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Introduction |

@ Are the couplings of the Higgs to fermions like in the SM or do we
have a more complex scalar sector?

@ A natural scenario is Two Higgs Doublet Model (2HDM) where
symmetries are needed to avoid or suppress FCNC.

@ To avoid FCNC has been a very important guiding principle.

@ In 2HDM a Z, symmetry a la Glashow-Weinberg (GW) leads to
Natural Flavour Conservation (NFC) in the scalar sector.

@ Beyond NFC there are 2HDM MODELS - enforced by symmetries-
that give rise to Scalar Flavour Changing Neutral Couplings (SFCNC)
controlled by Vckpy and fermion masses, realizing the Minimal
Flavour Violation (MFV) idea. These are the so called BGL models
(Branco, Grimus, Lavoura) that have SFCNC in the up or in the down
sector, but not in both.
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Introduction I

@ In the framework of GW NFC Spontaneous CP violation (SCPV)
cannot generate complex Vcxuy, BGL cannot develop SCPV.

@ These BGL's have been generalize to gBGL having controlled SFCNC
both in the up and down sectors.

@ gBGL can be formulated in the framework of Spontaneous CP
violation (SCPV), generating a complex Vcky and they are good
laboratory to explore the relation between SCPV, SFCNC and a
complex CKM.
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2HDM |

@ The Yukawa sector of the 2HDM
Ly = —Q (I'1®1 + ®y) dr — Q; (A1&>1 + A2&>2) ur + .h.c.
_ZL (rge)CDl + Fge)d?z) er — ZL (Agv)gf)l + AgV)EISQ) VR + .h.c.

o With the vev's given by (®;)] = e (0 vi/V2 ) we define the

Higgs basis by (H1)" = (0 v/v2 ), ()" =(0 0),v®=
V2403, ¢ =v1/0,58 = V2/V, tg = U2/ V1

e—i91q>1 . g Sp Hq
e—ichDz - Sg —Cp H>

”1:(<v+H°i+fc°>/ﬁ) / ”2:(<R°+'7/:>/ﬁ)

then we have
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2HDM I

G* and GY longitudinal degrees of freedom of W= and Z9.

H* new charged Higgs bosons.

A new CP odd scalar (we will have CP invariant Higgs potential).
HO and RO CP even scalars. If they do not mix, H9 the SM Higgs.

@ The Lagrangian in the Higgs basis (0 = 6, — 61):

V2 V2

Ly = —QuY (M3Hy+ NH,) dr — Qu L= (MOFL + NOFL) ue
+h.c
Mg \Uf (Cﬁrl + e Sﬁrg) Nd = \vf (S[;rl — ¢ C‘Br2>
M° = \% (cﬁAl + e_ieslgAz) NS \v[ (S;sAl —e C[SA2)
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2HDM 11l

e The quark mass basis is obtained by bidiagonalizing Mg, MS

ULdJrMSU,g = Dy = diag (my, ms, mp)
UerMSU,% = D, = diag (my, mc, m;)

The components of Hy (HO, GO) are coupled in a flavour diagonal way.

o In the mass basis the neutral components of Hp (Ro, A) generate
SFCNC proportional to the arbitrary matrices

Ny = Uf*Ng ug
Ny = UTNQUY

u
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2HDM IV

e The components of H; and H, in the quark mass basis interact with

+
Ly —ﬁH

i (VNgp = N} V) d+hc.
HO .

— = (aMyu+ My d) -
RO

[ (Nuvg + Niyp)u+d(Ngyg + Njy,) d}
"

Q\):-Q

[6(Nuvr = Niv)u = d(Nyve — Ny, d]

o Where the CKM matrix is V = Uf*Uf.
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The BGL models |

@ Branco, Grimus and Lavoura put forward models, enforced by flavour
symmetries, that realize the most simple MFV expansion with
controlled FCNC. For example one BGL model is enforced by the
U (1) flavour symmetry

Qu, — €%Qu, ; ur, — eug, ; Dy — D,

In the quark basis where the symmetry is defined, it correspond to the
model defined by the MFV expansion —(P3),-j = 0i30)3-

NG = |tgl — (tp+1t5" ) UfPsULT | M

NG = |tgl — (tp -+t ) UfPsULT | MY
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The BGL models Il

or to the model with the following Yukawa couplings

X X X 0 0 O
Iy = X X X I = 0 0 O
0 0 O X X X
x x 0 0 0 O
A = X %X 0 i Ap=11 0 0 O
0 0 O 0 0 x

This model is called a top type model after ugr, = tg.
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The BGL models IlI

@ In the quark sector we have three up type models and three down
type models(u; = u, up = ¢, u3 = t) with couplings in the mass
basis:defined by the following symmetries and with the corresponding

couplings
Qu, — e;mQLk [ <t5 + t ) V+Pk V] Dy
u&:eez"q)zk = [tﬁ/ — (t,g + ) Pk} D,
QL — e_i“QLk |:t/gl — (tﬁ +tg ) Pk] Dy

Z]If; j:—ziiﬁ N, = [tﬁ/ ~(+¢ ) v vt D,

They have SFCNC in the down sector Ny or in the up sector N,
never in both.

@ A general BGL model is defined both in the quark and in the leptonic
sector making a total 6 X 6 = 36 models.
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The BGL models IV

e All BGL models are invariant under ®, — e=*®,. Therefore the
Higgs potential should be the CP conserving

Vo= 010+ 12,050, — my; (0@, + dley )
1273 (@1®1) (010;) + 214 (@10, (051
2 2
+A1 (q;{cpl) + Ay (@}qu)

where a soft breaking term has been introduced to avoid a Goldstone
boson.

@ Therefore the physical Higgses will be

HO _ C,Ba 5,311 H
Ro —S‘Bl,é Cﬁa h

with cg, small
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The BGL models V

@ The Yukawa couplings of the 125 GeV scalar is for all type of
fermions f

Lz = —1YOfeh4he

1
Yy = " [Sﬂ“Mf + CﬂaNf]

@ In the k-up type model u, we have SFCNC in the down sector
controlled by
ij

Y ] = —cpa (t,ert,;_l) ViVigh 04

@ In the k-down type model dx we have SFCNC in the up sector
controlled by

Vi ldd = = (65 651 ) ViV o i A
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Generalized BGL models: gBGL |

@ The generalized BGL models (gBGL) are implemented through a Z;
symmetry, where ug and dg are even and only one of the scalars
doublets and one of the left-handed quark doublets are odd:

QI_3 - _QL3 '
dr — dp ., D — Dy
ur —ug , Py — —Dd

@ Now the Yukawa textures are:

X X X 0O 0 O
Iy = X X X I = 0O 0 O
0 0 O X X X
X X X 0 0 O
A = X X X Ay = 0 0 O
0 0 O X X X
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Generalized BGL models: gBGL Il

Obviously they include both up-type and down-type BGL models.
Note that the G-W NFC model is also implemented by this 2,
symmetry. The difference is the way the left-handed fields transform
under this symmetry: the principle leading to gBGL constraints the
Yukawa couplings so that each line of I';, A; couples only to one
Higgs doublet.

@ This time, in the quark sector, the model is fully defined by

NG = sl = (g +t50) Ps| M3
NS = epl = (s +e5t) Pa| D
and in the mass basis
Ny = [t,;/ — (t/3+ tﬁ_l) V(A (Al v] D,
Ny = [tel = (ts+ &) ) (Aul] D,
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Generalized BGL models: gBGL Il

the new free parameters are two angles to define the unitary vector
[n,) or [Ag) and two phases of the three complex component

[Au) =V [Ag)
where
ﬁ[u}i = (nyli) = Uy)s;

@ Note that BGL models inherit from the standard Yukawa couplings
the masses and V. gBGL models additionally inherit also a unitary
vector from U} ,introducing four additional parameters.
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Generalized BGL models: gBGL IV

@ By choosing

0 Vub
n,)=1( 0 or |ny)=1| Ve
1 Vib

we are in the limit where a gBGL model arrives to the top BGL limit
or to the bottom BGL limit, for example.

@ The Yukawa coupling to the 125GeV Higgs

y@ = 1 ~ [s8Dq + cpalo]
Ny = [tﬁ/— (s + t5*) [A9) (Ral] D
with SFCNC
Y@ = ¢ (t/;+ ty ) 7g) (Ag %
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Generalized BGL models: gBGL V

o All SFCNC effects are proportional to cg, (tﬁ + tlgl)

o Inan j — j transition it is proportional to mg, /v
e Inan i — j transition it is proportional to (|ng) (Aq|); with maximal

value (1/&) (1/\@) —1/2

o To be compared with the most intense case of BGL u model in the
s — d transition ~ V1 Vs ~ A

@ From meson mixing we have the following naive constraints

p°-D° | K'-K’ | BB’ | B - B

Gpo (13 + 157 )| < | 002 0.04 0.003 | 0.007

0
s

there are many regions of the model parameter space where
’cﬁa (t/g + tﬁ_l) ‘ can get its maximum value of order one.
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Generalized BGL models: gBGL VI

@ Some results for SFCNC are given here:

107! T T T T 10~ T
102
1072 ¢
10—
— 1072
101 . t
= = c
=107 +10-4 |
! = u
£ 10-6 T,
& =107
10-7 n g
105 /
10-% s
10-9 1077 |
(i L Ll LD L LS sl L Ly s ! L L . ! .
—-10 10=9 10-% 10-7 10-¢ 10-5 10~* 10-3 10-2 10-' 10~ v —— =
107191079 1078 10 E)gq m]‘ 1074 1073 1072 10 10 107 10° 10-° 10~ 102 102 10-!
r(t — hc) Br(h — bs + bs)
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Generalized BGL models: gBGL VII

@ Some results for the BAU are

hy =Im Tr [(Mg/wg’r) (MSI\/IS*) (M3M3+>2 <M2M2+>2]

4.2 4 2
~ mim.mym;J

I (ig) = ImTr [/\/3/\//2*/\/13/\/12*}
_ I -1 2 2 2 ~ ~ *
= (ts+7) ,Zk (m, = ) m2, ([7g) (al)y Vi Vi
~ (t+ t1) mEmd T (1) (A, Veo Vi

enhancements of 1012 — 10!3 in the CP contribution to the BAU are
completely safe.
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2HDM and SCPV |

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

@ But SCPV and NFC generate real CKM (Branco)

@ BGL models cannot have SCPV because the Z; symmetry is a too
strong constraint to have SCPV.

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

b, — by Dy — —Dy
QL1,2 - QLLQ ) QL3 - _QL3
ur —ug ; dg —dg

do not meet NFC criteria and as we will see they generate a complex
CKM
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2HDM and SCPV I

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

V = pf; @I + 13, P1P, — i, (q’Iqb + q’;rq>1>
+ [)\5 <<1>{q>2)2 + h.c} + 21 <<I>{d>1> (q>§<1>2)

120, (cp{cpz) (cpgcbl) + A (cp{cbl)2 + A2 (q>§<1>2)2

2
P12 T
0= ,0£0,+— £
€os 2/\51]102 7& 2 T
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Generation of CP violating CKM and PMNS matrices |

@ CP invariance of the Lagrangian

@ From the structure of the mass matrices

M = &5 (117 e+ T spe) 0 MY = 2 (T1 65 + T spe
MP = 2 (T e+ T spe®) s M9 = 5 (T g 4 T spe

@ it is evident that

10 0\ _ ~
M{=101 0 |M=o;(0) M
0 0 e

with I\/I? arbitrary real mass matrices and

Of = +6 f=d.e

f=u,v
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Generation of CP violating CKM and PMNS matrices |l

@ Obviously

MM =

MEME = MPTMP

therefore I\/l?l\/l?Jr will be diagonalized by

m,%l 0 0
UFMIMPUy = 0 m? 0

0 0 m%

where Oy, are real orthogonal matrices

2

m fi

OFMIMPTO, = | ©
0

F.J.B. (IFIC, U.Valencia-CSIC)

q>3 (O'f) A/;I?A/;I?Tq)g (—(Tf)

Uy, = 3 (07) O

0 0

m%z 0
0 m%
3
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Generation of CP violating CKM and PMNS matrices Il

mg 0 0
My =Uf MOg, = | 0 my 0
0 0 my

@ Therefore because Vixy = UJLZ/{dL and Upyns = U:LLIUL we will
have

V = VCKM = O;rLCI)3 (29) OdL ) U= UPMNS = OeTLq)?, (—29) OVL

Since O, are arbitrary real rotations, it is evident that there is
enough freedom to obtain arbitrary V' and U, except that any CP
violating observable in the quark sector and any CP violating
observable in the lepton sector, must vanish with 6 — 0.

o An obvious way of testing these models will be to relate the CP
violating phases in V and U, dcxy and dppyns respectively.
iCould we predict dpyns from the quark data (6cxp) 7 After
all both are generated by 6 the vacuum phase.
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CP violation in CKM and PMNS and SFCNC |

@ Our SFCNC are controlled by
N = U NP Oy, = [tal = (85 + 5 ) PE| D
where we have introduced the projectors
(Pg)ij = (u,fLP3qu)U = (0] P0y)
= (01)3 (On)3; = TriMr)
our ﬁ[f}i now become real unitary vectors incorporating two

additional parameters in total to the CKM or PMNS sectors,
instead of four.

i
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CP violation in CKM and PMNS and SFCNC Il

@ The only way to avoid SFCNC in ng is to set one component
Tk = 1 and the others 7ig; = 0 # k

(Pg)u = 5,';((5]/( = (Pk)ij

o If we kill SFCNC in any sector of the quarks and in any sector of the
leptons Vekp and Uppns are CP conserving

U = 0[®;(-20)0, = 0] |1+ (e -1) ] 0,
= 0[0, 0] [1+(e™-1) P 0,

= 050, |1+ (e —1) Py

that is CP conserving: a real rotation times a diagonal of phases.
Similar in the other cases.
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CP violation in CKM and PMNS and SFCNC Il

@ 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 |

@ In the quark sector now we have 6 parameters: five angles from O,,
and Oy, and 0. To be extracted from Vi and information from
processes mediated by SFCNC. The same happens in the lepton
sector, therefore one could predict dppns with enough information
from the leptonic sector if previously we have 6 from the quark
information.

@ The analysis of the quark sector shows that 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 d k.

@ 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 dcxn and dpyps in this kind of models.
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The relation between KM and PMNS phases Il

® Ta) and Ty

1 T T T T T 1 T T T T T
-k E 101k J
107%F 4 102 J
S
3 E = 10 4
107 E E 1071 .
107°F E 107° ¢ J
6 " —6 L il T Tl 1
e T T 0907 10F 107 107 107 107 1
|7 rapasidl |7 upasidl
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The relation between the CKM and PMNS phases IlI

e tan B vs [sin260] and |R11|

10?

10°

10" F

10' F

tan (3

5
)

107!

1071 F

1(

)-2
10°* 102

| sin 26|

L 1072 L
10 1 0.75 0.80

!
0.85

[Ru

il . I
0.90 0.95
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The relation between the CKM and PMNS phases IV

@ |sin26| vs |R11| and |R31|

1 E
l/f"ﬂu “)‘P
D
V- é}/
107! F — ;
] 01 F :{ p
_ ] J_,
& = | o
= S e
7 = /
= &
1072 |
102 3
1“~l\ 1 n | il 1L | i : n
75 8 85 c 95 108 L A
0.75 0.80 0.85 0.90 0.95 1 10-% 10-2 10-! 1
[Ruil [Rau
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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 - and therefore compatible with -
the 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 ’r\[u] and a
zero in the vector g

M | (0, %) | (X,0,%x) | (X, x,0)
a1 | (0,x, %) | (x,0,%x) | (X, x,0)

only one type of SFCNC in each sector (d; < d; and u; < 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 Vxp matrix.

F.J.B. (IFIC, U.Valencia-CSIC) 5 June 2024 33 /41



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.

@ In the quark sector the surviving model has only t = c and d = b
SFCNC and parametrized as

?[u] = (0, —sin p4, cos p3) ,?[d} = (— sin p§’,0,cosp§j>

V = RE (p8) @3 (20) RE (pt) Ris (p)

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

26 py s ps
1.077 (75037) | 0.22694 (52) | 4.235(59) - 102 | 3.774(98) - 103
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Simplified models (Quark sector) Il

@ In addition our fit fixes SFCNC with

T = (0, —0.0423,0.9991)
Fig) = (—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
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

Ri1 € (0.82, 0.90). t’g S (0.5, 1.8)

F.J.B. (IFIC, U.Valencia-CSIC)
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Simplified models (Quark sector) IV

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

2
Br (t — ch) = 0.1306 (1 — R%) (tﬁ + tﬁ_l) 2

ATLAS already arrived to Br(t — ch) <43 x107* Inthed = b

27x 107" < Br(t—ch) <43x10*
0 Br (t — ch) <
SFCNC we get B, (h — bd + db) ~ 107°.
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Simplified models (Lepton sector) |

@ In the lepton sector the only model allowed experimentally is:

o~

] = (—sinp3, cos p3,0) ; T = (—sinp5, 0, cos p5)

=

U = Ri5 (p5) @3 (—20) R (pf) PasRuz (P5)
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}. In this fit we fix the quark fit result

20 = 1.07773:330. Although different PMNS analyses show some

sensitivity to the phase J;, we do not include that information. The fit
gives the following two solutions:

Solution 1: | pf = 0.7496, | p5 = 1.3541, | pj = 0.8974
Solution 2: | pf = 2.3889, | p5 = 1.3541, | p) = 1.0542
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Simplified models (Lepton sector) Il

SFCNC are controlled in both cases by

He) = (—0.9765,0,0.2156)

@ Most important, the solutions differ in the values of the (unique) CP

violating imaginary part of the Jarlskog invariant quartet

and the phase dpyns = 9,

Jpmns = Im <Uel U Usy U;;l)

Case Jpmns Spmns =901 | Axno (Bpmns) | Axio (6pmns)
Solu 1 | —0.0316 | 1.6297T (293°) 5 0
Solu2 | 0.0282 | 0.6797 (1260) 13 > 20

AxX3o (6pmns) and Ax3, (Spmns) show the values that correspond
to dppns attending to the AX2 profiles for &, obtained for normal and
inverted neutrino mass ordering.
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Simplified models (Lepton sector) Il

@ 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 dpyns = 1.62971, which is in good agreement
with the most likely values in PMNS analyses.

@ With r. and r; we have a definite prediction for h — eT + Te ,
through the equation

B, (h— et) = (1 - R%;) (tﬁ+ tﬁ—l)zrgrf <r1$~wé,5)h)>

Taking the allowed regions of R2; and tg, we have the sharp
prediction

T (h)
Tsw (h)

ATLAS has arrived to B, (h — et) < 2 x 1073, CMS before.

3><10—3<< >B,(h—>er)<5><10_3
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Simplified models (Lepton sector) IV

o Of course, those experimental bounds points to the exclussion of
these simplified models. But probably and much more important they
implied that we have new weapons, new sectors where to look for the
consequences of SCPV. In particular it looks like that its the moment
to look either for the full gBGL 2HDM with SCPV or a less restricted
version.

@ This relation among SCPV and SFCNC in order to generate a complex
CKM present in the NFC framework and now in this gBGL model has
trigger also to look for the generality of this connection, already study
long time ago by Ecker et al. and Gronau et al. outside NFC.

@ Surprisingly we have founded in the lepton sector that the
requirement of absence of SFCNC and SCPV and generating a CP
violating PMNS mixing matrix gives rise to mu-tau symmetric PMNS
matrix. But this is the subject of Miguel Nebot talk.
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Conclusions |

o (g)BGL two Higgs doublet models are relevant models beyond NFC
very useful to study the 2HDM sector

@ They offer important contributions to flavour changing Higgs
participated processes and to the BAU

o gBGL are an important frame to study the connection between SCPV
and SFCNC.

@ The experimental Higgs flavour changing data is starting to give
important information on these models in such a way that we expect
soon important information on the SCPV-SFCNC connection
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