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Neutrino Mixing Parameters

from
Long Baseline Expts.
Stephen Parke — Fermilab

e CP violation

e Summary of Nu Osc Data

° U, — Ve
o 013, sind and sign dm?

o Experiments:

e Summary and Conclusions:
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Leptonic CP and T Violation in Oscillations

CP
V), < Ve — Uy, > Ve Super-Beams
T ) ) T
Ve <> Uy = Ve < Uy, Nu-Factory
CP

CP Violation here
? = 7 Leptogenesis
? = 7 Baryogenesis
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Neutrino Mixing Matrix:

Like the Quark Sector:

The Neutrino Mass Eigenstates, |v;), are a Mixture of Flavor States, |v,):
’Voz> — Uozi‘Vi>- (using s;; = sin#;; and ¢;; = cos ;)
1 C13 s13e” " Clo 519
Ui = C23  S23 1 —S12 (12
5
—S23 €23 —513€" €13 1

Atmos. L/Eyu— 7  Atmos. L/Eu<«<e  Solar L/Ee — pu,7

C13C12 C13512 s13€” %
— —C23512 — 813823612€i5 C23C12 — 8138238126i5 C13523
§23512 — 8130236126i5 —S823C12 — 813623<'312€i‘s C13C23
For Majorana Nu's
1 Phases ava, «3 are unobservable in oscillation
U — U e'2 phenomena, (UowlUEz')-
e'”3 Important in neutrinoless double beta decay.
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Leptonic CP and T Violation in Oscillations

CP

V) < Ve <
T 7
Ve <> V), <

CP

atm sol
a, e + a e

P, . = 2

CP Violation comes from the Difference

: atm sol
in the Interference of a},”", amd a;”,,

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are 613 and 9.

sparkE — 19 April 2004

Vy < Ve

0

[P—P|/|P+P|

Ve <> Uy,

0.8

0.4

0.2

0.0+

Neutrino—AntiNeutrino Asymmetry
T T.T T LILL T TITTTIg . T

Super-Beams

T

Nu-Factory

0.6

1.0

II'IHI T I1'II'| T |

Chooz Excluded

} 7
e
B
[ o ]
o
@ .
W o.
m .
&
[ B Agp=m/2
=
7]
I: | ||I|I| IIIII
103 1072 101
smzzﬁm



Mixings and Masses Overview:

O. Mena and SP hep-ph/0312312

Ve Yy V.m
(12)-SeCt0r: SNO, KamLAND, SK B sin'dy m‘s:; =in' 8 ,1-..-15:;
5'._: 3I _m_s , 4 _0.1_1
6| e ™ T ——— 0
dm3, = +7.14£2.0 x 107° eV? : o |
| M"'I — _—— N .
0.23 < sin® 65 < 0.35 - — - e —
Sj'n2 812 Z % eXC|Uded at > 5 O-I Fractional Flaver Content varying sin” 8
Sign of dm3, determined at this C.L.
10-2 '?,HEFETFP..?'S rE.?ﬁ%.Ef“F. the Sun
IJ
P(v,)= (9,7,5,3,1)/10 1
Due to matter effects bure vy~ %
. . 1™ :
the ®B solar neutrinos exit the sun as vs. = : ¥
(] —4 111
| . = 10 )
Thus SNO's ff—g — sin” 5 2 it
S i1
£ n
Consistency between SNO (0.3) and 107 H
KamLAND (0.6) will be an important i
. . . (N
test of Neutrino Oscillations and Matter i
— IIIIIIII| IIIIIIII| | IIIIIII| 1 l IIiI;l
Effects. 10 fﬂ—ﬁ 1074 1073 1072 1071 130
sin®6
U1=Caue+Sﬁvx UB SﬂL"e { Cﬂb"x
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Mixings and Masses Overview:

(12)-Sector: SNO, KamLAND, SK

Vel Vu V.
dm3, = +7.1£2.0 x 107° eV? v
B 3-'!.9 e I:; o 2 T —— :j
0.23 < sin? 65 < 0.35 i —
o] sin B - o
. = . | — T— A -
sin? 019 > % excluded at > 5 ¢! M — e 2

13 3 1
=

MORMAL Y ERTED

Sign of dm3, determined at this C.L.

Fractional Flaver Content varving sin®#s

(23)-Sector: SK, K2K

[0m3,| = 1.9 — 3.0 x 1073 eV?
0.35 < sin® fy3 < 0.65

(obtained from sin? 2653 > 0.91)

Magnitude of dm2, and sin® 6,3 both 9
poorly known! = MINOS |5m32‘ ‘

Sign of 6m2, Unknown 11 also tests v-Oscillations.
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK vem  Vym  Vem
5m%1 — —|_7.]. :l: 2.0 X ]_0_5 €V2 E. 3.6 ? ME_T ~ zﬁ il “‘fj
4 Al ] — !
0.23 < sin”#5 < 0.35 o e
g Am? * - -—l e .

sin? 015 > % excluded at > 5 ¢! | —— e

MORMAL OMVERTED

sign of dm3, determined at this C.L.
8B solar neutrinos exit the sun as vs.

Thus SNO'’s ]C\j,—g = SiIl2 912

Fractional Flavor Content varying cos &

(13) Parameters: Chooz, SK, K2K

(23) Parameters: SK, K2K

sin? 613 < 0.03 — 0.05

|0m3,] = 1.9 — 3.0 x 1073 eV? limit |6m3,| dependent
0.35 < sin® fa3 < 0.65 0 <dcp < 2m
(obtained from sin? 2093 > 0.91) Unknown!
Magnitude of dm2, and sin® 6,3 both Figures are inserlsitive
poorly known! & MINOS [dm3,| & to sign of sindcp

Sign of dm3, Unknown !!!
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

dm3, = +7.14+2.0 x 1075 eV?
0.23 < sin? 615 < 0.35

sin? 015 > % excluded at > 5 ol

WNeutrino Mass Squared
g
£

=in'8,

. . . Fractional Flavor Content
sign of dm3, determined at this C.L.
8B solar neutrinos exit the sun as vs.

Thus SNQO's ff—g — sin? 05

For u & 7 symmetry
923 — 7'('/4 and
(23) Parameters: SK, K2K 5 — 7'('/2 or 37’(’/2
0m2,] = 1.9 — 3.0 x 1073 V2 unless 613 =0
0.35 < sin® a3 < 0.65

(obtained from sin? 2093 > 0.91)

(13) Parameters: Chooz, SK, K2K

Magnitude of dm2, and sin® 6,3 both sin” 013 < 0.03 — 0.05
poorly known! & MINOS |dm3,| &

Sign of dm2, Unknown !!! 0<dcp <2m
sparkE — 19 April 2%84



3 flavor — v, — v,

2
—zm L 2F
Pue=1| 2, Uy Ueje /

Elimate U} Uc1
using unitarity of U.
and A;; = om? L/AE = 1. 276m? L/E
P, .= | 2U%,U.ssin Agre=852 42U, U,psin Aoy |°
Square of Atmospheric+Solar amplitude:
U;3U€3 = 823813613€:F7;5 for v and v:

Approx. U/ yUes & ca3c13512012 + O(813):

Interference term different for v and v: CP violation !l
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. . , 2
P, e = | 2593513C13sin Agje i((Ag2£0) 4 2C23C13512C12 SIn Aoq ‘

At the first atmospheric
oscillation maximum, A3 = 5
the Neutrino-AntiNeutrino
Asymmetry is maximum when

a

sin? 20,3 ~

Y
Y

Sin2 2912

tan? 053

0.002

|

atm‘ — ‘asol|

2
2 omsz,

;

[P—P|/[P+P|

0.8

0.8

0.4

0.2

0 Neutrino—AntiNeutrino Asymmetry

BY Paotar N
,
A

T Illrllll. T

x
cD_ |
' =]
T e -~ LA
§ L ~ .
_;d/:/ < : ::O:_
e N :
. P =
f % - Agp=m/2 . C o
[T :
_:'t dmZ, = 7.0 x 107° ev® ~ :
L 7 6m?, = 2.5 x 107 eV? T~
_I 1 IIIIII| | IIIIIII| IIII|: |
0.0
10-3 10~ 101
311122813
3

At the second oscillation maximum, Ass
Asymmetry occurs when sin® 26;3 is 9 times larger. BNL — ?777.
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2 !

the peak in the
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Expanding and using Jr.=J/sind = 8120128236238136%32
P e m 4833523¢255in% Agy + 4c25025575¢2, sin” Aoy
+8.J, sin Aoq sin Aszq cos Aso cosd
:FSJT sin Agl sin Agl sin Agg sin 0

The last term is the CP violating part of the interference.

o $Bu>= 23 GeV_ 1= 820.km

. -f

Bi-Probability Plots: =] vac _
Minakata and Nunokawa < b ‘o ]
hep-ph /0108085 v S
i 5 an/z

: sin®20,3 = 0.05 i

N A P ‘

1 L I L 1 L
a 1 2 3 4
<P(v, —> vg)> %
sparkE — 19 April 2004 12



Matter Effects:

Rule:

sin Ag1= ( A31a ) Sin(Agl + CLL)

Sin A21:> A21 Siﬂ(AQl + aL) ~ Agl
Ag1FalL

sin A32:> sin Agg

Comes from the invariant (2 component)

{6m?sin 20}t = {0m?sin 20} 4.
and
{6m?Yier = {0Mm?}pae F 4aE d
where a = GFNG/\/i = (4000 km)~! oo

1 |
-20 -10 0 10 20 30
E (GeV)

— m 12|\mr.~ (eva)

sin®26,; = 0.10

n

Works because the resonances are clearly separated.
sparkE — 19 April 2004 13



IMPORTANT when

(AﬁaL) sin(A Fal) # sin A for Asy.

For Ay; < alL < 1 only important for very LBL.

Thus

2
P,u—>€ ~ 4(823313)2 (AS?:?:ICLL) Sin2(A31 -+ CLL)

+8(523513) (AﬁfﬁaL) sin(As1 F al)cazsiacinAog
x {cos Ags cos d F sin Agssind}

+ 4c55595055 A3,

The sino term is the CP violating part of the interference.

sparkE — 19 April 2004
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Proposed Experiments:

JHF — Super-Kamiokande

; ==
295 km baseline s,iéﬂ
Super-Kamiokande: A T Y
22.5 kton fiducial o - «
Excellent e/p ID L o N
Additional /e ID Suer Kamigkands <205k JAGR
o nacamer R
X Pt & e erls
SuperK .'S;;l '_ A - .: M."'-"-"{“'!"ﬁ“_‘#‘_imtl

LK, Y
p e

Matter effects small

Study using fully
simulated and
reconstructed data

The NUMI Beamline

neutrino detector

Fermilab 10 km
730 km

sparkE — 19 April 2004

Two functionally identical

S

Soudan

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Sm?3
Eyom = 0.6 GeV {2.5><10—3?? ev2}

L=700 - 1000 km and
Energy near 2 GeV

Sm3
Eyom = 1.8 GeV {2.5><103?? eVQ}

X {m}

15



Off-Axis Neutrino Beams:

_ 043E;
B = eng)

Off-Axis the beams are Narrow!
approx. gaussian with spread

15

20% < E, > P
% 10 20 80 40

GREAT !l ki

as the primary bckgrd to v, g

detection is 7V coming from ’ p

higher energy NC events. (v,
contamination in beam is small
0.5% and apprx known.)

BNL-proposal '94

sparkE — 19 April 2004

» On axis

'y
= 14 mrad off-axi

E., (GaV)
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Broad Beams - Spectral Shape Experiments:

Questions:
Backgrounds ? and Optimization of E and L?

sparkE — 19 April 2004
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Matter Effects in NOVA:

¢|<IE1] ?’l:l>|= 2 |31 r(}elr“iir ]T‘:1 |812r|(1Jl [km
0.16
10.0 — —
- [ .
e e - sin® 20,,=  0.05 N
A AL i ]
i~ K i 0.016 1
M N 1.0 —
| | = 0.005 % E
1 + 0 2 n .
2 D) N 1
o _ & w2 . = .
v o A\ - -
1 e p—
N bmZ > 0 - 01k -
sin®26,5, = 0.05
ﬂ_ 1 L L 1 I I 1 1 1 I 1 1 1 I I 1 1 L Ll 1 1 1 IIIII| 1 L 1 IIIII|
0 1 2 3 4 0.1 1.0 10.0
<P(v, —> ve)> % <Py, —> ve)> %

Matter Effects important for NuMI-OFF-Axis (~800 km),
less so for T2K (295 km).
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Limits on 63

Chooz and SuperKamiokande:
Chooz was a v, dissappearance
experiment  using

Energies few MeV.
K2K.

Reactors.

MINOS:
Has some sensitivity to v, above
backgrounds.

Primary goal is to measure |dm2,|
to 10% — VERY IMPORTANT.
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]
<
Palo Verde
-1
10
10 )
SK sin’2@,; (90% CL)
e e —!
10
Chooz
-4 1 I | 1 L I | | L
0 01 02 03 04 05 06 07 08 09 _ |
sin 28
3 o Contours
<
o -
= 1Off-Axis Goal|| ~-..
ne” | A i
= ' 2l
10 //
S, CHODZ 90 C
\ % L,
® MINOS “;'-?"::‘f%_
7.4, 16, 25 10" pot ‘n\‘ \__l\
% »
10 \'\.\_ %
R
-4
10 il : |
LN 10 n” T
sin"(24,4)
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New Reactor Experiments:

“Super-Chooz:” }

interest in Japan, Europe, Russia,
China and USA (CA & IL).

(eV7)

2
1]

CHOOZ 90% CL
Exchided

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

L0

Systematics Limited experiment. 0 o 20

T GW, 50 tons, 3 years, and L400 meters

atm atm

2
1 — Pl/e—>]/e — SiIl2 2(913 {Sil’lQ Aatm -+ O ( Solar)} + O ( solar)

Clean measurement of sin® 26,3 down to ~0.01.

Could be a “quick” and “cheap” experiment, but ...

sparkE — 19 April 2004
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913 Off-Axis: NuMI & JParc
P(v, — v,.) depends on 613, sign of m3,, CP phase § and 6s3.

3 6 Sensitivity to sin’(26, ;)

Lo L H
5 | L =820 km, 10 km off
= 09 | Amy2=2510"ev? !
= i
3]
o 08
—
u_ -
07 |
06 [
I JPARC Phase 1
05 | o
04 [
03 | —  20x10% pot, Am®> D
' ——  20x10% pot, Am®< D
0.2 |
I A B S 100x10” pot, Am® > 0
o1 i & 100x10% pot, Am® < D
' i :' (Proton Driver)
0 F L
-3 -2
10 10

o 10
sin“(26,,)

Assumes Sil’l2 2923 =1 1e. 923 — 7T/4
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LBL has a Rich Physics Program:

o Sign dm3y:

Normal or Inverted Hierarchies: L

® (913 and 0: g g I -
. . 2% _\Mlz_—_- ) 1 I

Typically more than one solution: R

Fractional Flavor Content

Factorization at Vac. Osc. Max.

® 923 <— (% — 923)2

vy, disappearance measures

SiIl2 2(923 — 1 — 62 then
. 1 1+
sin? g = q;) and cos2 oy = | 26)

sin? 2053 = 0.96 = sin®0y3 = 0.4 or 0.6

sparkE — 19 April 2004 22



Degeneracy Tasting:

sign dm3,

At Vac. Osc. Max., Azy = 5 o SE/GeVL/km)- (0.63.206), (1.75,820)
75_sinzze,3= (1.3,5,7,9,11) x 0.04 E
E' 5 E 20 % E spread E
Prat = (1428 ) Puae & o :

where Ep ~ 12 GeV. A

::3.

Therefore, if NuMI and JParc both v

run Neutrinos at Vac. Osc. Max. 3
L (EN—E'J) o T 7I:B

PN — (1 :|: 2 ER PJ JParc <P(v, —> v,)> %

i.e. Py~ (1.2 0r 0.8)P;
Need about 100 events in each expt.

Separation degraded for EY > E, .

sparkE — 19 April 2004 Minakata, Nunokawa and SP — hep-ph/0301210
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sign dm3, conti.

For NuMI above Vac. Oscillation
Maximum, £ = F,om + AE

— Evyom (772_4) AFE
Pmat—(lj:QER:F 2 ER)P’UCLC

where Ep ~ 12 GeV.

This extra factor ~ 3 %—g degrades the
separation of the center of the ellipses.

Also the ellipses become FAT, compare

bottom to top figures.
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NuMl <P(v, —> v.)> %

NuMl <P(v, —> v.)> %

g(<E>/GeV.L/km)= (0.63,205). (1.75,820)
: II|I|I|||II IIII||||I|IIIIII“I’||| :

” - sin®20,, = (1,3,5,7.9,11) x 0.0/

'] [
4

E 20 % E spread

+ 0

& /2
o

m* 3m/2

5=

:—/ c5m§2<0 —
:||I||||||||II|IIII|||||||||I|||I||I||I:

0 1 2 3 4 5 ] 7 8

JParc <P(v, —> v¢)> %

<B/GeVL/km)= (0.63,205). (23,820

-~ sin®20,5 = (1,3,5.7,9,11) x 0.01
E 20 % E spread

0 1 2 3 4 5 B8 7 8

JParc <P(v, —> v.)> %
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(913 and o

For a given Neutrino and

Anti-Nu Measurement:

There are two solutions
for 613 and 0.

At Vac.

Max.

these factorize into a single
measurement of f13 but two

values of 4. [§ and 7 — ]

Kajita, Minakata and Nunokawa — hep-ph/0112345
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Fﬂ -> Ee)> %

JHF <P(

Eﬂ -> Ee)> %

JHF <P(

i
sm% > 0

IE:I |:|| | ;gllaiq(lll |'|8||(|}4€|\{ll

JHF <P(v, —> ve)> %

. e —
e /(( \ - g ’
[ p /I ~ ]
/ —0.058
- . g ]
-~ 0.050 = sin"26,5 ]
-{I-i'l"l. T-.I Ll | L1 1 I Ll | | | I L1 1 1
4] 1 2 3 4 5 6
JHF <P(v, —> v.)> %
TTT E:| |=|| |@||a.r1|c|1| |.6 |(|}|8\": TT
: | | d FE ]
= z 'f Vd e
C ém> >0 v ]
i P
Y
i ]
0 1 2 3 4 5 6
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O3 (

T _

2

023)

0o = T is v, <> v, sym. pt.
23 7 4 I

sin® 2053 from dissapp. exp.
however even if sin® 2655 = 0.96:

sin? 0o3 = 0.40 or 0.6

LBL at Vac. Osc. Max. with v
and  measurements
sin fo3sinf13 & cosfy3sind.

However  determining  coso
requires running above Vac. Osc.
Max. This splits 0 from 7 — 9.
Very high precision needed!!
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VH' -2 Fe):) %

JParc <P(

E= 6 and .6 GeV
T T T 7T TT IIIJ-II T II/IIIIII

3

1 2 3 4 5 6
JParc <P(v, —> v,)> %
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T2ZK .595GeV, 205.

NOwa 2.3 GeV, B820.km

5 gin- 20.,=0.96
ERE R F 1T TR BN FThi Py I Pl ni rrri Trri Ty
SR - < A
A 4 — — =
i - ] -
T : : -
= E = _: _:
S : :
v 1E- —* —
n :l | 0| |||||| |||||||||||||'::| | 1| ||| | | | ||||I||||I||||:

{F{FF —> V)> % {F{FF —> v, )> %

A LBL measurement of sin? 093 sin? ;3 combined with a
precision reactor measurement of sin® 63 is best way to

determine sin® fy3!11!

sparkE — 19 April 2004
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JParc .585GeV, 295.km  NuMl 2.3 GeV, B20.km

5 I 81 I T1TR I ¥10N F1Ti [ L Flhhld 1rti BB R Tl
Ot A ) A A A A
A 4 —— —
T - T -
I:ﬁ- 3 :_ _::_ g _:
’T - . -

< ED —
e - T -
% 1= —— —
ﬂ :| [ 1] | 1 L1 || 1 111 | | | | [ '::| 1 1] ||| | | | 1111 I 1 1L I 1 1 ||:

0 1 2 3 4 0 1 2 3 4 5

<P(v, —>v)>% <Plyv, —>v,)> %

T2K will give two different sin 0, one for each hierarchy,

with no information on cosd. In NOvA these two different values will
in general split into four points. Two for each hierarchy because the
matter effects are different and two for each sign of coso.

Thus the hierarchy and 0 can be determined
with sufficient statistics!!!!
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Tale of two signs:
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Tale of two signs:

sind and sign dm?

For T2K:

same hierarchy
diff. hierarchy

sparkE — 19 April 2004

|sind — sin d’| = tiny

. . 1 2
|sind; —sind_| = 0.5\/81%_35913
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Tale of two signs:

sind and sign dm?
For T2K:

same hierarchy  |sind — sind’| = tiny

diff. hierarchy |sindy —sind_| = 0.5\/81%2.35913
For NOvVA:

same hierarchy  |sind — sind’| = small

diff. hierarchy |sind, —sind_| = 1'5\/81%2.(?5913

sparkE — 19 April 2004
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Tale of two signs:

sind and sign dm?
For T2K:

same hierarchy |sind — sin d’| = tiny

diff. hierarchy  |sind, —sind_| = 0.5\/81%2.35913
For NOVA:

same hierarchy  |sind — sind’| = small

diff. hierarchy |sind, —sind_| = 1'5\/81%2.(?5913

For the WRONG hierarchy

the difference in the values of sin ¢

: Sin22913
will be greater than 1.0\/ SO

sparkE — 19 April 2004
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Reactor and P(v, — v,)

Combining a Reactor
measurement and LBL
neutrino measurement.

<1-P(v, —> v )> %

10

o

dm3 > 0

- dmi, < 0 | |
[ I |

_— I -

CPV soln Imlxudl ( CP
- | |
. sin® 26,, > 0.99
| 0.45 < sin® 6,5 < 0.55

ﬁ_lllllllllllllllllIIIIIII

0 1 2 3 4

~-Reactor v JHE

cF(u“ —> Vv )> %

At the edges of the allowed region could determine that

sparkE — 19 April 2004

sino # 0
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Summary and Conclusion

. (913Z
Can be measured by Reactor Exp., Long Baseline Exp. and
eventually Nu Factories depending on its value.

o sign of dm3; or Normal/Inverted Hierarchy:
Two Long Baseline Exp,. one with significant matter effects,
both running neutrinos at Vac. Osc. Max.

o sino and CP violation: Leptogenesis
Long Baseline Exp.  running neutrinos and anti-neutrinos.
Asymmetry gets larger as 613 gets smaller until solar amplitude
dominates. For smaller values we need to enhance the
atmospheric amplitude by significant matter effects - Nu Factory.
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Summary and Conclusion (conti.)

o (9232
Breaking the 63 <~ 7 — 23 degeneracy.
Combination of Reactor and Long Baseline Exps.

e cosd (sign?)

LBL experiment running above Vac. Osc. Max.

If the size of 613 is in range of the LBL experiments,
sin” 26135 > 0.005, then a few carefully choosen counting experiments
with sufficient accuracy can determine

(913, 50}), sign of 5771%37 923.

A Fabulous Opportunity in the Neutrino Osc. Sector!!!

Leaving the Questions of Majorana v Dirac?, Steriles? and
Absolute Mass Scale, Mj;e?
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