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1 Introduction

Neutrino flavor mixing is different from the quark mixing !
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Theorists could not predict two large mixing angles !

Why?
Becasuse we had not a reliable [flavor theory..



Is flavor mixing of quarks and leptons correlated or not ?

Phenomenological suggestion

OYMRNS ~ Ocabibbo/V2 = 0.16

Reactor Experiment: ~ 0.15

Antusch, Gross, Murer, Sluk, arXiv:1107.3728
Marzocca, Petcov, Romanino, Spinrath, arXiv:1108.0614

If this relation is not accidental,
we may be able to predict J., (PMNS) from J. (CKM)

(EPMNS from ECKM ) . Jarlskog 1985, Krastev-Petcov 1988

Search for clear correlations of quark/lepton CP violation

in  "Cabibbo haze in lepton mixing”
A. Datta, L. Everett, P.Ramond, Phys.Lett.B620 (2005) 42



How are CP violations of quarks and leptons ?
CP violating measures J-;

PDG J&p = (3.184+0.15) x 107* 8¢p= (+73.5"25,)" for quarks

Best fit of NUFIT 4.0  Jip~—2x10"2 8p=-143" forleptons
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Can we predict the lepton CP violation ?

We try to connect to lepton CP violation and quark CP violation
as well as flavor mixing angles in

SU(5) GUT and Pati—Salam GUT .

Quark-Lepton
unification

)
GUT




2 Quark CP violating phase by Occam’s Razor

Let us discuss Down-type quark mass matrix M,

in the basis of
m, 0O 0
M,=1 0 m, 0
0 0 my

“Entities should not be multiplied unnecessarily.” William of Ockham

Remove unnecessary parameters in M,
in order to reproduce CKM mixing angles
and CP violation.

M.Tanimoto, T.T.Yanagida, PTEP (2016) 043B03,arXiv:1601.04459

K. Harigaya, M. Ibe, T.T. Yanagida, PRD86(2012)013002, arXiv:1205.2198



Put 3 zeros in entries of M,

There remains 6 complex parameters in My. (12 real parameters)

Among them, 5 phases are removed by re-definitions of
down-type left- and right-quark fields.

Finally, there remain 6 real parameter and 1 phase.

20 patterns of mass matrices

g 0 0 A
One example: “D
P MY = dp bpe® cp
_ 0 C{D dD LRJ

which is completely consistent with
4 CKM parameters and 3 down-type quark masses.



ma+m2+mp =a*+a?*+b*+F+ P+ d*

mam?2 +m2mi + mim3 = a*a”® + a*(® + d*) + a*(? + d*) + A 4+ b*d* — 2bec’d cos ¢

2, 2 2 (12(1’2(12.

mamymy =
ab &b . C o . ac 1
V. .|~ —|sin — Vil ~ vV2— |cos — Vil — ., O0cp~—=(m—20
| us ﬂlg 2 | cb| — 5 | ub| T?lg : cpP 2( )
J2 ., = ! Pchc’d sin ¢ ]
P (mp —ms?)(m2 —m3)(mi —m?)

( )
0 anp 0

MY = |ap bpe ™ cp
0 ¢y, dp

- P LR




Consistency check
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13 textures with 3 zeros consistent with observed CKM

0 ap 0 ap ap 0 0 ap 0
ﬂ-ifg) = |dp bp e CD . ﬂ-fg) = bp e~ i® cp : ﬂ,-;TJ(DS) — 0 bp 1o cp
LR '

0 I D dp a‘iD CjD dp ) LR

0 ap cp ap  ap cp 0 ap Cb\
My = {dp bpe™ cp LMY ={0 bpe™ cp MY =10 bpe cp
LR ! ap 0 dp/ .,

. ap ap e bp . 0 ape ™ bp . 0 ape @ bp
MiP=10 0o ] MP=[ap, 0 o] MPP=|l0 0 o
0 Cb dD LR 0 Cb dD LR ab C’D dD LR

0 ap bD ap {I.':D 0

MY =dy 0 cpe@| MY =|bp 0 cpe
Cb 0 d.D LR Cb 0 dD LR

There are redundancies in our textures due to
unitary transformation of the right-handed quarks.

M2 = M09 = 00 y® = g D = U
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Figure 14: The predicted ratio [V,,|/ |V
versus sin23 in ﬂ-j’rj'ﬂ. The red dashed
lines denote the upper and lower bounds

of the experimental data with 90% C.L.
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3 Linking leptonic CP violation to CKM CP phase

Derivation of J_, of quarks and leptons

— 1
ﬁﬂ{ — —ﬁﬂﬂryﬂR — dL_L?‘If'f-DdR — EUL)C — ﬁJIEER + h.c.

~

M*, in Branco et al
arXiv:1111.5332

Te([Hy, Hp)?) = Géu&d
2 2

A, = (-m.i — mf)(mu — :m,g)(?’n,2 — mt) < 0, Ag = (mﬁ — -m.g)(mﬁ — -m.g)(mg —my) < 0.

H,= MM (i=U,D,v,FE)

a )
Te([H,, Hg)®) :—ﬁz.A A,

. A, = (m] —m3)(m3 —m3)(m3 — m%/&e = (m2 —m2)(m2 — mi)(mi —m2) < 0)

* * [ _
I [UraUssUss U] = Jép Z ShmEapn Im[VyVViVi]l = Jep > citmejin
m,mn

13 [ LPMNS UplUl  Voxw =V, V] ]
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Simple Exercise

Suppose M,=M¢ in the diagonal basis of M, and M,

'TI‘([HU? HD]B) = GE]g‘PAuAd

J

6iJLp Ay = —6iJLp A,

Vexm = VoV Upnns = UpU!

Tl([HU*HE]S) _6?“][%13 AI} Ae

[ _ q
[JCP T _']CP ]

Negative sign is preferred,
however, the relative magnitude is unrealistic !




Let us consider the case:

quark mass matrices:

0 ap 0

1 / —i - :

M }(3) = |ap bpe ™ c¢p My = diag {m.,, me, m:}
0 ':{D dD LR

Mg is derived in Pati-Salam symmetry or SU(5) GUT.

1 Pati-Salam symmetry

LB B G 7 iR 7R 7 4\ 7
1 ; (i} (i} (i [ _ . _ _ . ; . , 5
Fieo = (4,21 = (" “L UL VL) po _ gq9yi- (Y8 Yz dn <k
d I d L ¢ [ I €L r ' up up Up VR

2 Quark and Lepton Unification by
Fi = 5}:((.;?% d.g dg & —zfi)i

1 M, is diagonal or non-diagonal depending on M.



4 Predictions of leptonic CP violation

Y.Shimizu, K.Takagi, S.Takahashi, M.Tanimoto, arXiv:1901.06146

(- )
0 ap 0
. MY = a)y bp e cp
No extra Dirac CP phase D D
o 0 (,’"D dD
except for Majorana phases L LR
Pati-Salam symmetry SU(5) 6UT
0 ag 0 0 ay 0
MY = {ay bpe™ g ﬂfél} = | ae bp e
0 g o - 0 CE dg) | p
ap = C'aﬂ D, (L-IE = Ca: H"D'- bE = C-‘bbp. Cg = C-}C‘D, C’E = C_"‘C,be dE = C-‘d_dg
an .3 A
Pati-Salam dimension 4 : (1, =3) . dimension 5 : (1, —3,9) . dimension 6 : (0, T 1,2,—3)
SU(S) dimension 4 : (1, —3) . dimension 5 : (—%. 1, i%, -3, % 6,9, —18)

\m S.Antusch, M.Spinrath, Phys.Rev.D79 (2009) 095004,arXiv:0902.4644
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Pati-Salam symmetry

a3bpcepdpdg sin ¢

)( aF ) d ag E.lﬂf)f 2}{
€ 2bpsing ¢ 2dgsing E\
| —agbE in 2V 4 CE cos 2V
Upmns = m2 S5 Y Yy Iz S 3 n
AECE in/2 7 _brdE 7 Z
negative m ' mz T ' /
!E ]_ 2 ] . i [ 2
K Jep = ™ apbpcpcpdp sin ¢ Jep/Jép = —C4 Cy Ce Co Cy ‘&d/&ﬁ/
e
v . dchOpdpe—cpch) in-g)/2y
€ 2bg; sin % “ ‘bEdE—CEC.:Eefﬁf’lg ' ©
Upmns = _2%1521; = sin £Y), Yy ;_En
1!
a’'-b L - cd
ety 2
: 1

Jbp/Jip = —C% Cy C. Co Cq Ag/A. /




CG coefficients are constrained by observed mass eigenvalues as:

4 m2 m2 m2 9 2 N
c2eroi=—+t 1773 T~ € dQ +(,;’CD 0.99 — 1.1
m? m? m? m? d%
GUT d b
Scale mgm — m#m + mZm? cpCf + bidy — 2bpepcpdpcoso 1626
_ m2m2 + m2m? +mim? 3,2+ bhd3 — 2bpepchdpeosg T P
° [}
Best choice of CG's
Pati-Salam C,=2, C, =1, C,=— C.=-3, C.=1, C;=1
m? m? m? m?m? + m?m?2 + m?*m?
Jep=—81x107° L~ =1, L~ =85
my mg my mamg + mgm; 4 mgn
sin? 0NS ~ 0,021,  sin? 0N ~0.012,  sin@N° ~0.015, 6L, =~ —20.4°
3 9
SUGB) C.=1, Ca*=§: Cb=§= C.=6, Co=1, Cij=1,
_ m2 m? m? m2m? + m?m?2 + m?m?
JL, = —2.5x 107%, e K T _23, K T T 206
m? m2 m? m2m?2 + m2m?2 + m%m?
sin? 6PMNS ~ 0.0022, sin? PLMNS ~ ()39, sin 87 MNS ~ .038, oL, ~ —1.7°
12 23 13 cP
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Best fit (NUFIT 4.0) [ /L, ~—2x 107 |
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Consider the case: M, is non-diagonal

©,; is supposed to be negligible small
Then, no extra Dirac CP phase

except for Majorana phases Majorana phases

cos By sin 0
U,= | —cosbazsinfys cosbiscosblss —sinfss || P
—s8in o sin oy cosBiosinfo; cos bfag

Pati-Salam Jip~ -— A apbpds (G + df) sin(26,3) cos B,z sin? fy3 sin ¢
SU(5)
1 .
Jop = A a'pbpdy sin(20,5) (g sin Oy — dp cos fy3) (¢ cos Ba3 + dp sin fy3)? sin ¢



Tri-bimaximal mixing

sin B9 = 1,/\/5 and sin A3 = 1/\/§

/Pati-SaIam Co =

Jhp =~ —0.76 x 1072 |

2

m

em —|—m m —I—m

mdms + msmb + mdm

\ sin QPHNS ~ (.38,

2
-
2
b

sin EPMD‘S ~ 0.47,

c, =1, Gdzl\

4 (obs :1.7 — 7.3),

m2 4 m2 2
Mg + My, + Mz

4 (obs :15 — 26), 0 (obs :0.99 —1.1)

5L p ~ —30E/

mg +mg + m;

sin HPMNS ~ (.06,

~

2 2

2 2 2,2
My, = T, T+ 1T T,

2.2 20002 22
mgim; — mgmy, —+ Ty,

\ sin? O} VNS ~ (.28,

20

/. 0 0 :
C,=1. Cyp== Cy= — C.= _ 2
SU(5) , 5 Cb 5 5
2 2 2
) ~ -2 m, mﬂ- M — K L. _
Jop~=—1.13x107%, g 5.06 (obs :1.7 — 7.3),

6 (obs :15 — 26),

sin? A5 NS ~ (.85,

2
mz

2

m2+m2—i—

= 1.07 (obs :0.99 — 1.1)
md + m + my,

—113° /

. gPMNS __ N
sinfl ;" =~ 0.153, dop =




M, Is diagonal

*']"ID Tr ([Hm HE]S)Pat-i—Sa]am Ir ([HU’ HE]E)SU{E}

MY —6ialbpepcydpA,sing  —6ia2bpepcydp A, sin ¢
M? —6iatbgepcydpA, sin é 0
MP —6ialbpepcydpA, sing  6ia2bpepcydpA, sin é
ﬂ-i'j{_—;” —6iapbpcpcpdt A, singd —6iapapbpepcil\, sin @
ﬂ-i'j{_—?} —6iapbpcpcpdt A, sing  6iapafbpcecp A, sin @
MY —6iagbpcpcydiA, sin ¢ 0

JMS” —6iapbpcicpdpA,sing  —6iapafbpcpdp A, sin ¢
MY? —6iagbpcidydp, sin ¢ 0

MY —6iapbpchcpdpA,sing  6GiapaBbpcpdp A, sin ¢
JMBLI} —6iapbpcpcpdis A, sing  —6iapafbpcpcip/\, sin @

MUY —6iagbpckdpdpA,sing  6GiagaZbpcydpA, sin ¢

MYY —6ia b epcydpA, sin ¢ 0
MY —6ia2bpepcdydpA, sin ¢ 0

| T (o) = —6in, ATy |




M, IS non-diagonal: Tri-bimaximal

M D

Tr ( [HD"-' HE]S)Pati—Salam

Tr ([Hv: HE]S)SU@}

MY
My
My
My
My
M
MyY
Mp?
MY
MyY
My
Mp®
My

iapbp(df + di)dE A, sin ¢
iapbp(df + di)di A, sin ¢
iapbp(df + d%)dE A, sin ¢
iaEbEd‘lEﬂv sin @
iaEbEd‘lE&U sin ¢
iapbpdE A, sin ¢
iapcpcpdp (i + dE)A, sin ¢
iapcpcpdp (i + dE)A, sin ¢
iapcpcpdp (i + dE)A, sin ¢
iaEbEd‘lE&U sin ¢
iapcpcpdp(cf + di)A, sin ¢
ibpepca(cf 4+ di) A, sin ¢

iapcpcpdp(df + dE)A, sin ¢

iaypbp(dy + de)de(ds, — dZ)A, sing
iapapbpep(dy + dg)*A, sin ¢
—iaypbpep(dy — E)(cg + dg)A, sin ¢
iapbpdi A, sin ¢
iagpbpep(ap — cp)diA, sin ¢
—iapbpepdi A, sin @
tapapdp(dpds + di — df — dEdp)A, sin ¢
—tagagbpep(cy + dp)?A, sin ¢
—iapaybp(ds, — dB)(dp + dig)A, sin ¢
iapapdi A, sin @
iapapdy(cpdp + 2¢F — d%)A, sin ¢
iapCE Ia’EdE — CEC!EEm‘E A, sin o

—ibpep |cpcy — bpdpe®|” A, sing

22

| T ([, Hyp?)

= —6iA, A JLp ]




5 Summary

We have tried to connect to lepton CP violation and quark CP violation.

~

Quark-Lepton unification / " U
0 ap 0 SU(5) GUT =P My = (fgs bp e CE)
MY = ( )
LR

’ " ' Cp dg IR
ap bp e cp Related by CG's
0 CID dD ] 0 ﬂ-fE 0
Pati-Salam = VO 0 b eit o
, Mg B E € ‘E
Occam’s Razor 0 cg  dg
Diagonal up-quark mass matrix \ Iy

Neutrino mass matrix
Diagonal or non-diagonal

Jcp for quarks is positive
Sign of J., for leptons depends on CG's

Choosing relevant CG's in non-diagonal M, ,
23 Jcp (lepton) =- 0.02 is obtained !



