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Introduction |

@ A relation between CP violation in the quark and lepton sectors,
(between dckm and 5PMNS)-

o Experimentally CKM complex, even if New Physics.
e Complex CKM - complex Yukawa couplings (vacuum induced CP
violation).

@ To relate CP violation in CKM and PMNS, we assume that CP is
spontaneously broken (the vacuum phases generate dcxy and

IpPMNS).
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2HDM and SCPV |

@ The first model of spontaneous CP violation (SCPV): T.D. Lee in
1973, a two Higgs doublets model (2HDM), with vacuum
expectation values with a relative phase which violates T and CP.

@ 2HDM in general has Scalar Flavour Changing Neutral Couplings
(SFCNC) at tree level.

e SFCNC eliminated by Natural Flavour Conservation (NFC) -Glashow
and Weinberg-. (22)

e SFCNC are controlled with Minimal Flavour Violation (MFV) in
Branco Grimus Lavoura (BGL models) by Z-(mg/v) Via V,

B
e But SCPV and NFC generate real CKM (Branco)

e BGL models cannot have SCPV (Z; symmetry too strong
constraint).
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2HDM and SCPV I

o Keeping Z, softly broken allows for SCPV and the particular
realization of the Z, -that defines gBGL models-

P —-P; ; P — Dy
Qu, = Qu,  Qu — —QL
UR — UR ;. dr — dg

does not meet NFC criteria. A complex CKM is generated.
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The gBGL model with SCPV |

(f)

@ Introducing neutrino right-handed (Dirac for simplicity) with real I';
Ly = —QL< ‘P1+T( o )dR_QL( CPH-T( o )UR
—ZL (r§e)q)1 + Fée)db) er — ZL <ng)ﬁ31 + ng)§>2> Vg + .h.c

@ The gBGL model is defined by the previous Z, symmetry giving the
flavour structure

I-.gd) N I-.gu) N I-.ge) N rgv) - (

o X X
o X X
o X X
N~

0 0
T ~ 1 ~ T8 ~ Ty 0 0 0
X X X
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The gBGL model with SCPV I

|

i) = Pl T — (1= Py T Py = (

o O O
O O o
= O O

o SSB and SCPV is trigger by (®,)" = (0 ev;//2 ) with
0 =0, —01. With v2 = v +v3, cg = v1/v, 53 = v2/,
t,;:vg/vl, <H1>T = ( 0 U/\/§ ), <H2>T: ( 00 )

e_mlCDl . g Sp Hq
e‘i92<I>2 o Sg —Cp H>
The Yukawa sector in the Higgs basis will be
V2
v

_ _ 2 - -
Ly = —Q (M2H1+N2H2)dR_QL\U[ (M2H1+N8H2) UR

_ _ /9 ~ ~
—T, (MPHy + NH,) eg + LL\U[ <M9H1 + NSHZ) Vg + h.c
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The gBGL model with SCPV Il

where

MY =4 (I’gd)cl; + I"gd)sﬂeig) ;MY =L (F(U)Cﬁ +F§u)55e_i9)

V2 V2
v ! ! o) . v —i
MP = % (I’§ )cﬁ + Té )sﬁe 9) ;MO = N (T(V)cﬁ + Tgv)sﬁe 9)

@ Together with the important result
N = [tal = (t5+t57) Ps| M?

Note that it will not be possible to bi-diagonalize both matrices N?
and M2 simultaneously.

@ The matrices N? control SFCNC, in general present in all sectors.
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The gBGL model with SCPV IV

@ The Higgs potential is the standard for 2HDM with a Z, symmetry,
with a soft breaking term, the possibility to have CP violation from
the vacuum is open

V. = uj, @] + 13, ®5®: — i, <¢Iq>2 + ¢;rq>l>
2
n [A5 (cp{opz) n h.c} +2A; (cb{@l) (q>;q>2)

200 (@[@,) (@41 ) + 1y (<I>1‘<I>1)2 + Az (<I>‘5<I>z)2

2
Hi2 T
0= 0£0+—, =+
cos 2)\5U1U2’ 7& ' 2’ T
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Generation of CP violating CKM and PMNS matrices |

@ From the structure of the mass matrices it is evident that

1 0 O
M=[01 0 |M=d;(cr) M
0 0 e
with I\A/I? real mass matrices and of = 10 ;z‘i’s. Therefore

+ 540 T 170 .
Ms = Ug M; O, = Of M Of, = diag (my,, my,, mg,)
with Oy, Oy real orthogonal matrices, and

Us, = D3 (0r) Of,
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Generation of CP violating CKM and PMNS matrices |l

o But Veyy = Z/{ILL{C/L and Upyns = L{;LLL{VL and we have

V = VCKM = OIL(I% (29) OdL U= UPMNS = O;rLCD?, (—29) OVL

With seven parameters we can have arbitrary V and U, except that
CP violation in the quark sector and CP violation in the lepton
sector, must vanish with 6 — 0.

@ It is thus interesting to scrutinize the relation among the CP violating
phases in V and U, dckpm and dppns respectively. dcxm and dpyns
will simply correspond to the CP phases in a standard parametrization.
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CP violation in CKM and PMNS and SFCNC |

@ To present the relation among dckpn and dppns the simplest
approach would be to impose that SFCNC are absent, since there is
no evidence yet of SFCNC beyond the SM. But this leads, as we will
see, to a real CKM and thus SFCNC are necessary.

@ The SFCNC are encoded in the N? matrices which control the
Yukawa couplings of H,. In the fermion mass bases, N? — Nf :

Ny = Z,{;rLN?OfR = [tﬁl — (t/g + t‘[;1> ng} My

[tﬁl - (tﬁ + tﬁ_l) Pﬂ diag (my,, ms,, mg,)

where we have introduced the projectors

Pl = U} PUy, = Of P30y,
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CP violation in CKM and PMNS and SFCNC Il

the real projectors P3f generates the SFCNC and are

(P:§>U = (sz'%oﬂ) = (Or)3; (OfL)3j E?[f}i?[f}j

i

where 7j¢); are the third rows of Oy, .

X X X
Of = X X X

T TiF2 T3

e Each ?[f}i requires two independent parameters but because

Py = VP{V'; Ps = UPJU"

[OUTLP3OUL] - [OJL% (29) OdL] [0;%04 [OdTchg,(—ze) OUL}

we only need two parameters to control SFCNC in the quark

sector in addition to V(ky. (Similar in the lepton sector).
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CP violation in CKM and PMNS and SFCNC Il

@ The only way to avoid SFCNC in P}; is to set one component
Tk = 1 and the others 7ig; = 0 j # k, but then

(Pg)U = Sudi = (Pu);

and Vcky is real if P§ or P3d has this form as we show bellow
(The same in the leptonic sector). As an example in the lepton sector

U = 0[®;(-20)0, = 0] |1+ (e -1) |0,
= 0[0, 0] [1+(e™-1) P50,
= 050, |1+ (e —1) Py

Then the PMNS matrix U is written as a real rotation times a
diagonal matrix of phases, and thus there is no CP violation in the
leptonic sector. Similar in the other cases.
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CP violation in CKM and PMNS and SFCNC IV

@ Therefore, in this model, to have CP violation in the CKM
matrix, there must be tree level SFCNC both in the up and in
the down quark sectors.

@ In order to have a non-vanishing CP violating phase in the
PMNS matrix, there must be tree level SFCNC both in the
neutrino and in the charged lepton sectors.
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The relation between the CKM and PMNS phases |

@ Our CKM and PMNS matrices are
V = VCKM = OZ—LqD:), (29) OdL y U= UP[\/]NS = OZ;CD:), (—29) OVL

with ¢, = cosx, sy = sinx and

¢ S¢ O ¢ 0 s,
R12 (X) = —Sx Cx 0 ’ R13 (X) = 0 1 0
0 0 1 —sc 0 ¢4

0
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The relation between the CKM and PMNS phases ||

we can chose

V = 0] ®3(20) 0y,
Ou = Ru(p) R (py) Riz (p3)

Oq, R12 (Pf = 0) Ro3 (Pg) R13 (Pg)

V will depend on R}, (p{) Riz (p§) = R, (p — p¢). Without lose of
generality, pf = 0 in such a way that the number of independent

parameters in the quark sector are six {p!, p¥, p4, pJ, pg,0}
matching the four standard CKM {67,,67;,63,,64} and two from

SFCNC { Muj1s [ 12 }; (or, equivalently, of 2 independent ?[u]j ;?[d}k)

@ The same happens in the lepton sector, six independent parameters in
our PMNS U, {pg, p5. pS. py, py, 0} should match the four standard

PMNS { 121 13,623,(5/} and two from SFCNC { Mel1, r[e]z}
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The relation between the CKM and PMNS phases IlI

@ In summary, the experimental information constrains
{9(172, 075,035, (5q,’r\[u]1,’r\[u]2} and could fix the model parameters

{pf, Py, ps, pg, pg, 9} (a full analysis along these lines was presented
in Eur. Phys. J. C (2019) 79:711 ).

@ The most important aspect here is that, ideally, one can fix 8 with this
procedure, since CP violation is well established in the quark sector.

@ And finally with the well-known PMNS mixing angles {9’12, 0l 953}

together with the knowledge of {?[e}l,?[e]z}, from h — ;l;, and
incorporating 6 we should be able to predict J,.
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Quark sector analysis results |

@ In the quark sector the model is viable after surmounting flavour
constraints, Higgs constraints, electroweak constraints and overall
that, as we have shown, SFCNC cannot be eliminated to produce a
correct dcxm

® Ta) and Ty

107 {2

71 atin]
7t in]

10-1F t 4 1074

-5 . . . .
B T T B T 0T 0T 105 10 107 10° 102 10"

[Prapsial |l
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Quark sector analysis results |l
e tan B vs [sin20] and |R11| and |sin20] vs [R11| and |R3|
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Quark sector analysis results Il

@ Surprisingly, we have still a lot of room in the SFCNC and
consequently in the value of 6. Therefore, generalizing the full
analysis to include the leptonic sector does not look the more
promising way to begin with, specially if we are trying to show how it
works the connection among dcxy and dpyps in this kind of models.
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Simplified models (Quark sector) |

@ The idea is to restrict the model by making simplifying assumptions
about the SFCNC sector, guided by experimental data.

@ We cannot assume the absence of SFCNC. The way of eliminating as
much as possible SFCNC is to impose a zero in the vector 7[,4] and a
zero in the vector Tg:

~)

] (0, x, %) | (x,0,%x) | (%,x,0)
Map | (0,x, %) | (x,0,%x) | (X, x,0)

only one type of SFCNC in each sector (d; <> dj and uj < up,).

@ These models incorporate the MFV ansatz, only four parameters
as in CKM.

@ In fact the still allowed SFCNC, in each sector, will be fixed by
one of the 3 mixing angles of the Vky matrix.
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Simplified models (Quark sector) I

@ We have 9 models in the quark sector and 9 models in the lepton
sector. 81 models has been analyzed. Only one survives the
experimental data, so we present this model in the quark sector.

@ The surviving model has only t & ¢ and d &= b SFCNC

?[U] = (0, —sin p5, cos p3) ,/r\[d] = (—sin pg,O,cospg)

X

Ouw = Ru(pi)Ra(ps) =1 x
0

X X

X X

0 X

V = RE (p4) @3 (20) RE (pt) Ris (o)
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Simplified models (Quark sector) Il

@ The result of the fit of V to the experimental data (to the known
Vekm) gives

20 py s ps
1.077 (75037) | 0.22694 (52) | 4.235(59) - 102 | 3.774(98) - 103

In order to relate dcxp and dpyns it is specially relevant that the
quark sector fixes 0

@ In addition our fit fixes SFCNC with

Ty = (0, —0.0423,0.9991)
Pg) = (—0.0038,0,0.9999)

A non-trivial result is that these values are within the allowed regions
of the previous figures. The precise effects in specific processes
depend on other parameters like tg and Rq; that is the corresponding
element of the Higgs mixing matrix, in particular it is the mixing
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Simplified models (Quark sector) IV

among the 125GeV Higgs and the Higgs with SM Higgs couplings.
From the previous figures and taking from the 6 value
sin (20)] = 0.88 we get

R € (0.82,0.90), tge (0.51.8)

@ The most relevant prediction of this model in the SFCNC concerns
the transition t — ch

2
Br(t — ch) = 0.1306 (1 — R{;) (tﬁ - t,s_l) o uls

2.7x10* < Br(t—ch) <43x1077

In the d = b SFCNC we get B, (h — bd + db) ~ 1075,
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Simplified models (Lepton sector) |

o Br(y— e+y) <42x10713 is controlled by ’Ue;Uy;‘2. Requiring
a fine tuning at the level of 107* — 10™> among the neutral scalar
and pseudoscalar contributions in the 2 loop Barr-Zee graphs. It is
mandatory to put a zero in Hgjp or in T

@ Still in the neutrino sector we have three possibilities of putting the
zero in each one of the components of 7},). Therefore we are left with
6 different models in the leptonic sector.

@ Out of these six cases the only one allowed experimentally is:

Tl = (—sinpg, 0,cosp) , 7y = (—sin p}, cos pt, 0)

Oc. = Ri2(pf) Riz (p3)
1 00 X x 0
OI/L = P23R12 (p]2/) = 0 01 x X 0
010 0 0 1
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Simplified models (Lepton sector) Il

U= Ri (Pé) @3 (—26) R, (P{) P23 Ri2 (p3)
The PMNS matrix is fully fixed by three mixing angles and the CP
violating phase 6 already fixed by the quark sector.
@ Now we can fit U to the experimental information on PMNS encoded
in {9’12, 05, 9’23}. We fix the quark fit result 20 = 1.077. Different

PMNS analyses show some sensitivity to the phase §;, we do not
include that information. The fit gives two solutions:

Solution 1: | pf = 0.7496, | p5 = 1.3541, | pj = 0.8974
Solution 2: | pf = 2.3889, | p5 = 1.3541, | p) = 1.0542

SFCNC are controlled in both cases by 7] = (—0.9765, 0, 0.2156)
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Simplified models (Lepton sector) Il

@ Most important, the solutions differ in the values of the (unique) CP
violating imaginary part of the Jarlskog invariant quartet

Jouns = 1m (Ve U U U )

and the phase dpyns = d/,

Case Jpmns Spmns =901 | Axio (6pmns) | Bxio (Opuns)
Solu 1 | —0.0316 | 1.6297 (293°) 5 0
Solu2 | 0.0282 | 0.6797 (126°) 13 > 20

Avao (6pmns) and A)(%O (6pmns) show the values that correspond
to dpmns attending to the A)(Z profiles for é; obtained for normal and
inverted neutrino mass ordering.
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Simplified models (Lepton sector) IV

@ Using the information on CP violation in the quark sector, we
have been able to predict the phase in PMNS using the
connection that SCPV provides in this model; in particular,
Solution 1 has dppns = 1.62971, which is in good agreement
with the most likely values in PMNS analyses.

@ We have also the parameters that control the SFCNC in the T < e
sector, re = —0.9765 and r; = 0.2156. These figures give rise again
to a definite prediction for h — eT 4 T€ , through the equation

B, (h— et) = (1—R%) (tﬂ + tﬁ—l)2 r2r2BM (h — 17) <F;A/Ef§;7)>

Taking the allowed regions of R?; and tg, we have the sharp
prediction

3% 1073 < (rSM )B,(h—> et) < 5x 1073
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Simplified models (Lepton sector) V

Note that this result should be seen or disproved soon because the
actual experimental bound is B, (h — eT) < 4.7 x 1073 (CMS has
announced B, (h — eT) < 2.2 x 1073, see De Roeck talk).
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Conclusions |

@ We have discussed the possibility of having a framework where there
is a connection between the CP violations in the quark and the lepton
sectors.

@ We have used gBGL 2HDM with SCPV.

@ We have shown that in order to generate a complex CKM matrix, one
has to have SFCNC both in the up and down quark sectors (similar in
the lepton sector).

@ We have shown that within those gBGL models, there is a connection
between dcxn and dppns. The interplay among CPV and the
existence of SFCNC makes these relations quite involved implying
connections or predictions for processes mediated by SFCNC in all the
sectors: up, down quarks and charged leptons.
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Conclusions Il

@ To clarify all these relations we have worked with models that have
the minimal amount of SFCNC needed to keep SCPV. These
simplified models verify the MFV ansatz. Because they are controlled
by the four unit vectors 'F[u], ’r\[d], ?[e], ’FM having a zero in some entry,
there are 3* = 81 possible models of this type.

@ In the model that is in agreement with all constraints the connection
between CKM and PMNS gives a prediction for PMNS in agreement
with recent PMNS analyses, together with

27x10* < Br(t—ch)<43x107*
I'(h)
Tspm (h)

3x107% < ( )B,(h—>er)<5><10_3
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