2

Sin(AgleaL) a = ﬂ
where A3y = /Paim = 2523513€C13 (AsiFal) Agq - V2
~ —1
and As1 = v/ Psol = 2€13C23812C12 sinlal) A2 ~ (4000 km)

(aL)

0.15 — TA‘PW.OlSphelmq -+ |S.Ql.e.1|r 0.15 ,‘.f‘.‘tlln.o.s.Plherlo + Solar + Inf.
i | Al | o .
- il H:“ N -
L Nu: Normal Inverted A Lll Iy Nu: Normal Inverted - _
~ ol B |”|| ! ,'1“||| P dashed 6=3m/2 1 Anti-Nu: Normal Inverted
SR | 3 010y " solid dé=m/2  — dashes 6 = 7 /2
A Mo . : —
| i ] N i ] solid § = 37 /2
i |
5 :P sol ] N ‘ ||||,,1' l||| ,, I 1
o = ‘ i
L\ | a® (NI
0.05_‘\ . 0.05 =y 11! 1 —
IAYA 7 - .
T [ P_atm - - .
0.00 & "0|5”"\]“' P L 0.00
. 1.0 20 50 10.0 20.0 20.0
E (GeV)
I
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In Matter: V,, — U/ Cerveraetal g
0 H € hep-ph/0002108

P, e~ | A3 + et(As2t9) A, |2

; GrNe
P Az1Fal —
P ~ —1
and A21 = v/ Psoi = 2¢13C23812C12 Sl?(%f) A21 ~ (4000 km)

o.15— Ahespheric & Solar 015 Atmospheric + Solar + Inf.
i i rl'll h -
i ] H'u N -
I Nu: Normal Inverted 1 Ul it Nu:Normal Inverted 1 .
S B ~ ! :l“H F dashed 6=3m/2 1 Anti-Nu: Normal Inverted
$ 0. S 0.0k Ly | solid é=m/2  — dashes 6 = 7 /2
L i R |' 1 |
A NN . : —
| i | N TR /N ] solid § = 37 /2
5 : P_sol : N ]
Q_‘ ~— -
TN i .
ak \ P_at 7 -
O.OO"'ll‘ll\l“"l_—L_Llllll 0.00 | L1 L T
05 1.0 20 50 10.0 20.0 05 10 20 50 10.0 20.0
E (GeV) E (GeV)

~ P only CPV

cos(As2 =0) = cosAjzcosd F sin Agysind
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Pv, —>v,) %

Correlations between v, — v, v, — U,

Normal Ordering — Inverted Ordering

vV, — UV, gIVes: sin® 20, = 4|U,3*(1 = [Uysl?) = 0.96 — 1.00

U3 <> (1 — |U,3|?) degeneracy !

T2K/HK

2K/, 1-295 k. B<0.65 GeV

het
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Pv, —>v,) %

Correlations between v, — v, v, — U,

Normal Ordering — Inverted Ordering

vV, — UV, gIVes:

T2K/HK

_IIIIIIIIIIIIIIII TTTTTTT T II_
RN RN AR RARAN RARRN RARR RARRS AR

Stephen Parke, Fermilab

TRK/HK: L1L=295 km, £E=0.65 GeV

sin® 20, = 4|/U,3]2(1 — |Uy3|?) = 0.96 — 1.00

U3 <> (1 — |U,3|?) degeneracy !

NOVA

s NOA: 1=810 km, F=2.0 GeV

7E- 6 =

o 6 ;— ] —

I,;QJ 5 f— —
A -

I 41— —]

3 - -
LA/ C

A =

2 —

1— sin®26,5,=0.09 —

O :I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I:

0 1 2 3 4 5 6 7 8

P(v, —> v,) %

het
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Correlations between v, — v,

Normal Ordering — Inverted Ordering

vV, — UV, gIVes:

U3 <> (1 — |U,3|?) degeneracy !

sin® 20, = 4|/U,3]2(1 — |Uy3|?) = 0.96 — 1.00

het

43

NOVA
T2K/HK DUNE  s.nc L/ as noOva
8T2K/HK L=295 km’ E=0.65 GeV 8 NI()II |A| T |]-_|‘ﬁ| |:|I'|O|| |1|<m’| | T |ﬁ|2| |(|)| |G|e||\7 8 ]l_'lElgll\]l-Elzl |]-|_‘ﬁ|1|:|3|(|)p| |:|k|I|-I|1|’| |E|:Tf3||2|| |(|}|e|V
= 5 5 1U,0/7=0.6 5
[ — T .6 —] 7B k + 0 ]
: : : « 5 = 05, o= 5 7

po 6 —] S 6 . I e 61— : % 8m/2
— E ] - C ] - E 0.4 ) E
A - ] A - ] A - . :

I 4 —] ! 4— ] ! 4— AL —]
SN 1 LF TS ]
T sp EC E a o oE E

2 b = 2E — 2 4
1 f_ sin22613=0.09 _f 1 ;_ sin22613=0.09 _f 1 sin22013=0,09 _f
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Correlations between

Normal Ordering — Inverted Ordering

vV, — UV, gIVes:

U3 <> (1 — |U,3|?) degeneracy !

T2K/HK

8T2K/HK' L=295 km, k=

B
IIII|IIII|IIII|IIII|IIII|I

Pv, —>v,) %
P(?M ->V) %

o~
|||||||||||||||||||||||||||||||||

sin®26,3=0.09

1 2 3 4 ) 6 7
P(v, —> v,) %

o

O T
(o9}

o ¢ pL SiIl2 923

Stephen Parke, Fermilab

o

sin® 20, = 4|/U,3]2(1 — |Uy3|?) = 0.96 — 1.00

NOVA
DUNE Same L/E as NOvA
NOwA: L=810 km, =20 GeV s JBNE: L=1300 ki, E=3.2 Gev
- . - 2_ .
— 6 = 7 plUwel =06 ro
: « : = 05 o= 5 7
- — e 6 — ' % 3m/2 T
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Correlations between

Normal Ordering — Inverted Ordering

vV, — UV, gIVes:

sin® 20, = 4|/U,3]2(1 — |Uy3|?) = 0.96 — 1.00

U3 <> (1 — |U,3|?) degeneracy !

T2K/HK
TEK/HK; 1295 ki, B-0.65 GeV
7 —
S 6 :_ - NN
|?°’ 5 — — N
A - A
! 4 — !
A - B
o 3 = — A,
2 f— —
1 sin®26,3=0.09 —
O :I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I:
o 1 2 3 4 5 6 7 8
P(v, —> v,) %

o ¢ pL SiIl2 023

o

het
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P(v, —> v,) % P(v, —> v,) %
[ 0.48 T2K
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 2.60 DUNE
O. Mena & SP  hep-ph/0408070
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DUNE bi-Probability Diagrams:

Normal Ordering — Inverted Ordering

het
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¢ DUNE bi-Probability Diagrams:

Normal Ordering — Inverted Ordering

VOM
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2nd Osc Max: (vacuum)

NO:|U 4|°=0.46, 0.51, 0.56 |U4/*=0.022
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Where are we Today !
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T2K & NOVA:
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| ' Appearance
1 sigma: NO 0 0 car
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Close-up of neutrino interaction in the Far Detector
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Surprises: Non-Standard Interactions
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What is DUNE/LBNF ? ¢

DUNE/LBNF will consist of

An intense (1-2 MW) neutrino beam from Fermilab

A massive (70 kton) deep underground LAr Detector South Dakota

A large Near Detector at Fermilab

A large International Collaboration (~1000 scientist)

1300 km

Chicago
South Dakota

Sanford
Underground
Research
Facility

Fermilab

e —————
— ~
- -
-

L ===
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3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
from Fermilab (1300km)
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3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
from Fermilab (1300km)

Appearance: v, — Ve VUV, — DUe Disappearance: Vy —> Vy Vy —Vy
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3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
from Fermilab (1300km)
Appearance: vV, — Ve U, — U Disappearance: v, — v, VU, — U,

+ Perform Stringent tests of the 3 neutrino paradigm
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+ Perform Stringent tests of the 3 neutrino paradigm
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[ 53
Stephen Parke, Fermilab PhysStat_Nu / Fermilab 9/19/2016



3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
from Fermilab (1300km)

Appearance: v, — Ve VUV, — DUe Disappearance: Vy —> Vy Vy —Vy

+ Perform Stringent tests of the 3 neutrino paradigm

+ Determine the size and sign of CP Violation in Nu Sector

- Complete the Mass Ordering(m_1<m_2<m_3 orm_3<m_1<m_2)

- Determine which flavor- Dominates nu_3 (least nu_e neutrino mass state)

R 53
Stephen Parke, Fermilab PhysStat_Nu / Fermilab 9/19/2016



3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
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+ Perform Stringent tests of the 3 neutrino paradigm

+ Determine the size and sign of CP Violation in Nu Sector

- Complete the Mass Ordering(m_1<m_2<m_3 orm_3<m_1<m_2)
- Determine which flavor Dominates nu_3 (least nu_e neutrino mass state)

* Broad Physics program including Nucleon Decay & SuperNova Neutrinos
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3F DUNE V

DUNE is a large (70 kton) LAr underground (1.5km) detector
exposed to an intense (1-2 MW) Neutrino beam
from Fermilab (1300km)

+ Perform Stringent tests of the 3 neutrino paradigm

+ Determine the size and sign of CP Violation in Nu Sector

- Complete the Mass Ordering(m_1<m_2<m_3 orm_3<m_1<m_2)
- Determine which flavor Dominates nu_3 (least nu_e neutrino mass state)

* Broad Physics program including Nucleon Decay & SuperNova Neutrinos

+ Surprises: NSI, sterile neutrinos, Nu Decay, Decoherence, Lorentz
Violation,.......
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Possible Future
Neutrino Prizes:
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Possible Future
Neutrino Prizes:

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

Stephen Parke, Fermilab PhysStat_Nu / Fermilab

9/19/2016

54



het

Possible Future

Neutrino Prizes:.

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

e Observing CPV in Neutrino Sector

(sind # 0 )
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Possible Future
Neutrino Prizes:

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

e Observing CPV in Neutrino Sector

(sind # 0 )

e Demonstrating the Existence of the Sterile Neutrinos
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Possible Future
Neutrino Prizes:

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

e Observing CPV in Neutrino Sector

(sind # 0 )

e Demonstrating the Existence of the Sterile Neutrinos

e Observation of New Physics in Neutrino Sector? Neutrino Decay, Non-
Standard Interactions, .....

|
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Possible Future
Neutrino Prizes:.

e Nature of the Neutrino
(Majorana (2) v Dirac (4) )

e Observing CPV in Neutrino Sector

(sind # 0 )

e Demonstrating the Existence of the Sterile Neutrinos

e Observation of New Physics in Neutrino Sector? Neutrino Decay, Non-
Standard Interactions, .....

e A convincing Model of Neutrino Masses and Mixing with confirmed
predictions.
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Thank You !
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extras
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In this channel
matter effects
give a
suppression
for
N.O. neutrinos
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