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PMNS matrix

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasing

Vi Urn U U V3

Mass

flavor Eigenstates

states
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PMNS matrix

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasing
vu - UIJ, 1 UIJ, 2 UIJ, 3 V2 corfteent
Vr U 71 U T2 U T3 V3
flavor Viass

Eigenstates
states

o |0m%,| ~ 30 dm3, >0 SNO
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PMNS matrix

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasin
vu - UIJ, 1 Uuz UIJ, 3 V2 corﬁent g
Vi Ui U Uzgs V3
flavor Viass

Eigenstates
states

o |0m%,| ~ 30 dm3, >0 SNO

e Normal Ordering: m% < m3 < m3

and Inverted Ordering: m3 < m#% < m3

3 NOvA, LBNF, ---
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PMNS matrix

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasin
vu - UIJ, 1 Uuz UIJ, 3 V2 corﬁent g
Vi Ui U Uzgs V3
flavor Viass

Eigenstates
states

o |0m%,| ~ 30 dm3, >0 SNO

e Normal Ordering: m% < m3 < m3

and Inverted Ordering: m3 < m#% < m3

¢ 0.06eV < Y m; < 0.5eV ~m,./10°

[
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PMNS matrix
ey 500 km/GeV

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasin
vu - UIJ, 1 Uuz UIJ, 3 V2 corﬁent g
Vi Ui U Uzgs V3
flavor Viass

Eigenstates
states

o |0m%,| ~ 30 dm3, >0 SNO

e Normal Ordering: m% < m3 < m3

and Inverted Ordering: m3 < m#% < m3

¢ 0.06eV < Y m; < 0.5eV ~m,./10°

3 NOvA, LBNF, ---
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PMNS matrix

el 500 km/GeV
15,000 km/GeV <=2

Ve U el U 82 Ue3 vl Mass Eigenstates
Labeled by
Decreasin
vu - UIJ, 1 Uuz UIJ, 3 V2 corﬁent g
Vi Ui U Uzgs V3
flavor Viass

Eigenstates
states

o |0m%,| ~ 30 dm3, >0 SNO

e Normal Ordering: m% < m3 < m3

and Inverted Ordering: m3 < m#% < m3

¢ 0.06eV < Y m; < 0.5eV ~m,./10°

[
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23

1 0 0
U= 0 C23 $23
0 —s823 Co3
Atmospheric
u—7
[500 Km/GeV}
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Usual representation:

13 12

C13 0 S13€ —1%0 C12 S12 0
0 | 0 =l Ci2 0

—813€ 10 0 €13 0 0 1
Reactor/Interference Solar
(o) sotomee]
500 Km/GeV} 15,000 Km/GeV
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Usual representation:

5
-—812623-—-612823813625
$12523 — €12€23513€"

12023 — $12523513€"
—C12523 — §12€23513€"

x diag(1, e 27, e"727) .

23 13 12
1 0 0 C13 0 S13€ 80 C12 S12 0
U= 0 23 523 o0 1 0 —812 c12 0
0 —sS23  cCo3 __5136&0 0 C13 0 0 1
Atmospheric Reactor/Interference Solar
n—r <> e [ u—e
500 Km/GeV 500 Km/GeV 15,000 Km/GeV
€12€13 S512€13 5

0
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Usual representation:

23 13 12

1 0 0 C13 0 si3e % C12 s12 0

U= 0 ca3 8o3 0 1 0 —s12 c12 0 | xdiag(1, 75", 73

0 —s823 Co3 —8136‘-?"6 0 C13 0 0 1
Atmospheric Reactor/Interference Solar

sokmoev)  (sokmoey)  (so00Kmiey]

500 Km/GeV 500 Km/GeV 15,000 Km/GeV

C192C13 | $12€13 ,

U= | —s12c23 — c12523513€"°  c12093 — 512523513€"

| 512523 — c12C23513€0  —c12523 — S12C23513€%

. .91 .31
x diag(1, e"27, e'"727) .

e
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Usual representation:

23 13 12
1 0 0 C13 0 ._‘51363_}:(5 C12 512 0
U=1 0 ca3 323 o 1 0 —s12 12 0 | xdiag(l, ¢ 3", ¢3)
0 —s23 23 —s13€ 0 £13 0 0 1
Atmospheric Reactor/Interference Solar
= L <> e [ n—e ]
500 Km/GeV 500 Km/GeV 15,000 Km/GeV
] s
C12C13 , $12€13 I
U= | —s12c23 — 6128238136’.5 12023 — 8128238136?5 $23C13
| S125923 — C12023513€°  —C12823 — §12C23513€"°  C23C13

. .91 .31
x diag(1, e"27, e'"727) .

UNITARITY IS BUILT IN: vtU =1
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Flavor Content of Mass Eigenstates:

e Labeling massive neutrinos: Uer|* > |Uea|? > [Ues|”

10791

o]

() . .

= sin’ 0>3 sin’ 012

=3 31 I 2 |
N - 2 2

- S1n 913 An’lsol

é Amgy, N B
g sin’6;, )
& R ] Ay

G:) AmSOl Sil’l2 923

< ' e 31 I

)
sin“ 63
NORMAL INVERTED

Fractional Flavor Content
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Flavor Content of Mass Eigenstates:

e Labeling massive neutrinos:

‘Uel|2 > ‘Ue2’2 > ‘Ue3’2

‘ U | 2 Ve - Vlu VT il

=)

o) .

= sin’ 0>3 sin’ 012

= 31 I 2 I

2

2 sin“ 63 Amgol

é Amg, | I .

g Sil’l2 91 2 )

& R ] Ay

G:) AmSOl Sil’l2 923

= ' . 31 I
)
sin“ 63

NORMAL INVERTED

Fractional Flavor Content

dm? = +7.6 x 107° eV?
|6m2, | = 2.4 x 1073 eV?

VOm2u, =0.05eV <> m,, <0.5eV.

Stephen Parke, Fermilab

Neutrino University / Fermilab

7/21/2016



Flavor Content of Mass Eigenstates:

. . . 2 2 2
e Labeling massive neutrinos: Ue1|* > |Uez|® > [Ues|
U 2 Ve- V,u VT-
Uaqj
é sin’ 0>3 sin’ 012
) 31 I 2 ]
2 sin’ 13 Amiol
§ i | |
é ) > m— E— Amgey
d:) Amg,, sin 6
z B 31 ]
NORMAL Sin“613 INVERTED
Fractional Flavor Content
- _ 2 . 2 1
5mgol = 47.6 X 107° eV SN 812 ~U 3
|6m2, | = 2.4 x 1073 eV? . 9 1
e Sin” Oz ~ 5

Vom2u, = 0.05 eV < S m,, < 0.5 eV, sin? @3 ~ 0.02
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Flavor Content of Mass Eigenstates:

. . . 2 2 2
e Labeling massive neutrinos: Ue1|* > |[Ue2|” > |Ues
U ) Vel Vi Vr il
Uaqj
§ 3'|2 sin” 63 , sin” 6,
CE% - sin“ 63 Amy, 1 -
é 2% I— A
d:) AmgOl sin’ 63
z B 31 : ]
NORMAL sin’ 13 INVERTED
Fractional Flavor Content
sm2,, = +7.6 x 107 eV? Sin® 1o ~ %
|6m2, | = 2.4 x 1073 eV? . 9 1
sin? g ~ 1 0<o0 <27

Vom2u, = 0.05 eV < S m,, < 0.5 eV, sin? @3 ~ 0.02
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3 Flavor
Oscillation Probabilities

P(vg —vg)=|) , Ux. e~ imiL/2E Ugi |
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3 Flavor
Oscillation Probabilities

P(vg —vg)=|) , Ux. e~ imiL/2E Ugi |

decompose flavor states into mass eigenstates
= then propagator
= decompose mass eigenstates into flavor states
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3 exampleS: Using: A;; = Amij/élE = 1.27... (Am—z”L> (GC;V)

eV?2 km FE

(derive the number 1.27... by putting in & and ¢'s)

Disappearance Probabilities (in vacuum):

P(Va — Va) =1 42 ]Ua;\Q\Uaﬂzsinz Aj,'.

i<j

e 7/
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eV?2 km FE

3 exampleS: Using: A;; = Amij/élE = 1.27... (Am%’j L) (GC;V)

(derive the number 1.27... by putting in & and ¢'s)

Disappearance Probabilities (in vacuum):

P(Va — Va) =1 42 ]Ua;\Q\Uaﬂzsinz Aj,'.

i<j

Plve > ve) = 1-— sin” 20,3 sin? A,
—cos? 0,3 sin? 2015 sin® Ay,
P(v, - v,) = 1—4cos’0;3sin®0y3 (1 — cos®O;3sin” 0,3 )sin® A,
+ 0(A3)
Aee ~ Agl and A,u,u ~ Agz
Y — 7
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eV?2 km FE

3 exampleS: Using: A;; = Amij/élE = 1.27... (Am%’j L) (GC;V)

(derive the number 1.27... by putting in & and ¢'s)

Disappearance Probabilities (in vacuum):

P(Va — Va) =1 42 ]Ua;\Q\Uaﬂzsinz Aj,'.

i<j

.« 92 .« 2
1 — sin“ 203sin” A,

e

4 . 2 . 2
—COS 913 S11l 2912 S1I A21
1 — 4 cos? 015 sin? 043 (1 — cos® 03 sin® 0,3 ) sin’ A

+ O(A2)

U

P(vy, — vy)

Aee ~ Agl and A,u,u ~ A32

Appearance Probabilities (in vacuum):

Plv, >ve) =~ 7

| 7/
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Reactor 0,5 Experiments

Double Chooz
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Flux & Cross Section:

Reactor: Flux, Xsec

N I I

 Flux )

I T

Total is Y .

gl— 0\ y —

2 X 10720 /sec/GW-Th - / :
/sec/ ; ,/ XSeC

< ]

E

N P e R :

2 4 6 8 10
E (MeV)
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Daya Bay
RENO
D-Chooz

Stephen Parke, Fermilab

-
)

P(v, —> v

nu e Disappearance

1.00

0.75

0.90

0.25

JUNO
RENO 50

0.00
0.1

0.5 1.0 0.0 10.0
L/E (km/MeV)
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The fraction of 3 that is v, (aka |U.3|? = sin? 63)

D aya R E N O ~ 6;_ ! Daya Bay /i — Rate+Spectrum —
, %.e 4;—D ble Ch O~ ’,‘ - - Rate-only —
2 ;_ oublic 00z x 77 _;
x1073 - — vl A I TS
2.8} i e Rate+Spectrum
~ 3L + Rate-only _
=Tr Z L [199.7%C.L. ]
a 26 e i [95.5%C.L. ]
- 2.5 B 68.3% C.L. -
w3 25) — T
: .
4 24 g 2r
a9 [
2.3 _ C
Vs L.3F RENO 500 days
TR S T (N T TN TN N ENN N SO NN SO NN S N S
2005006 067 068 069 0 10 0 11 e 0 0.05 0.1 0.15
sin® 20,5 Sm 2913
[ i I I I I |
| T - .
o 4 EH1 R S —
) v EH2 . :
I? e EH3 - | ® ~
o 9-951 Best fit B - =
=2 I T 095/ _
-t S ]
» Qq i :
0.9~ ¢ Far i
R R R P S 09— ¢ Near ]
0 0.2 L ?5-4 0.6 0.8 - — Prediction .
o | (E,) [Km/MeV] - o T
0 0.2 0.4 0.6 0.8
L /E, (km/MeV)
o ; Am? | =2 62 02! +0.12 3 e
sin?20,, = [8.41%0.27(stat.) £0.19(syst.)]x 10- m, |=2.62" 5 (stat.) ", 5(Syst.) (x107eV?)

IAm?. | =[2.50%0.06(stat.) =0.06(syst.)]x 10-3eV?
/2/NDF = 232.6/263 sin®26,, = 0.082 = 0.009(stat.) = 0.006(syst.)

e
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Experiment sin” 26,3 Value

Daya Bay i 0.084140.0033
RENO - 0.0824-0.010
D-CHOOZ S 0.1114+0.018

NH e ' D140 50
T 2K 0.032

IH = > : 0T o

NH — ! 0.051+9-038
MINOS

IH : o : 0,093 o5

0.05 0.1 0.15 0.2

L. 2
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The fraction of 15 that is v,

(aka |Uga|? = cos? 013sin? 015 ~ sin” 615)
Super-K+SNO vs. KamLAND

filled regions: 3o

g 8% sin” 1 = 0.31140.014
gzo \ o Amy; = 4837555
u, : sin? 015 = 0.31670 ¢
.ng 18 Am3, = 7.541013
— 16 .
= sin® 61, = 0.309+0.013
o &14 A 2 7 48+0.19
g 12 Mgy = .30_0.17
10 KamLAND The unit of Am2,,
8 L-fp ; is 10-°eV/?2
SK+SNO+KamLAND ||| sin” 015 =
4 \ \ 0.0219 4+ 0.0014
2 Preliminary
lo 20 30
0.1 0.2 0.3 0.4 ) 05 246 82
sin (812) Ay 25

R
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The fraction of 15 that is v,

(aka |Uga|? = cos? 013sin? 015 ~ sin” 615)
Super-K+SNO vs. KamLAND

filled regions: 3o

g 8% sin® 01, = 0.311£0.014
gzo \ e Ams; = 4.837576
u, : sin? 015 = 0.31670 ¢
.og 18 Am3, = 7.541013
— 16 .
= sin® 61, = 0.309+0.013
o &14 Aﬂlz . 7 48+0.19
g 12 ) 21 — -F9_0.17
10 KamLAND The unit of Am2,,
8 ) —::' -- is 10-°eV/?2
SK+SHNO+KamLAND ||| sin” 015 =
4 0.0219 £+ 0.0014
2 Preliminary
lo 20 30
0.1 0.2 0.4 5 05 246 82
sin (812) Ay 25

SNQO’s CC/NC is@direct measurement

Stephen Parke, Fermilab Neutrino University / Fermilab 7/21/2016
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L. 2

Important Questions:

* Dominant Flavor Content of v_3
* Mass Ordering

* Is there CP Violation

- Dirac OR Majorana

- Beyond Nu Standard Model

Stephen Parke, Fermilab Neutrino University / Fermilab

7/21/2016
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- Dominant Flavor Content of v_3
s sin® 0,3 < or > 0.5 7

SiIl2 923 =
SiIl2 923 2/3
3 —
1/3
SiIl2 913 /
Vel Vi Vi

Stephen Parke, Fermilab Neutrino University / Fermilab
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- Dominant Flavor Content of v_3
s sin® 0,3 < or > 0.5 7

SiIl2 923 =
SiIl2 923 2/3
31 g — -
1/3
SiIl2 91 3 /
Vel Vu V:H

OR v,

Ve /2N Ve

V

923 — 400 923 — 500

Stephen Parke, Fermilab Neutrino University / Fermilab
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NOVA Nu_mu Disappearance:

—V,)

P(v

=2 4 6 8 10
— Neutrino Energy/GeV

St
W

Stephen Parke, Fermilab Neutrino University / Fermilab

7/21/2016

16



NOVA Nu_mu Disappearance:

s [T NOVA Preliminary
o 1o NOVA 6.05x10% POT-equiv. ] L 1 B L L L I
o T T i 35— Normal Hierarchy, 90% CL —
E —+—Data = _
:g : Best fit prediction —— : B NOvA 2016 _
(7]

o T ST i —~ | T2K 2014 1
2 . > MINOS 2014 —

s | o
2 o j i o | ]
E I J ‘L i 5 2.5_— o\ ‘ B
E X R III-L |_- i -—- ......... x"' |
0 1 2 3 4 5 - Ss~LL. e - i
Reconstructed neutrino energy (GeV) i N°| FC Corqec’r-i-o-r{nl """" | | _

2= 0.3 — 0.4 — 0.5 — 0.6 — 0.7 |
sin°6,,
78 events observed in FD Best Fit (in NH):
2 _ e -3 2
473430 with no oscillation |Am3,| = 2.67+0.12 x 10~ %eV

— . - 2 L +0.03 +0.02
82 at bes’r OSCI”C]TIOH fl'l' S111 923 — 040_002(063_003)

3.7 beam BG + 2.9 cosmic
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NOVA conti
NOVA Preliminary

25:_ Iol I FIDIDaItaI o _:

_ Best-fit prediction: -2LL=41.6 ]

20 :_ Best maximal: -2LL=48.0 (A=6.4) _:

o -
S 15 ye | —
S _ i
LLI - ]
10 | —
5[ _}J } -

- $— -
0;_1.-1=|-{|----I----Il--l-l-ll-'

0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

Maximal mixing excluded at 2.5
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SK -only
Atmospheric Neutrinos

20
15— —
| sin%0,,
- 99%
S|I- _
- 95%
- 90%
__ 68%
0 1 l | | l 1 1 l l l
0.2 0.4 0.6 0.8
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Events / GeV

=

Ratio to unosc.

T2K anti-nu mu Disappearance:
FIRST ANTINEUTRINO RESULTS

T

=
S

(§®)
-

IIIIIIIIIIIIIIIIIIIIII

— T2K best fit

—e— Data

— Unoscillated prediction

4.0x10%° POT

0:1

T

|
Hﬂ—i—i—l_'_
AT I ST TR P o, o S T

—
TTTT IIIIEIIIIII[II_

SEENEREREL;

<t

05 1 15 2 25 3 35 4 453

Reconstructed Energy (GeV)

I
Stephen Parke, Fermilab

NX 45 =
2 -
1E- —=
(@ ; 1 1 | T 1 1 T | 1 1 T T | 1 :I‘2|K|_|90|W|CL T I E
> sE ® T2K ¥ best fit — eA VoI ]
(D) - A TZK v best flt _____ T2K Y 68% CL ] TTTT ! ||||||| lllll
«PO - — . === T2K v 90% CL ] : :
S 4.5F v MINOS V best fit S8 MINOS V 90% CL . : g
TE Super-K V best fit N e ] ' :
X F W Sup 2 SuperK ¥ 90% CL 1 :
—, 4 -
=P i
g 3.5:— / =5
5 3: 3 I
=~ - N g .
e - \\ 1
g 2.5 =
< u 3>
21 =
L5 R
: 1 1 1 [ 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I: L1l i L1l I 11 lgl I 111l
0203 04 05 06 07 1 2.3 4
sin*(8,,,) or sin*(8,,) Ay

* 2015 v, disappearance analysis

e Competitive measurement of antineutrino
disappearance parameters with 1 year of data.

* Phys.Rev.Lett. 116 (2016) no.18, 181801
* ¥, appearance results

* 3 events observed

e 3.2 expected with current best-fit values (5.p~ -11/2)
17
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* Mass Ordering

JE 21
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* Mass Ordering

SiIl2 923 Sin2 0
31 ] -
. 9 g ]
sin“ 03 Am?
AIng‘[m sl 1
I
SiIl2 912 O r
A2 2 ] Am?,,
My
. 2
_ Sin 923
1 — 31 ]
NORMAL sin’ ;5
INVERTED
I
JE oy
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- Mass Ordering

*—

L 2

Stephen Parke, Fermilab

OR
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- Mass Ordering

0

Jt
L. 2

20

15

10

SK-only

B Inverted
Normal

o
©

\j

|
| | | | | I | | | | | | | |

195%
90

preliminary

\(

i68%

0

N
=N
(=2}

SK : Ay2(IH-NH)=4.3

Stephen Parke, Fermilab

sol

OR

om

2

sol

2
atm

22
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sol |

2

Mass Ordering N I

om?,
l I 3

sin’0,3<05 | 0.218 0.072

SK—onIy sin0,3>05 | 0.529 0.181

0.747 0.253

201 preliminary
15| Inverted _
i Normal ]
_ Sp |
10 —

(3))
({. 1 I

A

;/_\F
0

SK : Ay2(IH-NH)=4.3

Jt

L. Stephen Parke, Fermilab Neutrino University / Fermilab 7/21/2016
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2
om?s

* Mass Ordering N B

2
om?3,,

sin’0,3<05 | 0.218 0.072

SK—onIy sin0,3>05 | 0.529 0.181

0.747 0.253

20 preliminary
15:_ Inverted _
St e B NOVA : Ay?(IH-NH)=0.47

SK : Ay2(IH-NH)=4.3

Jt
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* Mass Ordering N

Siﬂ2(923 <05 0.072

SK—onIy sin%0y3> 0.5 0.181
S preliminary
15:_ Inverted _
_ N | _

omal - —— NOVA : Ay2(IH-NH)=0.47

B Py

9

5/W\/ Global fits:

195%

/*\F A Absolute minimum i NG,
T S S—

|
° Ay (I0-NQG) = 3.1

0

SK : Ay2(IH-NH)=4.3

Jt
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- Is there CP Violation

P(v, — ve)

Stephen Parke, Fermilab

#* Pv, — Ue)

IN vacuum

7/21/2016
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- Is there CP Violation

P(v, —-v.) # P, — Ue)

IN vacuum

[J. .[2 V= ‘tum Ve
8%
ho)
cos 0 = . cos 0 =
% sin” 63 1 sin®0), kind 4 {
= 31 I 2 U
-1 -1
2 Sil’l2 013 AIngol 1
3 Amy, | )
= _ kind,4
8 sin2912 ISIH913| )
= 2 I — | Amg,
= Am? -1 2
[0} sol | sin” 653 1
Z N 31 I
sing ! in? -1
1 sin“ 63
NORMAL INVERTED
CPT = invariant § < —¢

Fractional Flavor Content varying cos ¢

St
W
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- Ts there CP Violation

CP

T :U: CPT across diagonals :ﬂ:

CP

Stephen Parke, Fermilab Neutrino University / Fermilab
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\xc\\g’\;' Vp — Ve
N

?aC .
q PM—>e ~ ‘ \/Patme_z(A?’z:ié) _l_ \/Psol ‘2

Ai; = d6mZ L/AE CP violation !!!

where \/Patm — sin (923 SN 2(913 SN Agl

and v/ P, = cos fo3sin 2015 sin Aoy

It 25
L. |
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\’%\;‘ Vu — V@

\2¢

PM—>e ~ ‘ \/Patme_i(A?’z:gs) _l_ \/Psol ‘2

Ai; = d6mZ L/AE CP violation !!!

where \/Patm — sin (923 S1n 2(913 SN Agl

and \/Psol — COS 923 SN 26’12 SN Agl

~ Patm + 2\/Pathsol COS(A?)Z -

only CPV

cos(A3z =90) = cosAzzcosd F sin Aszsind
3 25
aF
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l/ 0 — Up
In Matter: P, .o = | /Pyme A1) 4 /P |2

where \ Patm — sin (923 sin 2913 sin(Ag1Fal) Agl

a = GpN./V/2 = (4000 km)~1, (Az1Fal)
. i L
and \/P.,; = cos 093 sin 2015 SIFCEZ)) Aoy
015 ——ALmospheric + Solar: 015 yAlmospheric + Solar i Inf.
- . ST | | .
B . _ H:“ X .
- Nu: Normal Inverted Anti-Nu: Normal Inverted p Nu: Normal Inverted A
i i dashes § = /2 Tl dashed 6=37/2 ]
—~ solid § = 37/2  ~ LR ashed o=
8 0.10[— — o 0.10 |T|"H T solid &6=m/2 —
- T i T
A - . i I TRTIE //\\ .
3 c _ 3 l |||l Il | a | \ _
D [, P_sol | 2 ﬁ IR | \ |
Y A NI
0.05 —\\ — 0.05 1, —
_'_‘\." ‘ : ‘I ‘ . - ~ \
TN [ '\ P_atm A -
0.00 k W | L L |\| A —| — | L 111 | 0.00 '
: 05 10 20 50 10.0 20.0 05 1.0 20 50 10.0 20.0
E (GeV) E (GeV)

only CPV

cos(Azs £ ) = cosAzycosd F sin Agzssind
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Correlations between Neutrino and Antineutrino
hu e Appearance

Normal Ordering — Inverted Ordering

T2K/HK

1 sin®26,3=0.09 —
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:

0 1 2 3 4 5 6 7 8
P(v, —> v,) %

vV, — UV, gIVes:

sin® 26, = 4|U,3|>(1 — |U,3]?) = 0.96 — 1.00 |U,3|% <> (1 — |U,3|*) degeneracy !
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Correlations between Neutrino and Antineutrino
hu e Appearance

Normal Ordering — Inverted Ordering

T2K/HK NOVA
E ] = U l°= 0.6 —
INN bo 63— ]
2 N s —
g v
3 | 4= =
l?:f At :
a3 —
N3 E
1~ sin®20,,=0.09 =
O:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
0 1 2 3 4 5 6 7 8
P(v, —> v,) %
vV, — U, gives:
- 2 — 2 2\ 2 2
sin® 20, = 4|U,3*(1 — |U,3|*) = 0.96 — 1.00 |U,s|” <> (1 — |U,s3|?) degeneracy !
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P(v, —>V,) %

het

Correlations between Neutrino and Antineutrino
hu e Appearance

Normal Ordering — Inverted Ordering

T2K/HK NOVA DUNE
Al G LERIR dom, 20,60 GoY ,NOVA: 1=810 km, E=2.0 GeV o FENE: L=1300 krn, B-3.2 GeV
C C N C 2_ ]
v _ , : 7iUM3| —0.6 v o ]
C 7:_ |U/.l,3| = 0.6 - E 0.5 o= X m/2
6 — - 6 ' i or/z
- o 6 ] NS C ¥ 3m/2 T ]
5 = - T F 0.4, _
5 E_ ] |;¢> 5 ;_ 1 |>\ 5 E— -]
4;_ B /I\ 4:— ] ! 4 —
3: |;3~ - IASL - .
— — > - ] = ' —
s i SE E - - ]
2;— — 2:_ = 2 —]
1— sin®26,3=0.09 — 1_ sin?26 ;,=0.09 _ 1— sin®26,3=0.09 —
OO_IIII]|-IIII;IIII‘-‘LIIIILIIII;IIIILIIIIVLIIII_B O:|||||||||||||||||||||||||||||||||||||||: O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
0 1 5 3 4 5 6 " 8 0 1 2 3 4 5 6 7 8
P(v, —> v,) % Py, —> v,) % P(v, —> v,) %
Same L/E as NOvA
Vv, — Vy gIVes:
. 2 _ 2 2\ _ 2 2
sin® 20, = 4|U,3*(1 — |U,3|*) = 0.96 — 1.00 |U,s|” <> (1 — |U,s3|?) degeneracy !
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Correlations between Neutrino and Antineutrino
hu e Appearance

Normal Ordering — Inverted Ordering

T2K/HK NOVA DUNE
: _ 75 U= 0.6 = r E
x N 6 - 3 6;_ —
N 2 s N E
| A 45_ E A A =
Y 3 - * -
E;: lﬁ/ 3;— — |§: 35_ i
2 b = RE E
1~ sin®20,,=0.09 = L E
O:|||||||||||||||||||||||||||||||||||||||: O_""l""l""l""l""l""l""l""_
o TS e T o 1 2 3 4 5 6 7 8
P(l/'u —-> Ve) 7% P(V/J, —-> Ve) %
o 2
o pL sin” Oz Same L/E as NOvA
. O. Mena + SP hep-ph/0408070
VM — VM gIVES!:
sin® 26, = 4|U,3|>(1 — |U,3]?) = 0.96 — 1.00 |U,3|% <> (1 — |U,3|*) degeneracy !
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& 3 T N A Ay T T T T T T ]
© - N ) Normal Hierarchy - 68%CL ]
- —— Normal Hierarchy - 90%CL -
2 - * Best-fit Normal Hierarchy -
S Inverted Hierarchy - 68%CL H
1— —— Inverted Hierarchy - 90%CL—
C * Best-fit Inverted Hierarchy ]
0 T2K Run1-7b —
: PRELIMINARY ]
-1 =
- Fixed Mass Hierarchy -
2 =
3 —

0 .

sin?(0
13)
S 3fF '
«© C e Normal Hierarchy - 68%CL -
o) —— Normal Hierarchy - 90%CL _]
C * Best-fit Normal Hierarchy N
1:_ ----- Inverted Hierarchy - 68%CL -
- —— Inverted Hierarchy - 90%CL
- * Best-fit Inverted Hierarchy .
U .
i T2K Runi1-7b .
-1 PRELIMINARY .
20 Fixed Mass Hierarchy A
_3 C L L L L | ! ! L L | I 1 | -
0015 0.025 0.03 0.035
s 2

sin“(6,,)
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25

20

15
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22

L N A O

S S S S S S S S S S S S S S S S S S S S S S S S S S S S S

S S S S S S S S S S S S S S S S S S S S S A

T2K Runl1-7b preliminary

— Normal Hierarchy

— Inverted Hierarchy

sinZf-s

T2K Run1-7b PRELIMINARY
SR003F T T !
g i ]
< - Fixed Mass Hierarchy .
0.0028— —
0.0026/ -
0.0024— =
Fooe--- Normal Hierarchy - 68%CL B
I~ Normal Hierarchy - 90%CL T
0.0022—  Best-fit Normal Hierarchy —
=== Inverted Hierarchy - 68%CL T
|| —— Inverted Hierarchy - 90%CL ]
0.002 ;_ *  Best-fit Inverted HierarchyI 1 I I _;
03 035 04 045 05 055 06 065 07
sin®(6,,)

T2K Riin1-7h PRFI IMINARY

AX2

20
18
16
14
12
10

o N b ®

T2K Runi1-7b PRELIMINARY
A L L LB B e e B

f— — Normal Hierarchy —f
— — Inverted Hierarchy —
— lo —

T T T
3 035 04 045 05 055 06 065 07
sin*(6,,)
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NOVA

Ve fit reSU |tS 1 NOVA Preliminary

( ©
(o2}
L

» Constrain 13 to reactor average
sin® 2013 = 0.085 4 0.005

1

OJI:II \
]

@ oo NH _
1t | | :
0.8 -
&30_6/\/
D B |
(q\] _
C
n 04
0.2 N
o 20 :
(@330 | M1
% T T 3x on
Ocp 2
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o Fit for hierarchy, 8p, sin?0.,,

Constrain Am? and sin?0,, with NOvA

disappearance results

Not a full joint fit, systematics and other «
oscillation parameters not correlated

1 Global best fit Normal Hierarchy

5013 — 1.497
Sin2(923) = 0.40
best fit IH-NH, Ay?=0.47

both octants and hierarchies allowed at 16 o

30 exclusion in |H, lower octant around

Op=T1/2

Antineutrino data will help resolve degeneracies,

NOVA

NOVA Preliminary

|

O
(®))
T

e23

§=
7

o
N
!

O
W
B

20

[

Il\lo FC Corrlec’rion NH

I 1 I T 171
[ w
Q

. 2
Sin 62

Stephen Parke, Fermilab

particularly for non-maximal mixing
Planned for Spring 2017

I,
Neutrino University / Fermilab

0.25————

I2n

El U | 37
5 o
6CP 2
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X Reject max. mix./osc. : 2.5 ¢ 1-0 ranges:
= 0.379-0.431
B 0.597-0.648
i 1 1 1 1 1 1 I

0.4 0.5 0.6

sin®(6,,)

Stephen Parke, Fermilab

NOVA

NOvVA Preliminary

50

1

— T 1 o T INER
NOVA FD 6.05x10%° POT equiv. $in°0,,=0.4-0.6

40

T

2
c
g 30
> u
® E ]
T e ~
° 20_— —
= f — Data (+1o) :
10[— — NH -
i — IH i
[ | | R | i
% 3 T 3% 2
8CP 2
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0.06

0.04

0.02
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—— |Inverted Hierarc
—— Normal Hierarch

&

0.4

hy

0.6
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The Three Important Questions:

- Is there CP Violation
* Mass Ordering

- Dominant Flavor Content of v 3

Jh I 33
L. Stephen Parke, Fermilab Neutrino University / Fermilab 7/21/2016




The Three Important Questions:

U 2 Vel v/J V|
%
ho]
. cos § = . cosd =
% SlI'l2 923 1 SiIl2 912 bm013| © 1
) 3] —— 2 - ~—
2 sin2913 Am?O] 1
2 A, |
2 ) bin@d B
° ° 8 Sin26‘12 kind4 )
Is there CP Violation £ ——
= Am?l -1 2
5y 50l sin” 6,3
“ | | 3 —
[sind;4 sin’63
NORMAL INVERTED
CPT = invariant § < —6

Fractional Flavor Content varying cos 6

Mass Ordering

Dominant Flavor Content of v_3

*—
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The Three Important Questions:

- Is there CP Violation

* Mass Ordering

- Dominant Flavor Content of v_3

*—

L 2

Stephen Parke, Fermilab

[, .|2 Tm Twum vm
aj
o) _ —
g sin’ 63 °055‘1 sin 6, kin64 °°S‘5‘1
=2 31 I 2 . -
« sin?6;3 Am?, 1
g Amgy,, ' _am
= , kingi{ !
Q sin*6;, binf4
= 1 2
= 2 ~— A
= Am?l -1 2
(5} sol | sin” 6,3 |
< | I - 8] | I
|sind;4 sin@ 13
NORMAL INVERTED
CPT = invariant 6 <> —¢
Fractional Flavor Content varying cos 6
3 ) 2
6msol I
2
ématm OR 9
5matm
2
2
5msol I 3
; - ; 33
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The Three Important Questions:

U 2 Vel v/J V|
Oé]
ho)
Ccos 0 = . Ccos 0 =
% sin2 923 1 SiI'l2 912 blngliil 1
) 31 —— 2 - ~—
«n sin2013 AInsol
%) 1
2 A, | I
= | binoid
° ° g Sin26‘12 kind4 )
- Is there CP Violation £ ——— ST
= Am?l -1 2
5y 50l sin” 6,3
Z | I 31 |
[sind;4 -1 sin’0;5 -
NORMAL INVERTED
CPT = invariant 6 <« —9§

Fractional Flavor Content varying cos ¢

* Mass Ordering : o, :

om?,,,
O om2,,.
- Dominant Flavor Content of v_3
5 [ V3
Vv ? Vv
653 octant ? o er - re /2N ,e
SNSRI A Oy — 40° B3 = 50°
3t 33
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Dirac or Majorana

Stephen Parke, Fermilab Neutrino University / Fermilab
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* Dirac OR Majorana

Dirac 4 comps helicity [~ a
° >
. <= L 1 0
L=1 my
— R () 0
U ° > R 0 1
L=-1 > my
® > L 0 (T)2
() Gey)? =10718
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* Dirac OR Majorana

Dirac 4 comps helicity [~ a
® >
. <= L 1 0
L=1 v
® . > R %)2 0
U ® > R 0 1
L=-1 — > ] 0 o
® > (f)
<=
("5)* 11C§ZV)2 =107
Majorana 2 comps o
. P helicity [ [T
v ® > | 1 my\2
% R ()2 | b?l )
v ® > —
E
»
VvV = U
Stephen Parke, Fermilab Neutrino University / Fermilab 7/21/2016
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i ) The mass is
W _
Nucl =4 Nuclear Process —>— Nucl
90%C.L. upper limits on {mgg)
[ §{Ca YZr Ndf
Se Te
Cdy
1 — l }Te
3 Mo
5 T } l
o i \1, Xe
2 107" KamLAND-Zen (**Xe) -Gerda [
g
10—2 =
NH
10_3 = E_
v L ol Lol Lo IR ETITI I A AN A A AN |
10* 107 107 50 100 150
Inlightest (CV) A 15 /
# I
L Stephen Parke, Fermilab Neutrino University / Fermilab

/ SM vertex \

Majorana or Dirac:

Mixing matrix

Amp[Ovpp] =

Mass (v,)

> mU. 2‘—mﬁﬁ

the source of
the lepton number violation.

7/21/2016
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+ Beyond Nu Standard Model

Stephen Parke, Fermilab Neutrino University / Fermilab
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More then 3 Neutrinos:.

More than 3 neutrinos?

Non-unitary mixing

UeN
U,u,N
JNXN _ Urn
USNS 1 USNS 2 UsN 3 USNS N
Results valid for Dirac or Majorana
I 38
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Giunti

- If sterile masses between eV and keV :

Bounds on non-unitary mixing

w/o Unitarity

|U| (with Unitarity) _

30

0.76 — 0.85 0.50 — 0.60 0.13 — 0.16

(0.79—0.85)

(0.22—0.52)

\ (0.24—0.54)

[Parke, Ross-Lonergan, PRD 93 (2016) 113009]

0.21 =+ 0.54 0.42 — 0.70 0.61 — 0.79

0.18 = 0.58 0.38 = 0.72 0.40 — 0.78

(0.50—0.59)  (0.14—0.16)

(0.43—0.70)  (0.62—0.79)

(0.47—0.72) (0.60—)0.77)/

. Unitarity Triangle Closures

n Rows ' I Iy !
—  w,f=e,u
—  w,f=e,T
!
- o,f=u,T R
6k Columns "ty
- 4,5=1.2 Iy
.. . "oy
-=- 4,75=13 1,

o o Iy
..... BRIV Bt 20 B Y S S

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

MLy
Rows Columns

- If steriles heavier than electroweak scale:

~

U

A\

2|n]

Stephen Parke, Fermilab

(1-n)U
25x 1073 24 %10
24%x 10 4.0x 1074

27x1073 12x103

|Fernandez-Martinez, Gavela, Lopez-Pavon, Yasuda, PLB 649 (2007) 427]
[Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, arXiv:1605.08774]

2.7 x 103
1.2 x 1073 at 20
5.6 x 103

102 10" 0.5

UnUp ™ +UpUg" +U,3Ug" | or  |UU,;" +UU,;" +ULU" |

20

For Dirac
or Majorana

Neutrino University / Fermilab
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No positive results on steriles

Daya Bay, Minos and Bugey 3 combined

102 § I IlillIII LI IIIIII| 1 IIIIIII Igl IIIIII| LLLAL | EE | IIIIt:t

- 90% C.L. Allowed > .

[ [JLSND .

W 10 — MiniBooNE A E
L E — MiniBooNE (v mode) =3 E
S ' - ; ]
g 5 g o= }
< ' “ 1E -
3 I ] < = 3

: : | => i ]

_ , _ ©

| — IceCube 90% CL(1605.{)1990}\ — 10 =3 =

|| —— MINOS 90% CL (1607.01176) | NE"' = =

Kopp et al. (2013) 1 — =

0 === Collin et al. (2016) < 3 e >< <]
R e — 102 X
1072 107! 10° - - S

in2 [ 90% C.L. Excludled = _—— @ - i

Sin L B N B T T T TTTT B R

& | ; 10 L — NOMAD i

201 : —: = ... KARMEN2 :

% [ ] - — MINOS and Daya Bay/Bugey-3 .

<E] B ] - --- MINOS+ v, Appearance Data -

— — I»‘o“'.Bl]\gey — 10-4 1 IIIIIIII Ll IIIIII| 1 IIIIIIII Ll IIIIII| 1 IIIIIIII [
e - 10°  10° 10* 10° 102 10" 1

10° ' sin°26),,, = 4IU,FIU
RENO

-
7Y
m
y 4
o

AV aVaVaVaVal s ITaE i
10° E
[ — RENO95% C.L. (Fixed sin’26,,) 7
- RENO 95% C.L. (Varying sin’20,,) .
| emeaan Bugey 90% C.L. (40m/15m) N
10—4 1 1 1 1111 IJ 1 1 [ I I | 11111
10° 1072 107

1
sin’20,,

I
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...except the deficit of absolute reactor neutrino fluxes

1.2""‘| ' ! T T T T T 1] T T LI B R I B

=
A= L 2
3]
% I N
h — —
a B H [ l"ﬁ! }. +—4 3
I Daya Bay 7
I —e— Other experiments -
0.8 —s— RENO =
[ —— Global average -
1 [ Experiments Unc. -
L [ ] Model Unc. "
0.6——l . i g g ; i s gl
10 10° 10°
Dictance (m)
JE
I
2 41
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Entries / 250 keV

Ratio to Prediction

RENO

- Fast neutron
(a) 1500 ] Acc‘édenlal
80000—(A) T — Data 40000 “Li/'He
B o = > i 1000 5 B2op
N = £ .Full uncertainty L
60000— z 30000 500
- = Reactor uncertainty e~
= fea) N
—— O — G P | .' IIIIIIIIIII
B - T 12345678
40000 — - E_-_ ?ﬁ 20000 Near Prompt Energy
_ o .
20000 — e Integrated [z] | + Data
- ""..._ K 0000rT 1 MC
_ | | | | | 8
T ' T
E S 02r N
= i " 1
+ : O l [ "'* ‘-.*.# =
. U - - bl —* -
@ e
§ 2 0—""-;_*'#“5.*"""3': ---------------- e —
e I B 7
< —0.1F 3
cs 1 1 i 1 i 1 " 1 i 1 i 1 1 1
A 1 2 3 4 5 6 7 8
R

* 440 local significance

at 4~6MeV

Stephen Parke, Fermilab

Prompt Energy (MeV)

Fraction of 5 MeV
excess: 2.46 = 0.27

(0)

Significance of the 5
MeV excess:

~90

Neutrino University / Fermilab
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Huber
At E,~ # MeV : nuclear physics theoretical uncertitude ~ 5%
while the “deficit” in reactor flux was ~3%

* Intense theoretical analysis of 5MeV bump discovered by RENO: inconclusive
* Plus new expt. input, e.g. Daya Bay:

bump

e
S 1 2E=(B) Theoret.
:.3 o F uncertainty
- = - .
o + ’OOOO\;J..".XXX_X_X_XXXXX)\XX'()(x,‘;x_!tvxx .:.:.:1
2 8 T - 05055
g5 09
é L = antibump!

Or let us declare the reactor anomaly
hibernating...
as possible hint of steriles
(exptal. program important to ensure
< % level in reactor physics)
Do the fits with 5% theoret. error
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* Neutrino Astronomy
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Neutrino Astronomy:

Energy Spectrum ‘3-

54 events observed with 2016 expected from atmosphere ~ '*°**

2 ' B Background Atrnosphern'c Muon Flux
10 e easeensssennenssencacencstannesesueesend B Bkg. Atmospheric Neutrinos (x/K)
! : Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
v === Bkg +Signal Best-Fit Astrophysical (best-fit slope £ **) []
%‘ - « Bkg.+Signal Best-Fit Astrophysical (fixed slope £77)
0O 101 p— .|e*e Data H
s - . IceCube Preliminary§
m b - L 4
. w5 =
L J i L ] ! - *
g 100 — | =5 174 Antares:
| : :
= ; -11  Observed 19
v ; 1
> i ]
i | =1 Expected 13.5 +/-2, ~ 3 IC
10 ~7 g evidence for S B SRSsevs—— S—_ 1 e
extra-terrestrial v 7 R B i it
A . A e _cg" E i | === Atm. neutrinos
10? 10° 10° © F i e, | e ;
Deposited EM-Equivalent Energy in Detector (TeV) T S A i = oS, newrnes
4 yr update of s - g =
PRL2014. Science 2013 P e § : ' : ' Ml
& S . USSR | SNV WS- i T (SRR RSN SV S
o = : 5
i F 4 PRELIMINARY;

10’*2— 3
10—2_ |1i| i
2 2.5 3 3:5 4 4.5 5 55 6 6.5 7
e[

e
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Important Questions:

* Dominant Flavor Content of v_3
* Mass Ordering

* Is there CP Violation

- Dirac OR Majorana

- Beyond Nu Standard Model

Jt
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