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Universe May Never Be the Same

Discovery on Neutrino
Rattles Basic Theory
About All Matter

: e
By MALCOLM W. BROWNE

TAKAYAMA. anan June 5 — In
what colleagues hailed as a historic
landmark, 120 physicists from 23 re-
search Institutions in Japan and the
United States announced today that
they had found the existence of mass
in a notorfously elusive subatomic
particle called the neutrino

The neutrino, a particle that car-
ries no eclectric charge, is so 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
much of the mass of the universe is
In the form of neutrinos. The discov-
ery will also compel scientists to
revise a highly successful theory of
the compaosition of matter known as
the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu.
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe. If neutrinos have sufficient
mass, thelr presence throughout the
upiverse would Increase the overall
mass of the universe, possibly slow-
ing its present expansion,

Others said the newly detected but
as yet unmeasured mass of the neu-
trino must be too small to cause
cosmological effects. But whatever
the case, there was general agree-
ment here that the discovery will
have far-reaching consequences for
the investigation of the nature of
matter

Speaking for the collaboration of
sclentists who discovered the exist-
ence of neutrind mass using a huge
underground detector calied Super-
Kamiockande, Dr. Takaaki Kajita of
the Institute for Cosmic Ray Re-
search of Tokyo University sald that
all explanations for the data collect-
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ed by the detector except the exist-
ence of neutrino mass had been es-
sentially ruled out

Dr. Yoji Totsuka, leader of the
coalition and director of the Ka-
mioka Neutrino Observatory where
the underground detector is situated,
30 miles north of here in the Japan
Alps, acknowledged that his group's
announcement was “‘very strong,'
but said,
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Question I: What Kind of Mass?

e To Be Majorana or Not To Be Majorana?

Type: Mass Term Coupling to Higgs # comp. Lepton Number
Dirac: vpvp +vivp LHvg 4 Conserved

Majorana: 1G98% L (LH)? 2 Violated

€r, X €R _
e W Dirac Nu same
R L

V 1M —> Majorana Nu

2
[iree(H — v;7;) = (m%> ['(H — 77)~ 107 I'(H — 77)

swamped by H — ZZ —> 4V'

4
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See-saw Mechanism:

* Introduce a right handed

neutrino N
* Couple it to the Higgs

L=-Y,NL-H—1/2N°MpN

vaz 1 GeV?
MN 1010G€V

~ 0.1 eV

my, —

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond,
Slansky; Mohapatra, Senjanovic

See-saw type | models can be embedded in GUT theories
and explain the baryon asymmetry via leptogenesis.
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Questions IT: What is the Mass of the
Sterile Neutrinos?

e How many light Neutrinos?

Except for LSND, MiniBooNE, Reactor and Gallium Anomalies,

3 can fit ALL the data and there is a lot of data ! | |

e LSND, MiniBooNE, Reactor and Gallium Anomalies

can be fit with additional Light Sterile Neutrino(s) - 1, 2, 3 ...

Growing tension between Appearance data (LSND, MiniBooNE)

and v, and v, Disappearance data ! |

Needs to be definitively resolved:
Reactor, Source Exp., MicroBooNE, LAr-ND, ICARUS®@Fermilab
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Question ITT: Masses and Mixings
Parametrization of PMNS:

Atmospheric/Accelerator v's 0v33 decay
1 C13 s13e” % Cl2  S12 1
Ui = C23 23 1 —512 €12 e
—S23 (23 —513€™ C13 1 eV

Reactor/Solar v's

L/E = 500 km/GeV 500 km /GeV 15 km /MeV
s
C13C12 C13512 S13€
_ 5 5
= —C23812 — S13523C12€" C23C12 — $13523512€" C13523
5 5
523512 — S13C23C12€" —8923C12 — 513C23512€'°  C13C23
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Question ITT: Masses and Mixings

e Labeling massive neutrinos:

|Uel|2 > |Ue2|2 > |Ue3|2

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Question ITT: Masses and Mixings

e Labeling massive neutrinos: [ .. 2
&
‘-d = —
5 sin’ 03 COS(SI sin®6;, kindy4 COS‘S‘I
2 2 2 S 3 E— pf ~—

| Uel | > | U€2 | > | U€3 | 2 sin2913 ! Amfol i
3 Amg, |
E . Bll’led -
= sin’6;, kin64 ,
= 2 T Ay,
= Am2, “1 L,
o 0 1 Sin 023 |
“ | 30 I

[siné, 4 sin 0}
NORMAL INVERTED
CPT = invariant 6 < —¢

Fractional Flavor Content varying cos ¢

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Question ITT: Masses and Mixings

. . . . 2 Ve- V/,l VT-
e Labeling massive neutrinos: |Ua] ‘
§ sin® 623 COS(ST sin6)5 kiné 4 COS‘SZI
= 31 I I |
|Ue1]? > |Uez|? > |Ues|? A sin®6)3 B Am2, -
% A, | |
= ' kindid ~
o Sin61s bind 4
é 2_ . 1 Amaztm
% Ams‘ﬂ -l sin’ 6,3
< | | 31 E—
NorMAL M sin’ th; INVERTED
CPT = invariant § < —9
Fractional Flavor Content varying cos ¢
—5 o172 .2 1
om2, | =2.4x 1073 eV? N0<§<?2 inZ 6 .
atm| = 2- S0 < 2T S U3 ~ 5
- 2
om? |/ lomz,,,| =~ 0.03 sin“ 613 ~ 0.02

Vom?2, =0.05eV <> m, <0.5eV =10"°%xm,

Except: LSND, miniBooNE, reactor anomaly, gallium anomaly.
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Question TV: Non-Standard Interactions
and other exotica

e Do we need new physics beyond just Neutrino Mass?

Extra Interactions of the Neutrinos?

Do the Massive Neutrinos Decay?

Premature Decoherence?

| orentz Violations?

#—
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Neutrino Mixing Matrix: PMNS

Ve Uel UeQ UeS 1
Uyag Uy Upys %,

Vr UTl U7'2 UTS V3

.
=
|

smaller v,
content

|Uel|2 > |Ue2|2 > |Ue3|2
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Neutrino Mixing Matrix: PMNS

SNO CC
R
KamLAND eactor/LBL
5 |Ues|?(1 — |Uesl?)
Ue2|

Ve Uel UeQ UeS
Ve | = U U2 Ups
Vr UTl U7'2 UTS

Atm Nus/LBL
|Uu3|2(1 — |Uu3|2)

smaller v,
content

|Uel|2 > |Ue2|2 > |Ue3|2
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Neutrino Mixing Matrix: PMNS

: SNO CC
KamLAND Reactor/LBL
am 2W|ggles KamLAND ea2c or 2
|Uel| U 2|2 |Ue3| (]— — IUe3| )

Ve Uel UeQ UeS
Ve | = U U2 Ups
Vr U’Tl U7'2 UTS

SK & OPERA Tau’s
|U7'3|2

Atm Nus/LBL
|Uu3|2(1 — |Uu3|2)

smaller v,
content

|Uel|2 > |U62|2 > |Ue3|2
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Neutrino Mixing Matrix: PMNS

SNO CC
KamLAND I Reactor/LBL
am 2W|gg es CamLAND ea2c or 2
| Uei| 2|2 Ues|*(1 — |Ues|”)

\

, e2 s UeS

1

,ul ' ,u2 : U,LL3

72, Urs

SNO NC SK & OPERA Tau’s
Ueal? + [Upal? + U U 5|2

Atm Nus/LBL
|Uu3|2(1 — |Uu3|2)

smaller v,
content

|Uel|2 > |Ue2|2 > |Ue3|2
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Neutrino Mixing Matrix: PMNS

: SNO CC

KamLAND Reactor/LBL
am 2W|ggles KamLAND ea2c or 2
[Uex| 2 Ues|*(1 — [Ues|*)
Ue2|

Ve Uel ," 62\\‘ Ue3
! |
vy, — Ui : Upz 1+ Ups
' [ |
Vr U’Tl “\ ’7'2"" UTS
Gittle Information! .

smaller v,
content

|Uel|2 > |Ue2|2 > |Ue3|2

SNO NC SK & OPERA Tau’s Atm Nus/LBL
Uezl® + |Up2|* + [Ur2l* |U7‘3|2 |Uu3|2(1 — |Uu3|2)
I, 10
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Assuming Unitarity
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WITHOUT UNITARITY:

Unitarity Assumed
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WITHOUT UNITARITY:

%

1.0

Unitarity,

x 0.2

0.8

0.6

0.4

1.0

N
0.8

o e

1.0

0.8

0.6

0.4

0.2

1.0 | 0.0

06 08 10

0.4

00 02 04

"’
-~
lllllll
~
~.
X
L
-
A
"’
-
L
““
A\Illllll
"~ —
"'
'~
lllll
"~
"~
S
N
-
-
-
i
/|
\N
) 3
~
- -
-
“
'’
'
-
“
-
'
—
llllllllllll o
-

0.8

0.6

0.4

0.6

0.4

0.2

0.6

0.4

0.2

Mark Ross-Lonergan, Invisibles Network

12

3
o
N
00
g
o0
al
7))
+
S
©
L
-
)
A
o)
©
&
-
()}
LL
ol
>
)
£
S
T
|
s
o
Q
=
z
a

Stephen Parke, Fermilab

Jt
L 2



Quark & lepton Unitarity Triangles:

Quark Triangle:

1.5IIIIIIIII‘IIIIQIIIIlIIIllllllI
excluded area has CL = 0.95 . %

A
Cy
..
%

1.0

0.5

1< 0.0

-0.5

4

-1.0 L € -

sol. wicos 23<0

‘ (excl. atCL > 0.95) -

5 oo oo b o v b v oo oo by v o]
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Quark & lepton Unitarity Triangles:

Neutrino Triangle:
[ iUt FUUeo 4+ UisUez = 0 ]

Quark Triangle:

1.5llllllllllll

excluded area has CL > 0.95 .

IlII'IIIl

T I L
gl
4

°
%
2

- only Unitarity triangle that doesn't involve v, |
. J| =2 x Area
Am,
--------------------- —; COS(5:1/2, -
: p |U61HUM1| ~1/3
1.0 - &
E Sum;nar12 v ::dvf’:af;.gs)z I,", ‘U62||Uu2‘
_1-5llllllllllllllllllI|IIlllllll ! z1/3
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 |
P w=0dor2m—9 .
P | R -~ N 2 _______________ Al
|Ue3HUu3‘ =Sin013/\/§ ~1/1O
|Uel||Up,1| = 0.0—0.5; |U62||Up,2| = 0.2—0.4; |Ue3||UM3| — O,]_(]_:l:().2)
# e 13
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Quark & lepton Unitarity Triangles:

Neutrino Triangle:
[ iUt FUUeo 4+ UisUez = 0 ]

Quark Triangle:

1.5llllllllllll

excluded area has CL > 0.95 .

IlII'IIIl

T I L
gl
4

°
%
2

A& Am, — only Unitarity triangle that doesn't involve v, |
- J| =2 x Area
Amy -
T 2 _____
--------------------- E COS(5:1/2, -

. Uer[|Up1| = 1/3
-1.0 - SK —

= % ’Y sol. wicos 23<0 ,',
- Summer 12 (excl. atCL > 0.95) - i ‘U62||Uu2‘
-1 -5 i | S I | I L1 1 1 l L1 1 1 I L1 1 1 | L 1.1 1 l 1 1 1 ] 'I z 1/3
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P w=46or2mr—4¢
le .

Al

|Ue3HUu3‘ = Sin013/\/§ ~1/1 O

|Uel||Up,1| = 0.0—0.5; |U62||Up,2| = 0.2—0.4; |Ue3||UM3| — O,]_(]_:l:().2)

2 2
How to measure |U,1|° and |U,2|* separately ? 7 7
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Quark & lepton Unitarity Triangles:

Neutrino Triangle:

[ :Z]_Ue]_—l_U;QUeQ_I_U;:;Ueg:O ]

Quark Triangle:

1 .5 lex:ﬂu;d larela hals CIL >|0 g]5 ‘ L [% I L L ' T T 177 |
T _
'Z% i . . . y . I
- T only Unitarity triangle that doesn't involve v, |
. J| =2 x Area
i 0
_____________________ 3 G —
1 cosd =1/2 .-
: : Ue|[Up1| = 1/3
1.0 - &
B Sum;nar12 v :l.dvi‘:%if;.gs): ,”I, ‘U62||U,LL2‘
-1-5—l | | I L1 1 l 111 1 I | T - | | L 11 1 l | - l_ 'I ~1/3
10 05 00 05 10 15 2.0 ~

r) w=0dor2m—94§

|Ue3HUu3‘ = Sin013/\/§ ~1/1 O

Al

|Uel||Up,1| = 0.0—0.5; |U62||Up,2| = 0.2—0.4; |Ue3||UM3| — O,]_(]_:l:().2)

2 2
How to measure |U,1|° and |U,2|* separately ? 7 7

Neutrino Factory to detector in geo-synchronous orbit | 1 |
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Unanswered Questions |
v Standard Model

e Nature of Neutrino: Majorana (2 comp) or Dirac (4 comp) fermion?

e CPV in Neutrino Sector: determination Dirac phase ¢ ?

e Ordering of mass eigenstates: Atmos. mass hierarchy, sign of 5m§1 ?
e Is 3 more v, or more v,: |U,3]° > or < |U,3|? or O3 > or < 7 /4
e Majorana Phases: 2 additional phases

e Absolute Neutrino Mass: m;te

Stephen Parke, Fermilab PANIC 2014 - Hamburg
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Unanswered Questions |
v Standard Model

e Nature of Neutrino: Majorana (2 comp) or Dirac (4 comp) fermion? }

e CPV in Neutrino Sector: determination Dirac phase ¢ ?

e Ordering of mass eigenstates: Atmos. mass hierarchy, sign of 5m§1 ?
e Is 3 more v, or more v,: |U,3]° > or < |U,3|? or O3 > or < 7 /4
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e Absolute Neutrino Mass: m;te

Credibility of

Leptogenesis !!

Stephen Parke, Fermilab PANIC 2014 - Hamburg

8/28/2014

14



Unanswered Questions |
v Standard Model

Leptogenesis !!

e Nature of Neutrino: Majorana (2 comp) or Dirac (4 comp) fermion? } Credibility of

e CPV in Neutrino Sector: determination Dirac phase 0 7

e Ordering of mass eigenstates: Atmos. mass hierarchy, sign of 5m§1 ?

e Is 3 more v, or more v,: |U,3]° > or < |U,3|? or O3 > or < 7 /4

e Majorana Phases: 2 additional phases

e Absolute Neutrino Mass: m;te

e What is t

e What is t

Beyond v Standard Model

ne mass of the Sterile Neutrinos: light? or Superheavy?

he size of Non-Standard Interactions?

e Where are the True Surprises?

Jt
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e Majorana Phases: 2 additional phases

e Absolute Neutrino Mass: m;te
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Beyond v Standard Model
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hit

Leptons v Quarks:

(0.80.0 0.2 (1 02 o )
Viins ~ 04 06 07 Verku ~ | 0.2 ]. 0.01
\04 06 07) \ 0.001 0.01 1 )

Very Different !l




Flavors & quark-lepton unification

Quarks CKM matrix 1 + (Cabibbo) effects

Leptons’ MNSP matrix = X + (Cabibbo?) effects

\ contains two large angles

Cabibbo effects as deviation from X

example: 6,;=6./42 deviation from zero?

speculate:  Bum= TT/4 + O(B.) deviation from Tt/4 ?

T 16
L. 2
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Masses & Mixings (conti.)

O Quark-Lepton ComPLemewtaritg 015 + 0c = 45°

O sSolarsum rules ®Bumaximal @15 = 45° + 613 cosd

e HO Tri-bimaximal 6015 = 35° 4 #15 cos §

correctlons...

Golden Ratio 015 = 32° 4 H15 cos d

TVL—bLVM/a)(LVMaaL— 912 o 350 923 — 450
cabibbo 013 = 0 /V2 =9.2°

Plus Charged ( Trimaximalz O3 = 45° + /2013 cos 5]
Lepton Corrections... 013

TVLMH)(LMQLZZ (923 =5
V2

Now that 013 Ls measured these predict cosd

O Atm. sum rules

COS 0

17
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Given this end game°

A
2
mA

#—
L. 2
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Given this end game°

A
Y
HAE

QD)

Deduce the rules of chess!!!

# e 18
L. 3
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Given this end game°

A
I&I
HAE

Deduce the rules of chess!!!

theorists need more hints !

# e 18
L. 3
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Precision Measurements:
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Nu e Disappearance Experiments:

Am? L
P(ﬁe — De) =1 — SiIl2 2913 SiIl2 ( Tge ) + O(Agl) ;

Am?,_ is the electron neutrino weighted average of Am3, and Ams3,

Reactor Experiments Nu 2014

Double Chooz: 5in?(2013)=(0.09%003 ¢ g4)
RENO sin?(20,,) =0.101 £ 0.008 (stat.) £ 0.010 (sys.)
Daya Bay:

sin® 2013 = 0.0841) 00z

IAm?2 | = 2.441010 x 107 3eV?

L,
ar 1 20
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from RENO:

Observation of new reactor v component at 5 MeV

RENO Prellmmary R,EN,Q ,Pr,ql,lr,nm,a,ry ,,,,,,,,,,,,,,,,,,,,
> u L LA B AL IR ILRL L % = f I I I =
= 300005 Near detector 3 = 3500 Far detector
) o . ] - -
2 - —e Data ] € 3000 —— Data =
$250001 MC = S - — MC E
@ - — MMosc . W 2500 o ese =

20000 sin"20,; = 0.100 = - sin"26,; = 0.100 3

- ' N 2000F , PR

- IAm§,|—2.32>< 107 eV™ 7 - |Am_,]|—2.32x 107 eV -

15000 E 1500F- =
10000 E 1000 E
5000 - 500F =

S o2 3 S o2- E
g 0.155— = g0'155_ + —E
s 0.1F . 0.1F =
© - © - 3
2 0.05f + 0.05F + + -
: =T { t E

. I ST a1 1 —_
-0.05f . -0.05F + E

:I 1 I 1 111 1 1 L1 11 11 I 1 11 L I 1 1 11 I 11 11 I 1 11 L I 1 1 1 I_ :I 1 I 1 1 11 l 1 1 11 I 11 1 1 l 1 11 1 l 1 1 11 I 11 1 1 l 1 1 1 l 1 1 l:

0.1 2 75 e T T8 L R S S R S A

Prompt Energy [MeV] Prompt Energy [MeV]

Fraction of 5 MeV excess (%) to expected flux

= Near:2.303 +/- 0.401 (experimental) +/- 0.492 (expected shape error)

" Far

Stephen Parke, Fermilab

: 1.775 +/- 0.708 (experimental) +/- 0.486 (expected shape error)

Seo Nu 2014
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near detectors absolute flux

from Daya Bay:

1-2 ] ] ] ] I ] ] ] ] ] ] ] ] I ] ] ] ] ] ] ] ] I °
c - Reference Model: Huber (3 isotopes) + Mueller (°°U) -
O — . -
g .
O - . i
= — S S S S S S S S S S S S S S S S S SA S S S S S SYS S S S S S S S /////////////////////////././ SOy S S S S S S
8 R L, Ll Vi Tl L YL, //,*44{?///////
o L 1 I L } i
all 1 1 I
~ B i —e— Previous data _
.,g 0.8 — —a— Daya Bay ]
CDU B —— World Average _
_ Previous average 1-0Exp. Unc. i
| R = 0.943 +- 0.008 (exp.) .} 1-oFluxUnc. i
0.6 | e e
10 10 10

Stephen Parke, Fermilab

Distance (m)

Zhang Nu 2014
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Data / Prediction

o\-
ge“e‘
\QO

1.2

1.0

0.8

0.6

from

near detectors absolute flux

Daya Bay:

- Reference Model: Huber

JSS S S S S SJJ JJ Sf SSS S SAL S S S S SS

JS S S S S S S

(8 isotopes) + Mueller (2?.80) -

S S SSSS s S N N

///////////////////////

S S

///////

®

VI IINNNYY 5 Vs IS

/////////////////////////////////////

/////////////////////////././*//F///////

ik —eo— Previous data
—a— Daya Bay

__ —— World Average —_
_ Previous average 1-0Exp. Unc. i
_ R =0.943 +- 0.008 (exp.) ] 1-oFlux Une. -
e aal L L L rea e aal L L L rea e aal
10 10 10

Distance (m)

e Atmospheric Mass Ordering (Hierarchy)? maybe !
Energy resolution and linearity requirements extremely servel!

Jt
L 2

Stephen Parke, Fermilab

Zhang Nu 2014

e 013 determined by reactor experiments: eventually 5% or better

e JUNO and RENO-50 best determination of dm3, and 601

| 22
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Nu mu Disappearance Experiments:

Am? L
P(v, = v,) =1—sin*20,, sin’ < 4;;“ ) + O(A%),

SiIl2 29## — 4|U’u3’2(1 — ’UM3‘2) — 4COS2 913 Siﬂ2 (923(1 — COS2 (913 Siﬂ2 923)
e Non-zero 0,3 modifies the octant degeneracy ! | |

Am? , is the muon neutrino weighted average of Amz, and Ams3,

| 23

# I
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Nu mu Disappearance Experiments:

9
Ame

P(v, = v,) =1—sin*20,, sin’ <

15

) +O0(A3),

sin® 20, = 4|U,3|*(1 — |Uy3|?) = 4 cos® 013 sin® Oa3(1 — cos® 013 sin” fy3)

e Non-zero 0,3 modifies the octant degeneracy ! | |

Am? , is the muon neutrino weighted average of Amz, and Ams3,

. 2 (1) -2 2
sin” 0y, = sin“ 6,/ cos” 013

202 2 2
sin” 655" = cos” 6,/ cos” b3

sin“f,g

0.92
sin®26 ,,=4|U ;5 (1-|U ;%)

0.94 0.96 0.98

sin®0,,,(1 + sin” 0;3) ,

| 23
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+ 2 1
20,,,(1 + sin’ f;3) -2
COs Uy sinn- U113 ) ,
O.8_I|IIII|I__I|IIII|I__I|IIII|I
[ sin®20,, 1 sin®20,, T sin®26,, ]
ol =0960 1 =0975 1 =0.990 _]
0.6 — @ — —1 —
05— — —1 —
0.4 — @ — —1 —
+ 1 (0=1.4%, 2 dof):
O.S_Ill I|I__I|IIII|I__I|IIII|I_
0.020 0.025 0.020 0.025 0.020 0.025
sin2t91:3
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T2K Disappearance:

Maximal mixing is not the same as maximum
disappearance if 6,5 is not zero!

IIIIlllllllllllllllllllllllllI

()
[\

g !
)
IIIIIII|III|III|III|IIII

68% (dashed) and 90% (solid) CL Contours

W

— T2K [NH]

(1073 eV?)

2

32
N
0

For 6,5 given by reactor experiments:

Am

1

At reactor value: 5 ~ 0.513
2 COS 913

N
~

D
bo

lII|III|llI|III|lII|III|

I llllllll Illllllllll;llll ll I
2 03 035 04 045 05 055 06 065 07

2
NH: sin%(8,5) =0.514 sin“(8,5)

NH:Am?%, =2.51x10°eV?

e Near m/4 the precision on 53 from appearance measurements can
exceeds that of disappearance measurements

# I | 24
L. 3
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Disppearance v Appearance for: @53

006——mm——m——————————————————
_ LBNE
0.05 - 0=80° 'r\\ I,||
| Conservative s'ys \\\ o
0.04¢ ' ‘
S:§ ':' '.l - --- Dis only
'L% 0'03: '.' /TN ". —— App only
< : "' // \ i\ — — App+dis
0.02} : \ 1
i ’// \\\
P
=——‘;:;;’/ Smea ]
0.01F — T
040 045 050 055 060 065

Minakata, Parke 1303.6178:; Coloma, Minakata, Parke 1406.2551

Stephen Parke, Fermilab

T2HK almost identical figure
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Appearance Experiments:

CP

T :U: CPT across diagonals :H: T

CP

e First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination v, at Neutrino Factory

4 — 26
L. 3
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Appearance Experiments:

CP

T :U: CPT across diagonals :H: T

CP

e First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination v, at Neutrino Factory

e goal: 053, 0 and atmospheric mass ordering (dm3,)

L,
AL | 26
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Ey,—>e ~ ‘ \/Patme_i(A?’z:é) _l_ \/P.sol ‘2

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

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

and \/Psol — COS (923 SN 2(912 SIn Agl



Py,—>e ~ ‘ \/Patme_i(A?’z:é) _l_ \/Psol ‘2

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

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

and \/Psol — COS (923 S1n 2(912 SIn Agl

Py—»e ~ Patm + 2\/Pathsol COS(A32 —

only CPV

cos(Aszz; =60) = cosAjzzcosd F sin Azysind

APCp — 2 sin 0 sin 2(913 Sin 2(923 Sin 2(912 COS (913 Sin A21 Sin Agl Sin A32



In Matter:

P, .e =

where \ Patm — sin (923 sin 2(913

‘ \/Patme_i(Agzz

-0) _l‘ VPsol |2

sin(Asg1Fal)
(Ag1FalL) As1
and \ Psol — COS 6)23 sin 2912 Sl]((l(z;;) Agl

For L = 1200 km
and sin® 26,3 = 0.04

Atm spheric =+

GFNe/\/i —

(4000 km)~1,

Anti-Nu: Normal Inverted
dashes § = /2
solid § = 37 /2

Atmospheric + Solar

+ Inf.

| 28

0.10 | S(I):Illalr RULANR RR | T T
| | | | NN -
L1 i I | ’\ |
St . I I i
. - NN . _
0.08 —\\\\ Nu:Normal Inverted — P “lll I ,I{| Nu:Normal Inverted i
- . | \ : -
o . L :ll :’ll solid d6=m/2 |
[ i il il dashed 6=37/2 _]
0.06 [— \ — TN i
v R . I I 1 ]
3 i \ i 1 ||,, I A4 .
- - - I ! I ~ ]
0.04— — , “‘ N ]
- \ _ - U ]
| | - H / \ -
\ | VJ \\” \\ | \ -
0.02 o f [l - [ ‘\\ 72 N .
. . . _ - \ -
IR AN i - u \/// NI _

0.00::: VRS I"'.Hl ' L_l_l I_LI_L I A [ L1l

0.2 05 1.0 20 50 10.0 20.0 05 10 20 5.0 10.0 20.0
E (GeV) E (GeV)
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BiProbability Diagrams:

4 in Vacuum ~1st VOM

P
90
N
180
270
—>
P
# I 29
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BiProbability Diagrams:

P+ inVacuum ~1st VOM Pt  inVacuum ~1st VOM
90
Q 0 T2K/T2HK
180
270
SiIl2 (913 SiIl2 (923 ~ 0.05
- —>
P P
#— 29
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hit

BiProbability Diagrams:

4 in Vacuum ~1st VOM

P
90
N
180
270
—p
P
in Matter
Iz A
dm2, <0
M3, NOVA/LBNF

Stephen Parke, Fermilab

P

A

in Vacuum ~1st VOM

T2K/T2HK

SiIl2 (913 SiIl2 (923 ~ 0.05

—>

P
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BiProbability Diagrams:

4 in Vacuum ~1st VOM

P
90
N
180
270
—p
P
in Matter
Iz A
dm2, <0
M3, NOVA/LBNF
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P

I

A

in Vacuum ~1st VOM

T2K/T2HK

SiIl2 (913 SiIl2 (923 ~ 0.05

—>

P

2nd VOM
In vac

ESSnuSB
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T2K appearance:

P(v, — v.) =4 sin? 093 sin? 013 sin” Az + - - -

2.0- I_I LI I rrri I LI

) 5} 1o
i — D}
A U L 30

1.0 : : —

05k 2 [1] N

O_O-I L1l I L1l I:I.n I:-I L1 11 I L1 1.1 I L1 1.1

0.00 0.01 0.02 0.03 0.04 0.05 0.06
ST

AydoJelalH [eWION

Ocp (70)

where A31 - 6m§1L/4E

LA B L W L L B S B B S B

[P

el

Am3,>0
: 68% CL
PR 90% CL

: —— Best fit ]
PDG2012 1o range_

[Pua]

Am3,<0

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

_0 0.05 01 0.15 0.2 025 03 035 04

sm226

fixed sin® O3 = 1/2

Stephen Parke, Fermilab

[T2K: 1311.4750

and 1311.4114]
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Variation:

180
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60

-60

-120

-180
180
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-60
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-180

0.01
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<
w

IIIIIIIINOI
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° 2 b 2
sin” 613 verses sin” 0,3

IIIIIIIIIO

I
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0.1

.2
sin 0

-

thanks to Thomas Schwetz

31

PANIC 2014 - Hamburg

8/28/2014



NOvVA Event:.

-300 - B

E - m = -- - .-
8-4()() B Camm mm = _-
i : : amm=™ - --
: H
-500 - Ll _
-200 - a1 |
E § |
O - -
S’ : | |
% - ! : : -y m ™ -~ -aam ™ - .-
=300 ¢t - = -n--------------- TEE
_25.0_0 _____________ 2 :‘60 _____________ 2 2)0._0 _____________ 2 §60 _____________________________________________

NOvA - FNAL E929

Run: 14828 / 38 : - -
Event: 192569 / NuM| : .
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3 3 37" 3 326 3 2 3 >
ol Righalonion 3345 235 3355 336 2265 227 -27(.?useg_)28 100 200 300 200
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()
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1st Oscillation Maxima:

e Near 1st Oscillation Maximum: Ag; = /2
T2K, NOrA and T2HyperK using Off Axis beams
LBNE (1300km) and T2Okinoshima (658km) broad band beams

4 — 33
L. 3
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1st Oscillation Maxima:

e Near 1st Oscillation Maximum: Ag; = /2
T2K, NOrA and T2HyperK using Off Axis beams
LBNE (1300km) and T2Okinoshima (658km) broad band beams

T2K;

T2K: E=0.6GeV and L=295km

6_I T 1 | T T | T 1 I/| T 171 |/I T T | T 1 I_

— : / |

B 5I’I12 <0 '/ / 7]

- / / ]
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N B 6: Tr/z /' / i

A L % 3m/2 ‘/' // B

BN : :

A L .

| 3_— =7

i - —

S N ]

o, - —

v 2: 07

C |

1_/’/ ,/' e - . 2 ]

7 .~~~ sin"26,3=0.05 i

O_I‘T'I//I‘i/l 11 1 | I I | | I I .| | I | | 1 11 I_
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<Py, —> ve)> %
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1st Oscillation Maxima:

e Near 1st Oscillation Maximum: Ag; = /2
T2K, NOrA and T2HyperK using Off Axis beams
LBNE (1300km) and T2Okinoshima (658km) broad band beams

SN OV~

]
I 2 K 1 and 2 ¢ Contours for Starred Point

T2K: E=0.6GeV and L=295km
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1st Oscillation Maxima:

e Near 1st Oscillation Maximum: Ag; = /2
T2K, NOrA and T2HyperK using Off Axis beams
LBNE (1300km) and T2Okinoshima (658km) broad band beams

WA @ son L/E as NOVA
T2K @ same as NOv

1 and 2 ¢ Contours for Starred Point
T2K: E=0.6GeV and L=295km ©
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CPV & Neutrino Anti-Neutrino Asymmetry:

In Vacuum, at 1st Oscillation Maximum:

A

_ |P—P| 1
vac — |P—|—P| i

sin 2013 sin &

11 (sin” 26013+0.002) = 0.3 sino

P(v, — ve) ranges is between % and 2 times P(v, — v.) !

#—
L. 2

Stephen Parke, Fermilab
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2nd Oscillation Max:

ESS to Garpenburg (540km)

Age = 0.75sin 0

Apac(2 OM) = 2.5 Ayqe(1%8 OM)

(9/11 of 3)

P(v,, — 1) ranges is between

Appearance Probabilities more dynamic near 2nd Osc. Max. than 1st. OM

Stephen Parke, Fermilab

2nd Osc Max Nu—AntiNu Asymmetry
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Leptogenesis:

e CP Violation, as well as L Violation, are key ingredients of Leptogenesis

The observation of L violation and
of CPV in the lepton sector would be
a strong indication (even if not a
proof) of leptogenesis as the origin
of the baryon asymmetry.

# I - 36
L. 3
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Tensions in Current Data:

101 ¢
[LSND + reactors
+ Ga + MB app
null results
. disappearance
g 100 ¢
" null results
- combined
. null results
gl 200 & (appearance
1074 1073 10~2 107!
sin 2 20,
#— 37
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Relation between appearance and disappearance

We find: 7'¢ disappearance experiments consistent among themselves,
7'e appearance experiments consistent among themselves.

But:
3 + 1 neutrinos
At L > AxE/Amg,, but L < 47E/AME,

P,.=1-2|U4l*(1 —|Uul?)
Peu — 2’Ue4|2’Uu4’2

It follows

2P¢, ~ (1 — Pee)(1 — Puy)

In the 3 4+ 1 case, at large enough baseline, there is a one-to-one relation
between the appearance and disappearance probabilities.

Joachim Kopp Theory and Phenomenology of Sterile Neutrinos 1

J& 38
L. 3
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New Data:

NA
> L
COR MINOS Dlsappearance L|m|t
\ ;10 :_ 102 = T T r oo T T T T
5 - - MINOS Prellmlnary
i N 10 E™ 10.56x10% POT MINOS
B - v, running
1071 % I
3 Daya Bay — 1F
- = o S
_ C\IEﬂ' B MINOS data 90% C.L. ]
i ! 4 107 CDHS 90% C.L. =
1 B — DayaBay 95% C.L. - CCFR 00% C.L. E
10 - 102 E - SciBooNE + MiniBooNE 90% C.L. =
B DayaBay 95% CLs § | ( §
1 i 107 102 , 10" 1
i Bugey 90% C.L. (40m/15m) .
| sin“(20,,)
10'4 3 L0yl 5 L0 0yl : AN » Limit is Feldman-Cousins corrected
7 10 10 10 . 226 1
sin 14 MINOS 90% C.L. exclusion limit ranges over 4 orders of magnitude in Am?43!
Strongest constraint on v, disappearance into vs for Am?;3< 1 eV?
# I - 39
Stephen Parke, Fermilab PANIC 2014 - Hamburg 8/28/2014



Neutrino

40

pre"minary 102 = Lol ;ll - Lol 1 ||||||=
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Conclusions:

e To Be Majorana or Not To Be Majorana?

e We know (|Ue|?, |Ues|?, |Uus|?) with precision of
(5,10,15)% but have little information on the other 6 elements
of the PMNS matrix without assuming Unitarity. Stringent

tests of the ¥SM Paradigm needed.
e Determining the Mass Hierarchy & measuring CPV are

the next steps. Tau's?

® Myite, If K dM3,, a new scale to explain |

41
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Conclusions:

e To Be Majorana or Not To Be Majorana?

e We know (|Ue|?, |Ues|?, |Uus|?) with precision of
(5,10,15)% but have little information on the other 6 elements
of the PMNS matrix without assuming Unitarity. Stringent

tests of the ¥SM Paradigm needed.
e Determining the Mass Hierarchy & measuring CPV are

the next steps. Tau's?

® Myite, If K dM3,, a new scale to explain |

e Are there lite Sterile neutrinos?
Can we exclude |Ugy|? and |U,4|? > 0.01, say, for sm? ~ leV?

e Solving the Neutrino Masses and Mixing pattern is difficult
challenge for Theory! Need hints.

e \Where are there further "SURPRISES” in the Neutrino
Sector?
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Ernest Rutherford:

We haven't got the money,
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We haven't got the money,
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Ernest Rutherford:

We haven't got the money,

so we’ll have to think!
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