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Overview of Neutrino Physics and Motivation:

Stephen Parke
Fermilab

e Nu Standard Model
* Beyond Nu SM

e Summary & Conclusions
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o

- Unanswered Questions |

e Nature of the Nu: Majorana v Dirac (2 v 4 components)
: : - : dibility of
® CPV in the neutrino sector (determining Dirac phase) E;ept'og;;:egis!

e Ordering of mass eigenstates (atmospheric or [31] mass
hierarchy)

e Octant of theta_23 (|JU_mu3|"2 < or > |U_tau3|"2)
e Majorana phases

e Absolute Neutrino Mass; m_lite

® What is the mass of Sterile neutrinos? light? superheavy?
® What is the size of the Non-Standard Interactions?

® Where are the true Surprises?
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Neutrino Mass Squared

Nu Standard Model:

Label the Neutrino mass eigenstates such that:

v, component of 11y > v, componentof v, > v, component of v3

e |Uet|? > |Ueal? > |Ues)?

Uagl> ™% 77 7"

Sil’l2 63 Sinz 012

31 I o ]

sin®6;3 Amgol .
A2, | SNO determined the

sin'on . solar mass hierarchy
e | (1 <->2) Nl

' e 31 I

NORMAL sin” 01 INVERTED

Fractional Flavor Content

: 2 — 2 <2 _ <2 _ |UM3‘2
015 = |Usl? 01 = , O3 =
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# Nu Standard Model:

‘Uocj‘Q o

8 .2 cos = Ccos 0 =
= sin” 63 | sin 012 kin64 1
V?.; 3|2 __1 2 ‘_1
m sin” 63 Am;,
z Am?, 1 1 —
S king{ 1
8 sin 912 kinb4
B ) 1 Amztm
jg A2 I ‘_1 i
5 My, sin”6»3
Z | I 3 E—
NORMAL T nod sin” 01 INVERTED
CPT = invariant 6 «& —¢
Fractional Flavor Content varying cos ¢
- 2 1
5 12 o 1
5m80l = 4+7.6x 107 eV Sin” f12 ~ 3
_ —3 12 J 1
om om 0.03 . 2
’ sol‘/’ atm‘ S111 913 Y 002

Vom2,,, =0.05 eV < 3> my, <05 eV =105 % m, O S 5 < 27’(’
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Masses & Mixings:

I
.2

sin®f;3 ~ 0.02+0.01

1

‘ SiIl2 019 — § < 0.04
1

‘ sin? 0o — 5 < 0.12

Close to Tri-Bi-Maximal: Accident or Symmetry ?

Are the deviations from TBM or BM or ... related?
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Masses & Mixings (conti.)

I
.2

O BM, TBM, GR might only apply to neutrino

mixing and Upmns = 5572 implies 65 =

52

V2

Solar Sum _ : Charged Lepton Corrections: King (‘02), Frampton, Petcov, Rodejohann (‘04),
Sum Rule: King ('05); Masina ('03);  Altarelli, Feruglio, Masina (‘04), Antusch, King ('04), Ferrandis, Pakvasa (‘04),

Rules Antusch, King ('05) Feruglio (‘05), Datta, Everett, Ramond (‘05), Mohapatra, Rodejohann (‘05)
Antusch, Maurer (*11) Mazocca, Petcov, Romanino, Spinrath ("11)

O Bumaximal 010 = 45° + 013c080 w0~ T

O Tvi-bimaximal 12 =397 +013c080 — 0 = =

O Golden ratio 012 = 32° + B13cos o

\

E)(‘PCVLVWCWt 6’12 — 34° 4 1° (913 — 0 —n

=
2
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Masses & Mixings (conti.)

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

O Solar sum rules ®BLmaximal G5 = 45° + 015 cos d

Plus HO TVL—bLVWa)(LVM/aL 912 = 350 — 913 COS 5

correctlons. ..

Golden Ratio 015 = 32° 4 H15 cos d

Tri-bimaximal- 015 = 35° 6O93 = 45°
cabtbbo 013 = (9(;'/\/§ — 99

Plus Charged 'T_YLWLQ)(LIM,D(L:L 923 — Ao o \/5913 COS 0
Lepton Corrections... 0 13

Trimaximal2 03 = 45°
V2

Now that 613 is measured these predict cosd

O Atm. sum rules

COS 0
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Non-Maximal Theta_23

Contours

3_ N L |
| —v,-beam (7.2 x 10% POT) 90% C.L. |
& o 8‘_ — v,-beam (10.7 x 10°° POT) _
% ' - — All beam + atmospherics |
2 2.6 -
A\ I ]
~ 241 |
L i |
S | 37.9 kiloton- |
b 2 oL 37. iloton-years _
— - 14.1x 10% POT (v, andv -beam) =
I I\/IINOS PRELIMINARY ]

2 | T R
0.8 O 85 O 9 0.95 1

sin“(20)

23 MINOS @ Neutrino 2012 by Ryan Nichol

Adding in the extra
data and the
atmospherics

New MINOS neutrino
oscillation parameters

Am? = 2397099 x 107 %eV/?
sin? (26) = 0.9619:9

sin (26) > 0.90 at 90% C.L.

New

470.4*0.6=0.96

Stephen Parke
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Sausages!

[ |
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Global Fits:
Global Fits 2012

Forevro, Tortola,
valle, vanegas 12

" N ¥} V

Fogli, Lisi, Marrone,

Mowntanino, Palazzo,

Rotunno 12

parameter

best fit +1o

[Best it ==lie

Am3; [107°eV?]
A 0]
sin2 912

SiIl2 923

SiIl2 (913

7262 ==0"19

DB
—(2.4075:07)
D20

049 7

(53

GHIZGsE

2
(0-83%0/64)
0.077 @

ThaE s

0.07
2.4370 09

—(2.42%5:30)

DS0Es

0.030
0.39875 026

0.035
0.40875'030

0.0034
0.02457 031

. 4
U026

(0.8910-2%)r

(0.90045)m

Stephen Parke
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v
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e -—- N (Huber)
‘ (923 9 Mass Orderlnga 50 P I — N (Free Flux +RSBL)
-—- I (Huber)

e (53 determination in global analysis: 5 II l(FTeel Flllﬁ +1|{SIBIL)I L
— Maximal 055 = 45 Disfavoured at 1.6-2 o level Fit without ATM
Now mostly driven by MINOS v,, DIS 10 ’
N, i ]
< [ i
o 7
ol |

0.3 3
3 : | | | I T 1 | | I T 1 | T T |:
P @\:2‘9 .
> - _
% 0 Fit without ATM
Ngm : :
250 @% -
_3 : 1 1 1 | | 1 1 1 | | 1 1 1 | 1 11 |:

0.3 0.5 1 2 3

tan2 623
Neutrinos: Theory Concha Gonzalez-Garcia

L |
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e (/53 determination in global analysis:

— Maximal ¢35 = 45 Disfavoured at 1.6-2 o level
Now mostly driven by MINOS v,, DIS

— First octant (53 < 45 Favoured at 1.6-2 o level a

Driven by SK I-IIT ATM Sub-GeV v, excess
It seems to be reduced in SK-IV analysis

Neutrinos: Theory

Stephen Parke

‘ 6-3, Mass Ordering, 0 p

Ay,

- —- N (Huber)

—— N (Free flux+ RSBL)
-—- 1 (Huber)

— I (Free Flux +RSBL)

15

10 i _:
5:— _:
- o |:
0.3 > 3
3 : T T | [ 11 | I T T1 | T T 1 :
S
L Global (with ATM}
u =D -
-3 : T T |:
03 05 ” Fa—

2
tan” 0,

Concha Gonzalez-Garcia
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‘ 923 9 Mass Orderinga 60 P _ Egrizefrl)uﬂ RSBL)
-—- I (Huber)

— I (Free Flux +RSBL)

e (55 determination in global analysis:

— Maximal ¢55 = 45 Disfavoured at 1.6-2 o level

Now mostly driven by MINOS v,, DIS 0
— First octant (53 < 45 Favoured at 1.6-2 o level o

[
o
U
o
——
A~
g
:.
-
2>
=

75||||||||||||||,||||

e 0 p determination in global analysis:

F F ]

Driven by SK I-IIT ATM Sub-GeV v, excess 5L _

It seems to be reduced in SK-IV analysis i )

B ] 1 1 1 | L 1 1 |_

e sign(Am?, ) determination in global analysis: 0.3 3
— No significant difference Normal versus Inverted T —

Driven by SK ATM - Global (with ATM)

— Signal at most at 1.7 o level
Driven mostly by SK ATM (slight LBL v, app) i

[ /AR

0
-180 -120 -60

d

0 60 120 180

CP

Neutrinos: Theory Concha Gonzalez-Garcia
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I - N (Huber)

6)239 Mass Ordering, 5 CP — N (Free flux+ RSBL)

-—- I (Huber)
—— I (Free Flux +RSBL)

e (/53 determination in global analysis:

— — 6\‘5""|""|""|."'|
Maximal 055 = 45 Disfavoured at 1.6-2 o level g\ 06@‘ Crlobal (with A M)

Now mostly driven by MINOS v,, DIS é@ > 0@
— First octant (/53 < 45 Favoured at ] ( ej‘{@ o O°

I
I
I
I
d
U
d

\ a i

Driven by SK I-III ATM Sub- ’é &0@\ @00‘\ 5[ -

It seems to be reduced 1~ &QQ «x\x& i o/ .

006 \% \% . 0 I N T i

° Slgn(Amatm) det- Q\Cfd Q‘A _alalysis: 03 05 ! 2 3

tan 0

—No 31gn1f;x 3\%&%&@ .dl versus Inverted R —

Dr o S « & N o - Global (with ATM))
VAN - .

@ﬁ““‘% NIt ol :
N @% RO x| :

&Q %\do\. .nation in global analysis:

O
|

%&\Q .aficant at most at 1.7 o level
Driven mostly by SK ATM (and slight LBL v, app)

[/ AL

0 = I I
-180 -120 -60 0 60 120 180

d

CP

Neutrinos: Theory Concha Gonzalez-Garcia
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adding atmospheric data ?

3-flavor effects in atmospheric neutrinos

Peres Smlrnov 99 ~ Normal hierarchy ~Inverted hierarchy

Gonzalez-Garcia, Maltoni, Smirnov, 04 T N % “““““ * T “““ % “““““ ]

MIneD-gns 8-)S

%e% -1~ (7‘ 933 - 1) qu(A'"?§1 913) 13-effects 1.11 +

e
u
| ——
_+_
UBNASD-gNS 8-)S

+ (rci; — 1) Py (Am3,, 012) A -effects 1*|

- sin”(20,) = 009 ;V AmI =75x 1o v
. ~ 0.9[ sin, e{035 0.50,0.65} [
— 2513523C237 Re(Af Ape) interferendengcp | ottt
i ]: o
r ~
1 )
F)(E,) -~ 2 (sub-GeV 1L 2
TMT(F)_ £ o e (Su_e) ‘:: =.
— ’JV — ]
FY(E,) ra2.6—45 (multi-GeV) s 2
T. Schwetz v Y |6

L \
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SuperK Fit: (Itow 2012)

Am? and sin’0,; with reactor constraint

Normal hierarchy
0.01—""|'*"|"*'|""—r

- Sin%0,4 NH
0-008— 0.391-0.619(90%C.L. )

oo [ AM
" 0.006-

T 2.66+013 %107 el (10)

0.004— -

: /_- ““““““ q‘“\:
0.002 ’/ i

e

03 04 05 06 07

Free 04,
Fixed reactor 6,4

/' 68% C.L.
\%
3 035 0.4 045 05 055 0.6 0.65 07

sin 923

8

6

4 / 90% C.L.
2 AN

b.

9% C.L.

0.01
0.008

o
= 0.006

0.004

0.002

8
6
4
2 N / 68%
%

| sin20,, IH |
-0.393-0.630(90%C.L. )
- Am?,,

26653 x107 6'|/2(10')

-2
sin 923

Free 04,
Fixed reactor 6,4

99% C.L.

\ 90% C.L./

J
.3 035 0.4 045 0.5 0.55 0.6 0.65 0.7
=2
sin“e,,
(o

e Surprising large 0,; has opened the door to the next stage
of atmospheric neutrino study.

— Next goal ; mass hierarchy, the octant of 6,, and CP 9...

Stephen Parke
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ne My Mother's Advice:

Before you eat a sausage, know what’s inside !

L \
Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012 17




I
.2

Holy Grail: the Unitarity Triangle

Unitarity Triangle:

[ Uk Ut + UgUes + UgUses = 0 j

cosd =1/2 .

-

Ue1||Up1| = 1/3

Uea||U2]
~1/3

w=0o0r2mr—90

—1
L]
|Ue3||U,u3‘ ZSin913/\/§ ~0.1
J| =2 x Area
_ 2 43
J = $12€12523C23513C71 3 sin o
7/23/2012 |
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Vy, — Ve < Vy — Ve
T 9 ¢ T
Ve — Uy, <~ Ve — Uy
CP

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

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

However
for v-Factory: Distinguish u™ from p= at 1074

for 3-Beam: Distinguish p from e in Water Cerenkov or LAr



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



Large Theta_13

—2~10‘2E 613=10° CP\ Interference
41072}
LG0T
0 500 1000 1500 2000
L/E (km/GeV)

from EFM

L \
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Asymmetry:

08

06

04r

CP fraction

0.2

CPV

IDS—NF 2010/2.0 s—
MIND LE e——

SPL:

BB 100 m—
BB100+SPL
LBNE+Project X
2025

2 A ~ 1 sin 2013 sin 0
| vac "= 11 (sin®261340.002)

GLoBES 201

0.0
1077

o o Tmze & " r [ Avac = % — P(SP%OPO at A?’l — % (VOM) ]

Vacuum, at 1st oscillation maximum

Asymmetry in Vacuuian at OM

Neutrino—AntiNeutrino Asymmetry 1.0 T T 1 | TTTT | TT |||||||||||||||||||u| m‘|1111] —r—170.00
T T ||||||| T ||||||||: T - -
- Vacuum . 1 i ]
i . ] 0.8 — — 0.31
0.8 I A32=7T/2 . — - —
L ' . oy .
. @]
N = - “© -
'°+* -/ Y S 06 —0.59
Q—q 0.6 I : :"g_ c: -
< VR 6=m/6 5] o 1 |sinégp|>
[a¥ Al -7 T e - -
| IR S Sl S5 04 —0.81
n, 04F—a - 7 N C B ~ g
— L 7 - S L i
= N\ . L i
R S I -
e T N ] 02— 0.95
02Fg, sind ~ : N .
| o . N X _ .
L2 \: T~ -
- . . - 00_ L1 (|)|6| ] ||||||||R‘|1|||||||||u|u(|?|'auu| L1 |0|' 1.0
0.0 Ll ! |||||||| ! ||||||||' ! ’001 0.02 0.03 0.05 0.07 0.10 0.20
. —3 2 —1 . . . . . R .
10 10 10 .2
.2 sin“20 5
sin®20,4

Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012



I
.2

In Matter:

Pp,—>e ~ ‘ \/Patme_i(Agzj:& + V Psol ‘2

. . in(A L
where \ Patm — S1n 923 S111 2(913 sin(Ag1Fal) Agl

For [ = 1200 km

and sin” 26,3 = 0.04

0.10

0.08

0.06

Pue

0.04

0.02 [y

Stephen Parke

(Az1Fal)
and vV Psol — COS 923 sin 2912 si?a(zf) Agl
Anti-Nu: Normal Inverted
a = GrN./V2 = (4000 km)~!, e anla

Atmospheric + Solar + Inf.

-Atmo

- —

I|III
- — —

SITDheI'iCI—F |S(I):Illa|:ﬁ' CTToT T | BB
LAl

1
L ’

[l
Nu: Normal Inverted '—{ Iyl | Nu:Normal Inverted

|
(I

Ut solid 6=m/2
Al dashed 6=3n/2
|

T T L
——

=
IIII|IIII|IIII|IIII|IIII

0.5 1.0 2.0 5.0 10.0 20.0 20.0

E (GeV)
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J-PARC+HK @ Kamioka - ~
L=205km OA=2.5deg Future LBL plans using J-PARC

I8 Y OO i Vo

Current: T2K
J-PARC ~0.75MW
+ 50kt WC @ 295km 2.5°

Lol: The Hyper-Kamiokande Experiment
arXiv:1109.3262v1

J-PARC+LAr @ Okinoshima
L=658km OA=0.78deg

Comtrol Room

Access UTnmel 1

2 Tralke hases road tunssel size)

Electrosic Hut

Asgon Supply Mackine

Inner Arpon Tank

Argon Pool Tank
(3 Feslitlanes road tunnel size

Access Tunnel 3

2 Trafic lanes road tunnel size)

J-PARC P32 (LAr TPC R&D), arXiv:0804.2111



TABLE 1. Detector parameters of the baseline design.

°
4SS rierarcny.
Detector type Ring-imaging water Cherenkov detector y o

Candidate site Address Tochibora mine
Kamioka town, Gifu, JAPAN
Lat. 36°21'08.928"N —
Hyper-K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW
Long. 137°18/49.688"E 1
Alt. 508 m -
Overburden 648 m rock (1,750 m water equivalent) n //‘
Cosmic Ray Muon flux 1.0 ~ 2.3 x 107 seclem™2 _
Off-axis angle for the J-PARC v 2.5° (same as Super-Kamiokande) _
Distance from the J-PARC 295 km (same as Super-Kamiokande) _
Detector geometry Total Volume 0.99 Megaton E 0 _
Inner Volume (Fiducial Volume) 0.74 (0.56) Megaton w _
Outer Volume 0.2 Megaton _ ;G
Photo-multiplier Tubes Inner detector 99,000 20-inch ¢ PMTs :— sg
20% photo-coverage —
Outer detector 25,000 8-inch ¢ PMTs _
Water quality light attenuation length > 100 m @ 400 nm -1_---------I--r—r—-..--i------...l.....
Rn concentration <1 mBq/m? 0 0.05 0.1 0.15
sin%20, 4

For sin® 2013 = 0.1, the mass hierarchy can be determined with more than 3o significance for 46% of the 6 parameter space.

Hyper-K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW
R -

CPV: '

10
20
Mass Hierarchy unknown 3g
(true: Normal Hierarchy)

0.1 0.15

sin20, 4
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e LBNE:

LBNE original

https://indico.fnal.gov/conferenceDisplay.py?confld=5622

v MCC spectrum at 138

m§1=2.4e-03eV2 Homestake LE

=10000 0.2 >
;‘ 90005 sin22613=0,8cp= n/a . 13%
. . = E sin?20,,=0.1,8 ~m2 |~ 8
- Beamllne 0 rm”ab: 1_5 GZV, 700 kW -_—> 21 MW %8000? $in220,,=0.15,,-0 016 £
S 70004 §in20,,-0.1,5 /2 014 g
. . . 4 012g
- Baseline: 1300 ™Qgon-axis, Fermilab to Homestake =z \\ A o B
. | o
- Detector: 34 ktons @ 4300 mwe in Homestake o] | [/
10001 /’ R io.oz
0 ‘ LBNE-PAC ©  E.Gev)
Mass Hierarchy Significance vs 6.p CPYV Significance vs §
34kt, NH, 63=0.154(4) 34kt, NH(IH considered), 91328.154(4)
16 T T T T T T T T 7
Homestake 34kt, 10yrs " Homestake 34kt, 10yrs -
14t - Rgfer g4tt,}gvrs """"""" Ash River 34kt, 10 yrs s
© udan 34kt, 10 yrs =ewen: 6 Soudan 34kt, 10 yrs_uwsea: o
8 12+
c
: ]
= 10}
= 8 1
» 8l &
z £
T 6 & =
‘6 6.... ?
.g 4 —...h.* .o"" |
@ —
W, L i
0 I | |
1 '°-4'°-26 °/ 0.2 04 0.6 08 1 1 -0.8-06-0.4-02 0 0.2 ONBQ.6 0.8 1
T
CP SCP/TC
|
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- LBNE-lite: three options

e 30 kton LAr @ Ash River next to NOVA on surface ', Cospertumatatom ami-240000v* - ASh River LE

=20000 2 >
g = sin®26,,=0,8 = n/a - %
- off axis, narrow band beam, little spectral info. = o e 8
%4000; Sin22613=0.1,65::n/270'14 %
- surface detector (?): no proton decay or supernova hus or i Ei |
GTI’T\OS nUS §18000§ go.os
A —0.06
i f0.04
‘ f0.02
\\7777%. *56
10 E_(GeV)

v,CCspectrum at735 km,am3,-24e-03ev>  Soudan LE

e 15 kton LAr @ Soudan next to MINOS at 2100 mwe 2 oo el %
516000; sin?20,,=0.15,,-0 0'16§
- on axis, but spectrum is at higher energy than optimal pila A
- under ground detector, proton decay (K+nu), supernova nus Soao :
and atmos nus. Broader program. ol

L 10 E.(GeV)

v, CC spectrum at 1300 km, Am3, - 2.4e-03 eV 2 Homestake LE

e 10 kton LAr @ Homestake on surface

;-”100005 sin?26,.=0,6 =n/a 0.2 z
2 g000E N T Y-
. . . 2 = $in?20,,=0.15_ =2 s
- NEW NEUTRINO BEAMLINE required, can be optimize = aon0- %26,y 0.15,0 016 £
- surface detector (?): no proton decay,supernova nus or atmos .. o B
nus o / i
- upgrade potential . . 10001} .
P9 P All fiducial masses _
! LBNE - PAC ' E . (GeV)
I, i |
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e LBNE-lite Summary:

I i e
810 km 735 km 1300 km

30 kt 15 kt 10 kt

Surface Underground 2300 ft Surface

Existing NuMI Existing NuMI New

Preferred Option,
best upgrade potential,
most expensive

[ |
Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012 29




- Physics Reach of these Options:

Atmospheric (31) Mass Hierarchy

Mass Hierarchy Significance vs ¢cp

Normal Hierarchy, sin“(26,5)=0.07 to 0.12 Mass Hierarchy Sigpificance vs d¢p

16 | | | Matt Bass (CSU Normal Hierarchy, sin“(26,4)=0.07 to 0.12

| ASlh Rivler 36kt — 16 — | T | | ] | |
;; Homestake 10kt 1777777 Ash River 30kt + NOVA(16) + T2K I
L D i Soudan 15kt 7 14 | Homestake 10kt + NOVA(6) + T2K iz
Soudan 15kt + NOVA(16) + T2K

—
o

Significance (o)

Significance (o)
Q0

é— 1000/0

PR 0
1 -0.8-0.6-0.4-0.2 0 0.204 0.6 08 1 1 -08-06-04-02 0 02 0.4 0.6 08 1

SCP/TC

6CP/TC

e \
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CPV Significance vs dpp
NH(IH considered), sin“(26,4)=0.07 t0 0.12

7 Matt Bass (CSU)
| | | | | |
Ash River 30kt I

L Homestake 10kt mm—
6 [ Soudan 15kt N

Significance (o)

-1 -0.8-0.6-0.4-0.2 0 02040608 1
SCPITC

Stephen Parke

Physics Reach (conti)

CPV

CPV Significance vs dcp
NH(IH considered), sin“(26,4)=0.07 t0 0.12

7
Ash River 30kt + NOVA(16) + T2K
Homestake 10kt + NOVA(6) + T2K
6 - Soudan 15kt + NOVA(16) + T2K .
. 5
L
@
g 4
S
E 3 e ~50%
Kex
P9
1
0 ¢
-1 -0.8-06-0.4-0.2 0 02040608 1
6CP/TC
|
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European sites: LAGUNA—LBNO A B

LAagvna

Three far sites .
considered in detalls ey mww

p Large Water Cerenkov Detector.
CERN-Fréjus is a short baseline.
It offers good synergy for
enhanced physics reach with -
beam at y=100

p Liquid Argon TPC & magnetized
iron + Liquid Scintillator detectors
CERN-Pyhasalmi is the longest
baseline. It offers good synergy
for enhanced physics reach with A _
a NF | CN2FR (Fréjus)

*  HP-SPL + accumulator
(5 GeV -4 MW)

p [CNGS is an existing beam but is 3"
considered at lower priority |
(missing near detector, limited
power upgrade scenarios)]

2012-25-06 GGI, Florence, Elena Wildner 24



TG

¢ The Neutrino Factory...

Neutrino Beam

Proton Driver:
— Linac option
Ring option

n

Muon Decay
Ring

755 m

Muon Decay Ring IDS-NF Baseline 2010/2.0

Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012 33



Special Baselines:

I
.2

Pp,—>e ~ | \/Patme_i(Agz__é) +

"Magic’ Baseline
CERN to INO

Ps,,; = 0 when alL = mw,2m, ...

in earth this happens for L~7500 km JPARC 1o INO

. 2
sin“(Ag1Fal) A 2
A31

~ . ° 2 hd 2

No sensitivity to CPV (9)

Good for measuring sin” ;5 and Mass Hierarchy

L \
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In Matter: Max for one Hierarchy and 0O

N X :
e\\(\ Py,—>e ~ | \%tme_z(ASthé) + V Psol |2

2 |
%\C% where Patm — sin 623 sin 2913 Sl](ﬂgéf’:;:z;;) Agl
. \A’b : sin(al)
%\¢ and v/ P,,; = cos 053sin 26015 (aT) A

a = GFNe/\/i — (4000 km)—l,
Sushant K. Raut, Ravi Shanker Singh, S.Uma Sankar arXiv:0908.3741

Amol Dighe, Srubabati Goswami, Shamayita Ray arXiv:1009.1093

other

Bi-Magic’ Baseline and Energy 0.1 e~ ool 1\3} —
Choose L such that 0.08 | 22
Potm|reg = 0 and Puyn| vy is max. at Erg —
and Q_'q? )
0.04 |
Potm|ng = 0 and Py |1 is max. at Enpg 'z
0.02 ki

L=2540 km and E;p=3.3 GeV and Enxpg=1.9 GeV

o

flip when v and v interchange

Approx. Fermilab to Yucca Mtn:



http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Raut%2C%20Sushant%20K%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Raut%2C%20Sushant%20K%2E%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Singh%2C%20Ravi%20Shanker%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Singh%2C%20Ravi%20Shanker%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sankar%2C%20S%2EUma%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Sankar%2C%20S%2EUma%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dighe%2C%20Amol%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Dighe%2C%20Amol%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Goswami%2C%20Srubabati%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Goswami%2C%20Srubabati%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ray%2C%20Shamayita%22
http://www-spires.fnal.gov/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Ray%2C%20Shamayita%22

- Another Special Baseline & Energy |

Can we chose a baseline and energy such that for neutrino we sit at the
15¢ oscillation maximum (OM) and anti-neutrinos we sit at 2" OM (or vice
versa, depending on hierarchy) 7

A31—|—(CLL):37T/23nd Agl—(aL):ﬂ'/Q
= Ag;=n and (al)=m/2

Baseline is 4000-4500 km and neutrino energy 4.0-4.5 GeV
i.e stored muons of around 9 GeV or so !

2nd

Can probe 15 and Oscillation Maxima with same facilities!

Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012
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Precision:

30

— 180 —-90

O_

90 180 —180 -90 0 90 180

o )
613: 30 = 100
P. Coloma, A. Donini, EFM and P. Hernandez 1203.5651
Are 6 = 6° 4+ 2° and 0 = 84° + 2° equally good measurements?
q Y &

We need more precision around O, m, ... !

Maybe uncertainty in sin 0 is a better measure !

Stephen Parke

NuFact 2012 @ JLAB and W&M

7/23/2012



- Testing the Paradigm:

For small values of ( ) < 5()() ) we can expand the appearance
probability in powers of (EL) as follows: (sin(1) = 0.84)
L
Provy~ (£ ) (2 ) CPC

| (Eu)3+ (E%Vf +... CPV

All parameters are determined by first few terms!!! To test the form

Oscillation Probability we need (E_y) ~ or even > 500 (

GeV)

Are smaller values of E, worth probing,
even if it costs some precision 777

(matter effects complicate this discussion!)

Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012
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Precision v Sensitivity to New Physics:

How much precision in 0 would we sacrifice
for additional sensitivity to New Physics | 1]

What about around 0 =0, =, ... 7

L \
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Beyond Nu SM

e Sterile

* Non-Standard Interactions (NST)
e Premature Decoherence

e Neutrino Decay

e Effects of Extra Dimensions

* Surprises |

AB and W&M 7/2

3/2012

|
40



Sterile Neutrinos:

I
.2

e hints of Sterile Neutrinos

- LSND (3.8 sigma)
- miniBooNE neutrinos & anti-neutrinos (?)

- Reactor Anomaly
- Gallium Anomaly

- Vv

Decay straight u
, e Dt e L
a %)
S <
= g z 2
p }.l+ Circumference: 1609 m w B S
¢ & & e
S Vu
P>~ 0000000 ® O

l_ s=600 m d=2000 m »|
Td:SO m
- 755 m

e \
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nuSTORM:

» 100 kW Target Station

> Assume 60 GeV proton
> Fermilab PIP era

> Ta target
> Optimization on-going

> Horn collection after target
> Li lens has also been explored Muon Deca

» Collection/transport channel - Ring
> Two options
> S’rachas‘ric injection of x 150 m
> Kicker with ©= — u decay channel
> AT present considering
simultaneous collection of both
signs
> Decay ring
> Large aperture FODO
> Racetrack FFAG

> Instrumentation
> BCTs, mag-Spec in arc, polarimeter

Neutrino Beam

&
Em Alan Bross Fermilab Physics Advisory Committee June 21, 2012
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Appearance
Channel:

Ve =V,
Golden Channel

Must reject the
“wrong" sign u with
great efficiency

Why v, — v,

Appearance-only (though disappearance good too!) Appearance Ch.
not possible

Amz, L
4F

Prle — p] = 4|Ue4|*|U,14]7 sin®(

)

Alan Bross Fermilab Physics Advisory Committee June 21, 2012

e \
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arXiv:1205.6338 |
Wrong-sign u=
10°' POT

2
Xstats

3+1
Assumption

Fermilab Physics Advisory Committee June 21, 2012

|
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Summary & Conclusion:

I
.2

elarge Theta 13

- wonderful opportunity for all !l
* Double Chooz, Daya Bay and Reno
*+ SuperK Atm, T2K, NOVA
- LBNE, T2HK, etc
» precision determination of Theta_13
- exclude wrong Hierarchy at high CL
» CPV, precision dominated by systematic effects!
* New Physics less likely o be entangled with Theta_13 effects |

e Re-Optimization of NuFact is required |

|
Stephen Parke NuFact 2012 @ JLAB and W&M 7/23/2012 45




