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Leptonic CP and T Violation
in Neutrino Oscillations
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Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates,

v;), are a Mixture of Flavor States, |v,):

‘Voz> — Uai‘yz'>- (using s;; = sinf;; and ¢;; = cos 6;,)
1 C13 size " Cl12  S12
Usi = Co3 5923 1 —S12  C12
5
—S23 €23 —513€" C13 1

Atmos. L/E y— 7  Atmos. L/E p«<e  Solar L/E e — pu, T

500 km/GeV 15,000 km/GeV
C13C12 C13512 s13e”
= —C23512 — 8138230126icS C23C12 — 8138238126“S C13523
$23512 — 81:),0230126“S —S523C12 — 813023812€i(S C13C23
For Majorana Nu's
1 Phases a3, a3 are unobservable in oscillation
U — U elo2 phenomena, (UM-U;i).
13

Important in neutrinoless double beta decay.




CP Violation and Leptogenesis

e For most Neutrino Mass Models there is a relationship between
the Dirac CP phase 6 and Majorana CP phases as, as.

e At a minimum they are all zero or all non-zero.

® (9, g are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N —1t¢~ and N — I—¢*

e B=2(B—L)+3(B+L), however (B + L) violated.

e Hence the Dirac CP violating phase, ¢, is a handle on
Leptogenesis and hence Baryogenesis.
Fukugita and Yanagida, Phys. Lett. B174, 45 (1986)

Frampton, Glashow and Yanagida — hep-ph /0208157
Endoh, Kaneko, Kang, Morozumi — hep-ph /0209098




Masses

(12) Parameters: SNO, KamLAND, SK

dm3; = +7.94+1.0x 1075 eV?
0.23 < sin? 015 < 0.35

sin? 65 > % excluded at > 5 ¢!

sign of dm3; determined at this C.L.

90% 2B solar neutrinos exit the sun as vs.

Thus SNO's ](\J[_(é ~ sin? 01

(23) Parameters: SK, K2K

|6m3,) = 1.5 — 3.5 x 1073 eV?2
0.35 < sin® o3 < 0.65
(obtained from sin2 2093 > 0.91)

Magnitude of dm2, and sin® A3 both
poorly known!
Sign of dm3, Unknown !!!

and Mixings:

Neutrino Mass Squared
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Fractional Flavor Content

(13) Parameters: Chooz, SK, K2K

sin® 013 < 0.03 — 0.05
limit |0m3,| dependent

0<dcp <2
Unknown!
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Fractional Flavor Content varying sin® >3

O. Mena + SP hep-ph/0312131
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limit |0m3,| dependent

0<dcp <2

Unknown!




Masses and Mixings:

Ve- VIJ VT-
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Uy < Ve

dv, m; V2
_ZE — Ua] 2E Uﬁ] + GFN 5046556 Vﬁ

re — diagonalize

_ { U(N)a; m‘;g) U*<N)Bj}VB

P(vy — vg) = ‘<V6|€_1HOL\V04>‘ = $i; UaiUpiUs U™ 51128

— 4Zz>j Re (UazUﬁzU* Uﬁj) Sinz( B )

T 2>~ Im (UaiUﬁ*iUszﬁj)Sin(ém%jL)
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Vuﬁye

.9 2
P, :‘ U*. U, e imil/2E
pu—e Z] py € Elimate U;erl

using unitarity of U.

: : . 2
P, e = ‘ 2U;3U63 sin Agqe #2332 4 2U;2U€2 sin Agq ‘
Square of Atmospheric+Solar amplitude:
U;?)Ueg = 823813613€:Fi5 for v and v:

Approx. U,}sze2 ~ c3c13512¢12 + O(513):
. i . 2
Pp—>e ~ ‘ 2823813613 S111 Agle ((Az2£0) —+ 2623613812612 S111 Agl ‘

Interference term different for v and : CP violation !l




P,u—>e ~ Patm + 2\/Path80l COS(ASZ —

where P, = sin® o3 sin® 26,5 sin® Agy

and P,,; = cos? 013 cos? 093 sin® 2015 sin® Aoy

Neutrino—AntiNeutrino Asymmetry

At the flrSt atmOSpheriC 1.0 T ':' TTTTT T Illllll T 1 H””l: T

oscillation maximum, A3y = 5
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At the second oscillation maximum, Asy = 37” the peak in the

Asymmetry occurs when sin® 265 is 9 times larger. BNL — ?77.
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Matter Effects:

e [ETTTTIITTT

{0m?sin 20} is invariant € e |-
01;2—0.005: " —

E‘: o e b b

—20 -10 OE (G;%) 20 30

sin Az; = (AAq: L) sin(As; Fal)

sin Aoy = (AA:F L) sin(Ag; Fal) (4000 km)
sin Agg = sin A32

Matter effects are IMPORTANT when sin(A F al) # (A F al).




Off-Axis Beams:

BNL 1994
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T2K <P(
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Matter Effects 3 times more important
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O. Mena + SP ;. NOvA: E=2.3GeV and L=810km

Along the Diagonal: | | 040070
along P = F ?
o
ansatz ) = .(sindp — Bcosdp) L oo
where oo <i(uu ° ye)4> v
sindp = \/(P — PSOZ)/l(fcﬁ_g Faot) &+ 47 CosOp = i\/l — sin?dp

with (o (al)cosAgzy << 1

(sind)y — (sind)_ = 2(0)/0.

exact along diagonal --- approximately true throughout the overlap region!!!

i . sin(A al
where /Py, = sin 03 sin 2013 ﬁ Ss1

. si L
and /P,,; = cos 05 cos 055 sin 2015 51?{52)) Aoy

P,u—>e ~ Patm + 2 Pathsol COS(A32 + 5) + Psol
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TR2K 3° <E>=0.6GeV L=R95km 1 NOvA 10km: <E>=2.3GeV L=810km
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T2K:
Search for v, appearance

90% C.L. sensitivities
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T2K:

T2K will operate at Vacuum Oscillation Maximum

P(,u — 6) — Patm - 2\/ PatmpsolSin5+Psol
at sin® 26,3 = 0.006

Potm = 4Psol
( Pyor = 0.1%) \
Therefore
P(6 =0) = 5P
P(0 = —%5) = 9P, half exposure required.
P(0 = %) = Py NO contribution from 613 !!!!
Also \
P(§ = —Z%)=5P,, when sin®20;3 = 0.003
P(5:%):5P80l

when sin? 2613 = 0.02
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Summary

LBL LBL Reactor
Variable Vy =V | Vy — Ve | Ve — Ve Comments
Measured Uy — Ve
|AmZ,| Y n n magnitude but not sign
sin? 2655 Y n n t23 < 5§ — 023 ambiguous
sin® ;3 n n Y direct measurement
sin? fy3 sin? 615 n Y n combination of 033 and 03
sign(Am3,) n Y n via matter effects
cos Oy3sin do p n Y n CP violation
cos B3 cos oo p n 7 n extremely difficult




CONCLUSION

P(v, — v,) at the Atmospheric ém?* scale

is THE key to the physics that will resolve the mass hierarchy and tell us whether
or not CP is violated in the v-sector. sin®26,3 is the controlling parameter for
vy, — Ve.

Mass Hierarchy

s the spectrum of Neutrinos NORMAL or INVERTED? (sign of dm3,)
NuMI/NOvA is in a unique position to address this question.

Without the hierarchy being determined, it is unlikely that T2K can ever claim to
see CP violation.

CP Violation in Neutrino Oscillations (sin d # 0)

CP-violation in the v-sector maybe our only window into leptogenesis at very high
energies. The Superheavy seesaw partners of the Neutrinos are responsible for
leptogenesis and hence baryogenesis.

Majorana v Dirac? Steriles? Mass vj;t07?




Extras:




Super-Chooz:
interest in Japan, Europe, Russia, USA (CA and IL), China ....

2
1 — Pye_we = sin2 2913 [Siﬂ2 Aatm + @, ( SOZW)} + @, ( SOZW)

atm atm
> % I <3% <0.1%
kinematical - 5m2tmL _ 5mgtmL
atm = ——— = 1.27——————
phase 4F E

Clean measurement of
SiIl2 2913 down to 0.01

Systematics limit

experiment: ,
Could be “quick” and I U
“Cheap” but vee 7 GW, 50 tons, 3 years, and 1400 meters sin22813

J. Link, Columbia




