PHYSICAL REVIEW D, VOLUME 65, 053010

CP violation in a supersymmetric SO(10) X U(2) model
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A model based on SUS80O(10) combined witHJ (2) family symmetry constructed recently by the authors
is generalized to include phases in the mass matrices leadi@@ toiolation. In contrast with the commonly
used effective operator approad®6-dimensional Higgs fields are utilized to construct the Yukawa sector.
R-parity symmetry is thus preserved at low energies. $yrametricmass textures arising from the left-right
symmetry breaking chain 0c80(10) give rise to very good predictions for quark and lepton masses and
mixings. The prediction for sin@ agrees with the average of current bounds from BaBar and Belle. In the
neutrino sector, our predictions are in good agreement with results from atmospheric neutrino experiments. Our
model accommodates both the LOW and QVO solutions to the solar neutrino anomaly; the matrix element for
neutrinoless double beta decay is highly suppressed. The leptonic analogue of the Jarlskog idggr,izislt,
predicted to beD(10 ?).
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[. INTRODUCTION the complex mass textures, and then the implications of our
model for neutrino mixing an€ P violation are presented.
SO(10) has long been thought to be an attractive candi-
date for a grand unified theofsUT) for a number of rea- Il. THE MODEL

sons: First of all, it unifies all the 15 known fermions with )

the right-handed neutrino for each family into one 16- 'N€ details of our model based @1(10)xU(2)¢ are
dimensional spinor representation. The see-saw mechanisl:ﬁma'ned in CM. The following is an outline of its salient
then arises very naturally, and the nonzero neutrino massd§atUres. In order to specify the superpotential uniquely, we
can thus be explained. Since a complete quark-lepton syminVOKe Z2X 22X Z, discrete symmetry. The matter fields are

metry is achieved, it has the promise for explaining the pat- Ja~(162"+(a=1,2), ¢s~(16,DF**

tern of fermion masses and mixing. Beca@seL contained é ’ 7 ’ ’

in SO(10) is broken in the symmetry-breaking chain to thewherea=1,2 and the subscripts refer to family indices; the
standard moddSM), it also has the promise for baryogen' Superscripts+/_ refer to (22)3 Charges_ The H|ggs fields

esis. Recent atmospheric neutrino oscillation data fromyhich breakSO(10) and give rise to mass matrices upon
Super-Kamiokande indicates nonzero neutrino masses. Thigquiring vacuum expectation valu@4EV's) are

in turn gives very strong support to the viability 8O(10)

as a GUT group. Models based &0(10) combined with (10,): Ty, T, T, T, 0T, e,
discrete or continuous family symmetry have been con-
structed to understand the flavor probl€inZ]. Most of the (ﬁ ) C - 6f++ 6;”‘. (1)

models utilize “lopsided” mass textures which usually re-
quire more parameters and therefore are less constrain

. ! . edi ions 10 ad@6 give rise to Yuk -
Furthermore, the right-handed neutrino Majorana mass o ggs representations 10 a6 give rise to Yukawa cou

p[Slings to the matter fields which are symmetric under the

erators in most of these models are made out gfXl86;  ; a e - )
which breaks the R parity at a very high scale. We havqlzge::chh;il::g;é)fof(alrg;lygnd|ces. The left-right symmetry break

recently constructed a realistic model based on supersym
metric SO(10) combined withU(2) family symmetry[1]

(referred to as Chen and Mahanthap(@M) hereafter SQ10— SU#)xSU2) xSU2)r
which successfully predicts the low-energy fermion masses
and mixings. Since we utilizeymmetricmass textures and
126-dimensional Higgs representations for the right-handed SU(3)XSU(2), X U(1)
neutrino Majorana mass operator, our model is more con- L Y
strained in addition to having-parity conserved3]. The
aim of this paper is to generalize this model to include
phases in the mass matrices which lea® violation. We The U(2) family symmetry is broken in two stefi] and
first summarize our model followed by analytic analyses Ofthe mass hierarchy is produced using the Froggatt-Nielsen
mechanisni5]:

L SU3)XSU(2), X SU2)rX U(1)g_,

—SU(3)XU(1)gwm- @
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andM is the UV cutoff of the effective theory above which 0 0 <@0> S5
the family symmetry is exact, andM and €'M are the —0 —.0
VEV’s accompanying the flavon fields given by M, = 0 (126,7) 5, (126,")33
o (126%) 6, (126°)8; (126°)
(112)-¢z;|_;— 1¢(+2) * !q) * 1
0 0 &
(1,3:Sfy, ~.Sp .S (4) = 0 & &My 9)
. . i 5, 63 1
The various aspects of VEV's of Higgs and flavon fields are
given in CM. _ _ with Mg=(126,°). [This is one of the five sets of symmetric
The superpotential for our model is texture combination§labeled set/)] proposed by Ramond,
Roberts, and Rod4g].] Here, the superscripts/—/0 refer to
W=Wpjract W, .t Whavon, (5)  the sign of the hypercharge. It is to be noted that there is a

factor of —3 difference between th@2) elements of mass
1 matricesM4 and M. This is due to the CG coefficients
Whpirac= 33T+ M(//3¢,//a(T2¢(1)+T3¢(2)) associated withl26; as a consequence, we obtain the phe-
nomenologically viable Georgi-Jarlskog relatididg.
1 _ In CM, VEV’s were taken to be real. In general, all VEV'’s
+ i Yatn(Tat C)Siz) are complex leading tspontaneou<CP violation, which is
the subject matter of this paper.

1
+ M YathoTsSq), IIl. ANALYTICAL ANALYSIS OF MASS TEXTURES

In our convention, the Yukawa couplingsy;,(i
— — =u,d,e,y g) are defined in the way that the left-handed
Wogn= ¥3th3Cat M'/’3¢a¢02 fields are on the right, and the charge conjugate fields are on
the left. In the quark sector, they read

1 _
* i VatbCo, © Loas= ~ YyUrQUH,~ YaDrQuHq+ H.c.,

. - . and the charged current interaction is given b
where Wjy,,on 1S the superpotential involving only flavon 9 9 y

fields which give rise to their VEV's given in E§34) of CM

[6]. The mass matrices can then be read from the superpo- Lee=—=(W, U y,D)+H.c.
tential to be \/E
0 0 105 e’ Here we have written the Lagrangian in the weak basis. The
(10, )e Yukawa matrices are diagonalized by the biunitary transfor-
My, = 0 (10;)e  (103)e mations
(10)€" (103)e (10) YiR=V, YV =diaglyy,Ye o),
0 0 rae vdag— vy v VI =diag ) (10
| 0 re € |my, % d dg YdVd, Yd.Ys:¥b)
r,e’ € 1 whereVy andV, are the right-handed and left-handed rota-
tions, respectively, and all the eigenvalug% are real and
=\ non-negative. To extract the left-handeiht-handed rota-
0 (105 )e 0 . i . 4 -
- I tion matrices, we need to consider the diagonalization of the
Mge=| (105)€’ (1,-3)(126 )¢ O Hermitian quantity Y'Y (YY'). The Cabibbo-Kobayashi-
0 0 (10;) Maskawa(CKM) matrix is then given by
0 €' 0 Vua Vus Vup
= € (1,=-3)pe 0|Mp, (8) VCKM:VungL: Vea Ves Ve |- (11)
0 0 1 Vie Vis Vi

The unitary matrixVexy has, in general, six phases. By
where My=(10;), Mp=(10y), r,=(10;)/(10/), rs phase redefinition of the quarks, one can remove five of
=(10,)/(10;), and p=(1267)/(10;). The right-handed them. The remaining phase is one of the sourcesCfer
neutrino mass matrix is violation. A parametrization independent measure forGlire
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violation is the Jarlskog invarianf9], defined asJd ydao— VeRYeVZdeiade,yM Y,). (13
=Im{V1,Vi,V3,V,,}, and the three angles of the CKM unl—
tarity triangle are defined as The effective light left-handed Majorana neutrino mass ma-
* * trix (obtained after using the see-saw mechahisrdiago-
o thvtb _ cdVcb i i i
a=Arg| — . B=Arg| — , nalized by an unitary matri¥x/,
VidVis ViaVi
diag_ T .
VoV M, =V, M, V, =diagm,,m,.m,), (14
y=Arg| — —9"ub ) (12
VedVeb :
where the eigenvalues, , . andm,_,, . are real and non-
In the lepton sector, the charged lepton Yukawa matrix isnegative. The leptonic mixing matrix, the Maki-Nakagawa-
diagonalized by Sakata(MNS) matrix, can be parametrized by
1
C12C13 S12€13 S13 wt
Umns=Ve VI =| ~S12C2a~ C1o8o815' " —C1Con— S155581' " SpaC1€'” ez . (15
S12525~ C12C235158' 1 —C158p3— S1:C2551€ 1 CoCyae’ eiaTM
|
Note that the Majorana condition U —U/=K/U_, D —D/=K/D,
C(v)T=v;, (16) Ug—Ug=KiUg, Dgr—Dg=KEDg,
(20)
whereC is the charge conjugate operator, forbids the rephas-
ing of the Majorana fields. Therefore, we can only remove Yo=Y =KEY KL, Yo=Y =KIY K,
three of the six phases present in the unitary madjys by (21

redefining the charged lepton fields. Note thhjys is the ! g . _
product of an unitary matrix, analogous to the CKM matrix WhereK ", Ki, andK§ are diagonal phase matrices. We are

which has one phasihe so-called universal phgsé , and  interested in complex symmetric textures resulting from the
a diagonal phase matrix which contains two phases so- SO(10) relations:
called Majorana phasg#&,; andas;. The leptonic analog of iy
the Jarlskog invariant, which measures @R violation due 0 0 ae

to the universal phase, is given by Y,=| 0 Dbém cér|q,

aei Ya Cei7c eiV

‘]CP_Im{UMZUEBU,u,SUeZ} 17
, o _ 0 ede 0
For the Majorana phases, the rephasing invar@mntviola- A :
tion measures argl0] Yq=| e€” fe”" 0 |h,
0 0 e
Si=Im{UgUg)  S=Im{UgUg), (18) _
0 0 ag
From S; and S,, one can then determine the Majorana v = 0 bén cér|qg
phases LR . _ .
aeva cerx €7
Sé .
CoSag=1— % 0 ede 0
|Ueq|?|Uegl Y.=| ed” —3fe” 0 |n
< 0 0 e
cofag—ap)=1-2————". (19 . .
|Ugp|?|Ug)? with a=b<c<1 ande<f<1. The weak-basis phase trans-

formations mentioned above enable us to reduce the number
The Lagrangian is invariant under the following weak- of phases to two8=(y,—2v.—7v) and £é&=(ye— yi+ ve
basis phase transformations —7va). Then we have
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0O 0 a v e
: =—C,
Yuue=| O b€’ cfd, oot
a ¢ 1 Vie=—c,
Qg ee't 0 Vig=1-1c2. (24)
Yge=| €€° (1,—3)f 0 |h. o
’ The phased, is given b
0 0 1 p q!Sd y
(22 a ea
Sq=tan | — —sin(¢’' — &) |—tan | — 7 osinl 0" —¢)
We then diagonalize the mass matrices analytically. In the ¢ ¢
leading order, the mass eigenvalues are given by (0 —§), (25)
a’bd where
my=———"0y,
Y —bef4c? b3 b
_ ¢'=tan *| bsing—2—sin’ 0—2—Zsin¢9). (26)
me=|(—be'’+c?)|dv,, a a
m=duv,, The form of the CKM matrix in Eq(24) is also the one
favored in[11].
e2fh In the lepton sector, similar diagonalization is carried out,
Mg=—— 04, and the charged lepton diagonalization matrix is
e +f
Ve=Vy4(b— —3b). (27
2 3
S:(Ze f+f )hvd We obtain bimaximal mixing in the neutrino sector and
e?+f? AmZ,>Am32 by choosing1]
m,= hvd 0 0 t 2 2
M, =[0 1 1]— (28)
3e?th - R
Me=——""30g, t 1 1
e?49f? . _
In the basis where the Yukawa matrices take the form of Eq.
5 3 (22), this implies that the right-handed neutrino mass matrix,
m = Mvd, Eq. (9), has the following elements:
. e?+9f2
a2
_ o= ——,
m,=hvg. (23) Y 2a-2ac+c?t

The CKM matrix elements are given by b2te?if

Sy,
1€’ [e|(a) ., > 2a-2ac+ch
V= 172 52) 5T/ ™ . .
a(c—be?%+bctd? 29)
e a ° 2a—2ac+c?t
Vus:?'i”_e_lﬁq,
¢ The three eigenvalues o y, are
Vyp=ae %, t 12\ d%p2
u
m,=|—=-——= ,
V i6,_ S ' \/E 8] Mg
cd=—" €79 7,
f
( t t2|d%?2
mV: =y ’
V_l_ie_z_g Eeiﬁq ’ \/E 8) Mr
cs 2 §2 fllc ' 5
t2\ d%v
Ve mysz 2+Z M (30)
ch™ s
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TABLE I. The predictions for the charged fermion masses, the CKM matrix elements, and the CP
violation measures.

Experimental results

extrapolated tdV ; Predictions ai,
L 17~25 25
my
ms 93.4° 135 MeVv 85.66 MeV
m, 3.0070.11 GeV 3.147 GeV
[Vid 0.9745-0.9757 0.9751
[Vedl 0.218-0.224 0.2218
[Ved 0.9736-0.9750 0.9744
[Vigl 0.004-0.014 0.005 358
[Vidl 0.034-0.046 0.03611
Vil 0.9989-0.9993 0.9993
Jds (2.71°1.12)x10°3 1.748<10°°
sin 2« —0.95-0.33 —0.8913
sin28 0.59°0.140.05 (BaBap 0.7416
0.99"0.14°0.06Belle)
y 34°—82° 34.55°(0.6030 rad)

Note that sinceVeL is approximately an identity matrix, where the values extrapolated from experimental data are

UMNS*VILL- Consequently, with the present experimentalgive” inside the parenthesg?]. These values correspond to

o . . - the following set of input parameters at the GUT scale,
status, it is not possible to make unique predictions for th cur=1.03< 10% GeV:

leptonic C P violating phases from the fitting of the absolute
values of the MNS matrix elements, as was done in the quark a=0.00246, b=3.50x10"3, c¢=0.0320,
sector. We therefore assume the light neutrino mass matrix to
be real and the leptoni€ P violation will solely due to the d=0.650, 6=0.110,
phase present il.
e=4.03x10 3, =0.0195,
IV. RENORMALIZATION GROUP EQUATION (RGE)

ANALYSIS h=0.0686, &=-—0.720, (31
We use the following inputs d1,=91.187GeV: 91=0,=gs=0.746 (32)
m,=2.32 MeM2.33'379), the one-loop renormalization group equations for the mini-
mal supersymmetric standard mod®ISSM) spectrum with
m.=677 MeM677 %), three right-handed neutrindsl3] are solved numerically
down to the effective right-handed neutrino mass stéje
m,=182 Ge\(181'13), At Mg, the see-saw mechanism is implemented. We then
solve the two-loop RGE’'s for the MSSM spectrufh4]
m.=0.485 Me\(0.486 847, down to the SUSY breaking scale, taken to bwg(m,)

=176.4 GeV, and then the SM RGE’s from,(m;) to the
weak scaleM,. We assume that tg8=v,/vq=10, with
v2+v3=(246A2 GeV). At the weak scaleM,, the pre-
dictions for ;=g?/4 are

m,=103 MeM102.75,

m,=1.744 Ge\(1.7467,

@,=0.01663, a,=0.03374, a;=0.1242.
IV,d =0.2220.219-0.224,

These values compare very well with the values extrapolated

|Vyp| =0.00390.002-0.005, to M, from the experimental datd12], (aq,a;,as)
=(0.01696,0.03371,0.12140.0031). The predictions at
|V¢p|=0.0360.036-0.046, the weak scal®/, for the charged fermion masses, the CKM
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matrix elements and th€ P violation measures are summa- 53=0.016 48 (0:001711)
rized in Table I(after taking into account the SUSY threshold

correction[15], A,=—0.15) along with the experimental This gives rise to three light neutrino masses
values extrapolated tM [12].

The current result from the atmospheric neutrino experi- m. =0.001711 eV
ment is[16] "1 '
Amd,=(1.3-8) X 10 %eV2(best fit:3.3< 10 %), m,,=0.001762 eV,

Sirf 26=1. m,,=0.05438 eV

In the solar neutrino sector, the current best fit from the solag g the squared-mass differences are
neutrino experiment data for each of the solutions is given by
[17] LMA: [large mixing angle Mikheyev-Smirnov- ) PR
Wolfenstein (MSW) solution with larger squared-mass dif- Amg,=2.954<107° eV,
ferencg
Am3=1.76910 7 eV (34)
Am?=3.2x107° eV?,
The MNS matrix is given by

tarf 6=0.33, sif260=0.75;
0.6743 0.7346 0.07497

Uyng=| 05427 04322 0.720
AmM?=1x10"" eV? 0.5008 0.5230 0.689

LOW: (large angle MSW with low squared-mass difference

This translates into
tar? =0.67, sif 26=0.96;

; — 2 2y
SMA: (small mixing angle MSW SIMP 20am=4{U 1, (1= [U ., %) = 0.9986,
Am?=5,0x10"% eV? Si’ 200=4|Ue,, | (1~ [U,,,|?) = 0.9937
tar? 6=0.0006. siR26=0.0024" and the MNS matrix eIemen|tUeV3| is predicted to be
0.074 97, in very good agreement with the experimental re-
QVO: (quasivacuum oscillation sult. The leptonic analog of the Jarlskog invariant is pre-
dicted to be

Am?=8.6xX10"1%\?,
Jep=Im{U,U%,U% Ut = —0.008 147.

tarf 9=1.5, ~sirf 26=0.96. The matrix element for the neutrinoless double bed®,)

At present, none of these solutions can be ruled b8t The ~ decay,[(m)[, is given in terms of the rephasing invariant
current bound ofiU, | from the CHOOZ experiment {4.9)] quantities by

|Ue,,|<0.16. (M| 2= M2|U g4+ M2| U g+ 2| U g4

. +2myMy|U e1]*|U sl ® cOS@rzy
Our model favors both the LOW and QVO solution. The

LOW solution is obtained with the following set of param- +2m;mg|U¢|?|U e5|% cosag;

eters:
+2mym3|U 5] ?|U 3| cOS( 31— at1).

Mg=2.012<10" GeV, t=0.088, (33)  The current upper bound fd¢m)| from the experiment is
0.2 eV [20]. The two Majorana phasesaf;,a,;) are
(0.9708;-1.326); they give rise to a highly suppressed
|(m)|=1.359x10 2 eV [21]. The three heavy neutrino
6;=0.001 247, masses are given by

which give rise to, using Eq29),

5,=2.221x 10 “4¢'(02201) M,;=9.412<10" GeV,
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M,=1.486x10° GeV,

M;=2.013x10"3 GeV.

The QVO solution is obtained with

Mg=1.217x10"* GeV, t=0.0142 (35

which give rise to

0,=0.001 267,
5,=3.641x 10 %¢/(02201)
53=0.01502(001074)
The three light neutrino masses are predicted to be
m, =2.856<10 * eV,
m,,=2.870<10"* eV,
m,,=5.587x10"% eV
and the squared-mass differences are
AmZ,=3.122<10 % e\?
Am3=7.584x10 10 eV?,
The MNS matrix is given by

0.6794 0.7318 0.05320
0.5302 0.4513 0.717
0.5072 0.5107 0.694

|UMNS|=

This translates into

SIM 20,,=0.9991,  siR26,=0.9950

and the MNS matrix elemenfU,, | is predicted to be

PHYSICAL REVIEW D 65 053010

M,;=3.699< 10" GeV,
M,=2.341x 10" Gev,
M;=1.218< 10" GeV.

Our model can also produce the LMA solution by properly
choosing the values favl g andt; however, the prediction for
Ue,, violates the experimental bound, leading to the elimi-

nation of the LMA solution in our model.

A few words concerning the baryonic asymmetry are in
order. Even though the sphaleron effects destroy baryonic
asymmetry, it could be produced as an asymmetry in the
generation of B—L) at a high scale because of lepton num-
ber violation due to the decay of the heavy right-handed
Majorana neutrinog§22], which in turn is converted into
baryonic asymmetry due to sphalerons. But in our model this
mechanism produces baryonic asymmetry @10 %)
which is too small to account for the observed value of
(1.7—8.3)x 10711 [23], the reason being that the mass of the
lightest right-handed Majorana neutrino is too snaaild the
1-3 family mixing of right-handed neutrinos is too large,
leading, in essence, to the violation of the out-of-equilibrium
condition required by Sakhard24]. So a mechanism other
than leptogenesis is required to explain baryonic asymmetry.

V. SUMMARY

We have generalized our recently constructed model
based on SUSYSO(10) combined withU(2) family sym-
metry to include phases in the mass matrices leadingRo
violation. In contrast with the commonly used effective op-
erator approachl 26-dimensional Higgs fields are utilized to
construct the Yukawa sectdR-parity symmetry is thus pre-
served at low energies. Tlsymmetricmass textures arising
from the left-right symmetry breaking chain 8fO(10) give
rise to very good predictions for quark and lepton masses
and mixings. The prediction for sin®agrees with the aver-
age of current bounds from BaBar and Belle. In the neutrino
sector, our predictions are in good agreement with results
from atmospheric neutrino experiments. Our model allows
both the LOW and QVO solutions to the solar neutrino
anomaly, and the matrix element f®3,, decay is highly
suppressed. The leptonic analog of the Jarlskog invariant,
J'CP, is predicted to be 0©(10 2). It is interesting to note
that, in the Yukawa sector, the model predicts {1

0.05310, in very good agreement with the experimenta/Masses, (& 3) mixing angles and (43) phasesthe addi-
result. The leptonic analog of the Jarlskog invariant is prefional 3's in the parentheses refer to the right-handed neu-

dicted to be

Jep=—0.008 110.

trino sectoy in terms of 9 parameters given in E@1) andt
andMg, a total of 11 parameters.
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