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Abstract

The Planck scale effects have been studied in the four flavour, we discuss
the Planck scale effects in the four flavour neutrino sector on the asymmetry
between T-conjugate oscillation probabilities. APr = P(v, — vg) —
P(vg — vg), for four flavor framework. In this paper, we also discuss
some aspect of T violation effects in four flavor neutrino oscillation above
the GUT scale.
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1 Introduction

The deficit of neutrinos flux suggested the tiny mass of neutrins. Neutrinos are
not massless and mixing in the lepton sector, this indicates that there is T/CP
violation. Three flavour neutrino oscillation probability in general depends
on six parameter three mixing angles 63, 612, 023, one CP violating phase
0 and two independent mass square difference Ao and Ajq, The current
best fit value of neutrino mixing angle and mass square difference from the
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neutrino experiments to be sin?014 = 0.019, Ay = 1.70 eV? [1]. In search
of neutrino oscillation, we have obtained the three mass square difference
Am2,, < Lm?, < Am%SND from atmospheric, solar neutrino and
LSND collabration [2-5]. Earlier study of T and CP violation for neutrinos
have been given by [6,7]. In this article, we will discuss the possible violation
of Time reversal symmetry in four flavour neutrino oscillation. Four Flavour
Neutrino Mixing beyond the GUT scale region in Section 2. In Section 3 give
the Time reversal symmetry beyond the GUT scale. In Section 4, give the

conclusions.

2 Planck Scale Effects in Four Flavour Neutrino Mixing

Neutrino mass squared differences and mixing angles beyond the GUT scale
are studieded in earlier paper [8—10]. Mass matrix M of neutrino is given by

M = U*diag(M;)U", (1)

where, M;, is the neutrino masses and U,; is the usual mixing. Few of the
parameters related to neutrino oscillation are known, the major expectation is
given by the mixing elements U.

In term of the above mixing angles, the mixing matrix is

U = diag(e’", €%, e, ") R(034) R(624) AR(614)
= R(613)R(612) A" R(0a3) diag(e'*, €', €, 1). )

The Dirac phase associates with the matrix A = dz’ag(e%, 1,1, e_T“s).
This leads to T/CP violation in neutrino oscillation «, S and + are the
Majorana phases, which effects the neutrinoless double beta decay. f1, fa,
fsand f; are the charged mixing angle in the charge lepton field. New mixing
matrix beyond the GUT scale is given as [8—10]

U' =U(1+i60), 3)
where §6 is the form of hermition matrix, the first order neutrino mass square
difference AM];, given by

AM;; = AM? + 2.0(—M;Re(mj;) + M;Re(m;)), (4)

m = pU'\U, (5)
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and
b=
My
The changed mixing matrix is

—Im(mzj)(MZ — M ) + Re(m”)(M + M )
AM

v

50, = (©6)

Using Equation (3), we can compute four flavour neutrino mixing
angles [11] as,

sin2,9/14 |U 4|2 -
sin?6h, = %’ -
sin’0y, = |U’[4J|24‘2 o o
sin20’13 - |U|[3JQ|27 w0
sin®0, = . |U|:j|22|2 ‘U/ : o
R

" <1—} ULP |+U/r e 0

where,

mzl)(M + M1> — 21'77’L(7’TL11)(A7\4Z — Ml)
U = U + ZUM < — M? + 2(M;Re(my;) — My Re(may) >’

ng)(M + MQ) - zIm(mlg)(MZ — Mz)
Uno = Unz + Z Uai < — M3 + 2(M;Re(my;) — MyRe(mas) )

mls)(M + Mg) — ZIm(mlg)(Ml — Mg)
Uag = Uas + Z Uai ( — M2 + 2(M;Re(my;) — MyRe(mss) )
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Re m14)(1\/[ + M4) — 1Im(ml4)(M1 — M4)
o1 = o + Z Yoi ( — M3 + 2(M;Re(mj;) — MyRe(1myy) )

a:S7e7/’[/77—

3 Time Reversal Symmetry due to Planck Scale Effects
for Four Flavour Mixing

As far on T violation effects in four flavour framework, we find that a
comparison of v, — vg and vg — v, oscillation probability. Time reversal
symmetry is violated, if

APL; = P(vo — vg) — P(vg = va) #0, (13)
and

(av ﬁ) = (e?lu)? (,LL,T), (Tv 6).

P(vo — vg) and P(vg — v4) is oscillation probabilities.

CP violation effects in neutrino oscillations, we find that a comparison
of neutrino oscillation v, — vg and vg — vz anti-neutrino oscillation
probability. CP symmetry is violated, if

APSY = P(va — vg) — P(Va — V) # 0. (14)

and
(a,8) = (e, p)s (i, 7), (7, €).
APgB and APO%P defined in Equations (13) and (14) are equal and
given by

APgB == APaCﬁP == 16J(sinA215inA325inA31). (15)

A; L 1GeV
Aw_lw<‘n><Km>< . ) (16)

Ay = (m?— m?) is neutrino mass square difference, L is baseline length,
E is energy and J is the Jarlskog determinant [13] is given by

here

J = Im(UaUxU,;1Ups)

1
= ésin291gsin2€23sin29130089138in5, 17)
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Let us compute APgB and APO%P for mixing U’ = U(1 + i60).
AN'Ply = N PSS =167 (sinAy sinAlysinAl, ), (18)
where J' is the Jarlskog determiant for new mixing is given by [13]
J' = Im(U, U U U’ 2)
= Im(UerUU5 Upa) + Im(i(U,a Up2) ([Ue2| 66755 + UeaUesdb1s
— U1 26675 — UeaUg30055) + Im(i(UgyUe2) (U [*6612
+ U Upsdts5 — |UM2\ 66ha — Up2U,j366h3)
=J+AJ

The calculation of J Jarlskog determiant [12] for four flavour neutrino
oscilation due to Planck scale region. which is given by replacing the neutrino
matrix U by new neutrino matrix U’,

Jsle?,' =1Im ( (Usl +1 Z U32(5911> < e3 T 1 Z Uei50i3>

x( ;‘3—2 > U60; )( elszU*ae ))

Js264l = Im( <U52 +1 Z Usi5912> ( e4 1 Z Uez(5014>

x (U;L - ZZ U:i59§k4> (U:2 - ZZ U:i59:2> )

X (U:ZL - ZZ U;‘M;Z) (U:?) - ZZ U:i59;3> )
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J;isi’ = Im( <U7'1 + ZZ U7i6911> ( s3 T ZZ Uez(5013>

X ( 73— iZU:i69;1> (U;1 —iZU;i59f1> )

JTlgy — I’m( <UT1 + 4 Z Un-deﬂ) ( o+ Z U615014>

( iy UT*Z»5934> (Us*l —iy Us*i59f1> )

I = Im( <U7'3 +i Z Uﬂ59i3> <U54 +1 Z Uei60i4>

( o ZZ U:i(sa;l) <U:3 — i Z U;é@;’%) )

JSE’ — Im( <U62 +1 Z Uei50i2> ( w3+ 1 Z Um(5913>

x( ;3—2‘2(]*59 )( ZZUM 56} ))

JteiLl — I’m( <U62 + 1 Z Uei(5012> ( ozt + 1 Z Uu25014>

)

ngil’ :Im<< €3+ZZU€’L§9 ( “4+ZZUM15914>

)
(- ) ]
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In term of mixing angle and Dirac phases, we can write Jarlskog
determinant J,/; due to Planck scale are,

13’_1‘/~/~/.///</<
Jyo = Esm%mszn29133m2014sm2924003914008923sm«913smey

1
~ 16 51120451120 351020, 5112053050} 4c05° O, 5inb.,

1
+ ésin29'13sin29'14sin29§46082«9'120089'1431'1195331'11(Hy —0,)

(20)
Jffl = gsin2¢9'12Sin29/14Sin29/240050/130030’14005953sinGy
+ isin29'13sin29'14sin20’120089'148in9§48in9’238m(0y —0,)
2D
J3 = ésin20'13sin20'14sm29’240039'14sin0'23sin(Gy —0,) (22)

1 . . .
JB = gsm20’133m20’145m29§400320’120089'140059'230039’2431n9z

1
+ 6 5in20] 451260} 3511207 ;511204 cos0} ;cos0h 60520§4sin0y

+ 2(003293432‘712954 — sin?6,)
X 5in20}5in20] 351020450501 5c0520) 4510,
- ésin29’12sin20’13sin20§40036'1300329’14c0329’23sin9'24
X sin (0, — 0y)
1 . i . / . / . / / /
— ESZTLQQHSZn291381712914SZTL2934608914608924

X sinbgsintyssin(0; + 0)

1. . .
+ 3 5in20} 551120 1510204, c080’ 5080} ,c05%0%,
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X sinbyssin(f, — 0,)

— %sin29'12Sin29'13sin29§460829'140030'13sin29§3

x sinfy,sin(0y — 0y + 0,) (23)
Jj;*' = —%81'7129/135’@’712(9/14<92'7120§460(92«9/12605(9’146050530059/24sinG:C

— %sin29'128in29'13sin29§46082«9'140059§300329'34sinﬁy

- %sin29’12sin20'14sin29é40039'130039'14003%431'710;3sin(Qx +46.)

— %sin29'128@'7129'135in29§460829'140030'126082934

x sinbyssin(fy, — 0,) (24)
Jfﬁjl = ésin20’13sin20’14sin29g40030'14003%30086'24sz’n&x

1
+ gsin29§381’71219’1452'7229&460893400520§4sin0§33in(Hy —0,)
(25)

inl = —%(00829/126082912382'7129&4 — c08°0)5c05° 05100,
+ sin26145in26 45100},
+ sin20’1231'7129/23)sin20’13sin29§,4sin9/14cosc9/23coseé4sin0x
+ 3(00329’1300329(@43@'7120’23 — €08%0h3c05°0%,451n*0] 5
+ sin20455in20 45100,
- sin20§,4sin29’23)sin20’12sin29’24sin9’140036'130030§30059§4sin9y
+ §(00529é460829é4 — cos*0h,sin>0) ,sin>0},
— c08%0%,,51n>0] 4sin05, + sin>0]4sin05,sin04,)

X 8in20'551n20]55in20%3c0s0'5c0s0%,sin,
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1, . , . ,
+ Z(SZn29é4CO$29,13 — c05%0%,5in>0)3)5in20/ 5511204,
x 0520351035120’ 5105, 5in (0, — 0,)
1 . ,
+ 1(0052053 — sin’0h,c05°0)3 — cos*0h,5in?0;
+ sin204 3510204 451020,
X 8in20]58in20%,c080 500805, sinbhssin (0, + 0.)
1 .
— 1(00520/1260829/236082954 — c05°0)5c05° 0351004,
— 080505204, 5in014 + sin*0),sin?0} ,sin>0%,
— 5102051005 5in?04,) 50264 5510204, 516 51053 5in (0, — 0.,)
1 ) .
+ 1(00520’1200529’130052954 — c08°0)5c05 0, 5100351001,
— 0520/ 5c08° 0%, 51020/ 551n%0) 4 + cos>0h,5in*0) 551030, 551n%0] )
X sin20545in20%, sinfyssin(0, — 0, + 0,)
— 1(00520’1300829/2452'7120’23 — c08°0)351n%035in>0, 51n>0)
— c05°0b,45in* 03 5in*0] 35100} ,)
X sin20'55in205,sin0]5sin05,sin (0, — 0, + 20,)
in20'55in20] 3510204510203, 050} 30505, 5in>0]
— Esm? 12511207 351n205,51n205,co507 5c0505, 51070714
x sin (b + 0y)
I ;o o o Y, /
+ Esm2912sm2913szn2923sm2934sm613003924
x sind) sin(0; — 0.,)
1 , . , . .
+ §(00520§4 — sin’0},)sin205, 511204, 5in264, 5100 3c050]4

X sinbhyysinb] sindyssin(f, — 26.)
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- §(00520'12 — sin*0),)sin20’ 55102045 510264, 5100,
X costy,sinbysinbhgsin(0, — 260, + 20,)
]‘ . / . / . / / / - / / . /
— g31n291282712(923Sm2934008912005923sm(9240050345m014
x sinbyysin(, — 20, + 0,)
1
+ Esin29'12sm29’13sin2954sin29g4sm0'13sin6'14sin20§3
x sinfysin(f, — 20, + 30,) (26)
1
Esin20'13sin29'148in2¢9’24sin20540059340059’23sin9’14sin9’24sin¢9x

1. . . . .
+ 3 5in20}4 51120 151120, c056' 3c050' ,c0503. 510205, 5100,

1
— Zsin?@’msin29’2400526’i400520’23008954008934(9@’719/13
x sinbyysin(b, — 6y)
1
+ Esin20'12sin29’14sin29§4sm29§40039’13sin9§3
X sinbyysin(fy + 6y)
1
— gsin29'13sin20'14sin20§4cosﬁi4sin29’m5in0'23
x sin*0y,sin(0, — 0.)
1
+ gsin29'12Sin29'13sin20§400893300520'1451'112953
x sinbyysin(f, — 0, + 26.)
1 20/ ; 20/ : 20/ in26". .sin20" 29/ Pl
— 1(003 12 — sin“f1551n°0]3)sin20555in205,cos°6] ,co585,
X costy,sinbs,sin(0y — 0, + 0,) (27)
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34" 1 /A o /o / / /ol
Jop = —ESZTL291352n291451n2924SZTL2934608014608923SZTL924Slnem

1
+ ésin29’13sin20’14sin20§40056’14sin@’zgsin20§4sin(0y —0,)

1 .
+ Zszn29’23sm29’24005293300520'14603954005934

x sinbyysin(f, + 0, — 0,) (28)
O = 614 — (613 + 034)
0y = 914 — (912 + 024)
0. = 613 — (412 + d23) (29)

4 Conclusions

We discussed some importance of T violation in four flavour neutrino
oscillation beyond the GUT scale. We have presented four flavour neu-
trino mixing and possible T violation term A’ Pgﬁ above the GUT scale.
In four flavour neutrino oscillation above the GUT scale region [10]. The
mixing angle changes in 614,624 and 034 above the GUT scale, are very
small. But the change in 053 is very large for large range of values of the
majaorona phases «, and <. In four flavour mixing gives the range of
mixing angle 0}, = 612 + 3.0°, 0], = 612 £ 45° [12] modified mass square
difference A}, = Aoy + (1.0 + 0.5) x 1075 eV? [10], for Planck scale
My, = 2.0 x 10! GeV. In this study, beyond the GUT scale region, we have
obtained, solar mixing angle 12, atmoshpheric angle 053 and solar neutrino
mass square difference AL, are more effective for Time Reversal symmetry
violation. We would like to conclude that in planck scale region, two mixing
angle 012, 023 and solar mass square difference A%, will more effective for
Time Reversal symmetry violation.
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