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1 Introduction

Flavor mixing angles are much different between quarks and leptons !

PDG2018
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Theorists could not predict two large mixing angles !

Why?
Because we had not a reliable flavor theory.



Is flavor mixing of quarks and leptons correlated or not ?

OVMNS ~ Oopibbo/V2 = 0.16 ) Cabibbo Hase

_ Cabibbo sized effect of
Reactor Experiment: ~ 0.15 lepton mixing

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 ff‘Ol‘l’\ ECKM ) . Jarlskog 1985, Krastev-Petcov 1988

Search for clear correlations of quark/lepton CP violation

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



How large are CP violations of quarks and leptons ?
CP violating measures J..

PDG2018 J&p = (3.18 £ 0.15) x 107> 8¢p= (+73.5%*2 5 )° for quarks
Best fit of NUFIT 4.1  J.p~ —2 x 1072 8¢p=-138° for leptons
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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.

We need Two steps

O Reproduce CKM matrix by using quark mass matrices
O Quark-lepton unification: SU(5) GUT or Pati-Salam GUT

Quark-Lepton

Leptons unification Quarks
Mixing Mixing
CP violation CP violation

GUT



2 Quark CP violating phase in quark mass matrices

CKM matrix is obtained by quark mass matrices.

Ly = —uy (M)l — di(Myg);d5

VTL M, V,r = diag(m,, m..m;) . If’jL My Vap = diag(mg. mg, my)

1w
Viwers = V., VT
"CKM = VYuLV{r,

We need mass matrices of up-type and down-type quarks.

Ex: Weinberg’s Anzatz 1977 Vanishing (1,1) element of down mass matrix

A mgq
My = (@ B) = Ocabibbo = || — =~ 0.2



Let us discuss Down-type quark mass matrix M,
in the basis of

(mu 0 0 ) One can take the diagonal basis in general.
M, =

U me U J' Then, how can we take M, ?
0 0  my

In general, down quark mass matrix has 3x3=9 complex parameters.
Among them, 5 phases are removed by rephasing of quark fields
because of diagonal M,. 2 x9 -5 =13 parameters observables 7

“Entities should not be multiplied unnecessarily.” Occam’ Razor

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
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Put 3 zeros in entries of M,

There remains 6 complex parameters in M,. (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.
It is easy to control CP violation due to one phase.

There are 20 patterns of mass matrices with 3 zeros.

é )
One example: 0 ap 0

MY = dp bpe® cp

L 0 CFD d[) LR

which is completely consistent with 4 CKM parameters
and 3 down-type quark masses.
However, nontrivial problem in general even if # of parameters is 7.
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Eigenvalues

mi+mitmi=a*+ad*+0*+F+P+d
-m.?i-mg + -m.gmg + mgmd =

mam*m; = a*a*d* .

Eigenvectors
V| = ab csin(’b | V| >~ V2 - C‘O‘S@ | V| =~ e dcp =~ 1(’”_ )
us| — ?’?13 . ch| — — A 9 ub| — ?’?lg ) CP — 9 @
CP violating measure Jarlskog invariant
1 ( |
T4 a’bed d sin Q'D]
P (m2 — ms?)(m2 — m2)(m2 — m?2}
4 N
0 (ap 0
MY = dy bpe® cp
0 & dp
D LR)

.

5 =a’d? +a*( + d°) + d*(* + &) + *? + bPd* — 2bed'd cos ¢
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Constructiong CP violating measure
Hy = MyM;,,  Hp= MpM)},
CP invariance leads to

Tr ([Hy, Hp)?) =

Tr ([HU HD = Z Z m* mﬁm mglmﬂml 531 V* ]

o, f=u,e,t i,j=d,s,b

q § ~ ~
1111[11-}‘[ _Igglﬂ r!uj — JCP c.-ikmc.jl[n

[ Tr ([Hy, Hp]®) = 6iA,Ag T ] Jarlskog invariant

Ay = (m2 —m?)(m2 —m?)(m2 —m?)
Ag = (m3 —m?)(m? —m?)(m3 —m})
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ap MOV [ iy [MeV] [ bp [MeV] [ ep [MeVI | ) [GeV] [dp [GVI | 4]

My | 15175 | 10-15 | 92-104 | 7895 | 1.65-2.0 | 2.0-2.3 | 37-48




13 textures with 3 zeros consistent with observed CKM

0 ap 0 / ap ap 0 / 0 ap 0
ﬂfJ(Dl) == a-fD bD e_i¢ CDh ) ﬂ,fg) = 0 bD Q_M& CD . J[(DS} = 0 bD e_i‘.ﬁ' cp
LR LR

¢y dp \0 ¢, dp \d¢p, b dp),,

0
0 ap ¢p (ap ap  cp (0 ap
MY =1dp bpe ™ ep| ., MP=[0 tpei cp| ,MIP=|0 bpe™ ¢p
LR \O 0 dp/ rg \7p 0 dp/ 1g

ap ap e bp 0 ape @ bp 0 ape @ bp
Ly _ va 113 _
AID 0 0 CpD . ﬂfD ap 0 Cp . AID 0 0 Cp
0 Cb dD LR 0 C’b dD LR ab C’D dD LR
i) / / —ig ! b
ap € a cC ap e a D
My = | b 0 e 7 I S
D - D D s 2D — D .
0 0 dp),, ¢y 0 dp) .,
0 ap bD ap a.’b 0
MY =lay 0 cpe®| My =|bp 0 cpe®
CTD 0 d‘D LR C:D 0 dD LR

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

» MO = MO = M0 MO =M D =



|Vas| & Vs dcp (} C P)
SN—"
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M M M v o - < b abed d? sin ¢
VD A r(2) 3 e(13) g (15) ac ¢ b iy 2.0 7
My My~ My, M mZ o o T—¢ | abcc'dsin ¢
a’ a o4 1
MO — [0 peie ¢ Jop =
My 2 V2 2\ (2 2
o o d),, (mp — m2)(m2 —m3)(my —m;)
0.10¢f
§ 0.09 '
= 0.08}
= V-V -
- :
0.07¢
AP I i
0.60 0.65 0.70 | i
sin2p 3.2 3.4 3.6 3.8 4.0

IVuhl x10°3



Benefit of Occam’'s Razor

The hierarchical mixing are naturally obtained.

Two examples

] 40007

2000 '
| § 1000 k;
L ] oL
0

frequency
k. o
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= =

h
=
=]

=]

IVab]| x10° |Veb| x10°

Down quark masses and sin 23 are

Only down quark masses are input. :
input.
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3 Linking leptonic CP violation to CKM CP phase

Derivation of J ., of leptons

— 1
Ly = —ugMyup — dpMpdp — E”L)c —egMgep + h.c.

VR ValE r M*, in Branco et al
Hy= M;M{ (i=U,D,v,E) arXiv:1111.5332
Te([Hy. Hpl®) = 6i(EpA,A,
Ay = (m2 —md)(m2 —m?)(m?2 —m?) <0, Ag = (m3—mi)(m3 —m?)(m? —m3) < 0.
(" )
Te([H,. Hel*) = ~6ilp) A, A,
. A, = (m2 —m3)(m3 —m3)(ms —m3) < 0 Ao = (m2 —m?2)(m? — mg)(mi —m?) < 0)

T * [ ~ , I
(UraUisUsUs] = Jop ) kimEapn Tm[Vi;VigVa Vsl = Jep Y citmEjin

17 [ Upmns = UgU]! Vexm = Vo V) ]
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Suppose M=M_ (unrealistic) in the diagonal basis of M;, and M,

Tr([Hy, Hpl®) = 6iJEpAuA

) =
\

7 . Vs ;r“' T . T T
V CKM — V u."’d_ U PMNS — U E( ;r

Tr([H,. Hg®) = —6iJép A, A,

[ q N ~q
Jop=—Jop | =% | O0cp=—0(p

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



Let us consider the realistic case:

Quark mass matrices by Georgi-Jarlskog in SU(5)

p
0 5y 0

Mpr= |5y 45y O
0 0 5y

my = My ,

10010 = 54550
5 ®10 = 5045

19

_B 86B (1979) 297

0 A 0
m NMp=|A" B 0
0 0 C

Img =my, ,

/ 0 u§  —us
—-us 0 uy
10=| v§ - o
—U; —Up; —Uj
\—dl ~d, —d;

1025

X 5[ I

() A ()
A 11.; - A =3B 0
() () C

Mg = 3Me

251 dq
U dz\
Us ds

0 et
—et 0 /L

HiggS: 5H' 4'—5H

(W) |

10605 & R[ 1



Quark mass matrices by using Occam’'s Razor:

0 ap 0
MY = dy bpe™® cp My = diag {my, me, mq}
0 C{D d[) IR

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

Pati-Salam symmetry

R . B .G i
ioa . i o “’L “’L “’L I./L ob
F = (4,2,1)'= ((If (If (lf (Z) H = (4,1,2)
— = _ = dB dB & et H,, = (4,1,2
R “YrR “YrR VR
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Quark and Lepton Unification by

-2 W P
5= g 10=| u§ —-uf O
\~/,  \& 4

Higgs: 5,, 24,, 4_5,_,, 75,

21




4 Predictions of leptonic CP violation

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

No extra Dirac CP phase
except for Majorana phases

Pati-Salam symmetry

0 ag 0
_-"U'S} = |ay bgpe™ cg
0 Cp dp IR

agp = C-Taan ﬂ% = C’arﬂ.b. bE = C‘bbp.

22

(" )
0 ap 0
f'tf}(:,l} = |dp bpe™ c¢p
0 , dp
q ’ 'R
SU(b) 6UT
0 ay 0
ﬂfg} = |ag bp e ¢



ap = C’aap. {.-1-% = C-Yara.fD. bE = ('bbp* Cp = C-T,_a_f_'.‘D. CIE = C‘C’CjD' (f-E = (rddD

Suppose that the single mass operator dominates
in each entry of the mass matrix like as Georgi-Jarlskog.
Then, CG coefficients are determined by group theory.

Pati-Salam
3
dimension 4 : (1, —3) . dimension 5 : (1, —3.9) . dimension 6 : (0, 7 1.2,-3)
SU(5)
, _ o , o 1 3 9 o
dimension 4 : (1, —3) . dimension 5 : (—5. 1, i;. -3, 5 6,9, —18)

5., 45,

\ /
S.Antusch, M.Spinrath, Phys.Rev.D79 B N
(2009) 095004,arXiv:0902.4644 Dimension 5
B D
23

i
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/

Pati-Salam symmetry
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. aE 4 aE icf) 2
/ ‘XE 2b g sin%gﬁfir 2d g smﬁ A \
b b - _@
T ~ | —2E%E sin ?—} Y £ cos LY,
UpmNs = " dn
G’ECE rrerZ _brdg 7 7
\ mz T T
1 .
\jép A, apbpcpcpdpsing | Jgp/JEp = —CF Cy C. Cu Cy Ad/Ay
[
4 SU(5) 6UT )
X oy _ 9% (brdge’ —CECE) ei(m=8)/2 X
© 2bg 5i1‘1§3 |bEdE cgc Eml
Upmns >~ | — ﬂfj‘g sin £Y), Yy fé Y,
by / d
R ‘
1 . y
K%P - Q_aEbECECTEdE SIn @ Jop/Itp =—C% Cy, C. Co Cy &d/&y
e

Relative sign of J. is determined by CG coefficients.



CG coefficients are constrained by observed mass eigenvalues as:

4 2 2 a2 , / N\
C‘E C‘E C‘E: mE #ﬂlT —1.7-73 'TTIE_ ~ C{%dZD_l_Cc%ngogg_ll
6UT o iy TN W g M
Scal m2m?2 + mim2 +m?m2 22 4+ b2dE — 2bpepcydy cos ¢
caie e i [T e'’'tr _ “EYE EYE EVYEVYEYWE @ =1526
9 mAim?2 + m2mg + masmi  chcp + bhdf — 2bpepcydp cos ¢ )
° [] °
Best choice of C6's to reproduce mass ratios
Pati-Salam C,=2, C,=1, C,=-3, C.=-3, C.=1, C;=1
7l 81 x 10-5 mg mi mf 1 mﬁ_mﬁ + mimf + mg-mg 85
= —8.1x . =4, = 8.
“r ’ m3 m2 m3 | m2m?2 + m2m; + mim;
sin? 0MNS ~ 0,021,  sin? 5N ~0.012, sin@™N ~0.015, 6L, ~ —20.4°
3 g9
SU(B) Cu=1, Cua= 7 Cy = o C.=6, Cao=1, Czg=1,
I ] . mZ m: m? mZm’ + mem? + mim?
Jop = =25 107, m2 m2 m2 23 m2m2 + m2m2 + m2m2 200
sin? 00N ~ 0.0022,  sin?45, "N ~0.39,  sinf™N5 ~0.038,  oLp o~ —1.7°

25

Best fit (NuFIT 4.0) [ J.,~—2x 10 |
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Consider the case: M, is non-diagonal

Tri-bimaximal mixing pattern for neutrinos

Harrison, Perkins, Scott (2002) proposed

I
V6 V3 |
W -1 i _ 1
TBM ‘{g "F 73
V6 V3 V2
Charged lepton sector cosd  —cFsing 0 Neutrino sector
Upnmns = || €7 sing cos @ 0 )} Vrewm
0 0 1
i e~ sin ¢
|[;€3| — \/§
Cabibbo Hase

Ifsin®=1 (Cabibbo angle), Cabibbo sized effect of
(9{)3MNS ~ ecabibbo/\/i = 0.16 lepton mixing
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Suppose

0,5 (from neutrino mass matrix) is supposed to be negligible small
Then, no extra Dirac CP phase except for Majorana phases

Majorana phases

cos 01 sin 69 0
U,= | —cosflazsinflys cosbipcostlhy —sinfhs | (P
—sinfssinfhs  cosBissinflhs cosbss

1

oA apbpds (g + d%) sin(2613) cos a3 sin® fy3 sin ¢

Pati-Salam Jp~ -

SU(5)

] 1

Jop a'pbpdy sin(260,,) (¢ sin By — dg cos Ba3)(Cy cos fas + df sin fy3)* sin @

=
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In the case of Tri-bimaximal mixing sin 6, = 1/v/3 and sin 6,3 = 1/1/2.

/Pati-SaIam Co=2, Cu=1, (Cb = —35) C. = ; C.=1, C;= 1\

Obs: -10-2
! 2 m'f mz m,f. |
'I('P ~ —(.76 x 10 | m =4 (()l)S 1.7 — 73),
d b
mgm;, +mems; 4+ mim; mg +m;, +ms;
2 55 = 24 (obs :15 — 26), 5 = 1.0 (obs :0.99 — 1.1)
minz -+ m nz + mgmy m -+ mz +my,

\ sin? 00N ~ 038, sin?08MNS ~ 047, sindNS ~ 006, 0Lp ~ —30‘y

/ 9 9 9 3 1 \
Co=1 Cy==, Cy= =, Co== (Co=-2) Cyj=-—=
SU(S) i : i 2 b 2 c 2 C 9 d 9
m?2 m2 m?
JL, ~ 113 x 1072 < K T —506 (obs:1.7— 7.3
P 3 mg m‘:‘ m‘bq (0 S )n
m2m2+mm+mm2 ’.'Tf"—l—:rnz—|—m2
—> £ = = 26 (obs :15 — 26), . £ = =1.07 (obs :0.99 —1.1)
myms; +m5mb —|—mdmb my + ms + my

\ sin? PMNS ~ 028, sin?@EMNS ~ 085, sinfPMNS ~0.153, 5L, ~ —113° /




M, is diagonal

Mp Tr ([Hv: HE]S)Pat.i—Sa]am Tr ([HV’ HE]E}SU{E}

MY —6ia2bpepcydp, sing  —6iaRbgepcydp/, sin ¢
M2 —6iatbgcpcydpA, siné 0
MY —6iatbpepdpdpA, sing  6ia2bpcpdydpA, sin ¢
ﬂ-i'}{_-;” —6iapbpcpcpds A, sing —6iapafbpcpcy A, sin ¢
ﬂ-irg} —6iapbpcpcpdi Ay sing  6iapafbpcepcp A, sin ¢
MY —6iagbpcpdydiA, sin ¢ 0

MUY —GiapbpcicydpA, sind  —6iapa2bpcydpA, sin
MY? —6iagbpcidydeA, sin é 0

M };;1 ¥ —6iapbpchcpdpA, sing  6iapafbpdpdp ), sin o
111'34} —biapbpcpcpdi A, sing —6iapafbpcpcy A, sin ¢

MUY —6iapbpchcydpA,sing  6Giapd2bpcydp A, sin ¢

My —6iaybiepcydp, sin ¢ 0
MY —6iaZbpcpcydpA, sin é 0

[ Ir ([HU: HE]S) — _Ei&u&le}P ]




M, is non-diagonal: Tri-bimaximal

Mp Tr ((Hy. He] ) pasi_satam Tr ([H,, He]*)su s

MY dapbp(cE + d%)d%LA, sin ¢ iaybp(dy + dg)dp(d% — 2)A, sin ¢
MY iapbp(d? + d%)dEA, sin ¢ iapaybpcp(cy + dg)2A, sin ¢
MY iapbp(c2 + d2)dA, sin é —iabpep(d — 2)(cg + dg)A, sin é
MY iagbpdbA, sin ¢ ial bpdt A, sin ¢

MY iapbpdyA, sin ¢ idgbpcp(ag — cy)d%A, sin ¢
M iapbpdsA, sin ¢ —iaybpcpdd A, sin ¢
MUY dapepcydp(d? + d2)A, sing  iapdydp(cyd + dd — &2 — 2dg)A, sin ¢
MY?  iapepcydg(d? + d2)A, sin —iapdgbpep(cy + dp)2A, sin ¢
MY? iapepcydp(d?+d2)Aysing  —iapdgbp(d: — d2)(dy + dg)A, sin é
Mp?Y iapbpdhA, sin ¢ iagadiA, sin ¢
ﬂffgﬁ} iapcpcpde (i + di)A, sin ¢ iaEa’Edz (C’EdE - ZCE - d2 )&U sin ¢
ﬂffgﬁ} ibpcecE(cf + d%)A, sin ¢

ﬂrj’BT} iapcpcpdp (@ + dE)A, sin ¢ —ibpep ‘cEc’E — bEdEe“?’l .&U sin ¢

30

| T ({1, Hel?) =

—6iA, A JEp ]
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9 Summary

We have connected to lepton CP violation and quark CP violation.

Quark-Lepton unification

0 ag 0 \
(1 ! —i¢ ]
Pati-Salam =P Mz’ = |ag bpe™ cp
)LR

o ¥ “w. Y 0 ¢ dg),,
JUFD — ﬂ.D bD C CpD Rela-'-ed by CG'S
0 dp 0 dy 0
SU(5) GUT = MW — ag bg e ¢
Occam’s Razor t 0 cp di
Diagonal up-quark mass matrix k Iy

Neutrino mass matrix
is Tri-bimaximal mixing

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

Choosing relevant CG's, J (lepton) =—0.02 is obtained |
One CP violating phase controls both CP violation of quarks/leptons.



