Phenomenology of flavoured
multi-scalar models
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Is the SM Higgs sector overly minimalistic?

Asking to accomplish three different tasks simultaneously:
e W and Z bosons through the kinetic term |D,H |*;
e down-type quarks and leptons through the Yukawa terms QpHdg;

e up-type quarks through the Yukawa terms Q; Hdp (with H =io,H *)

While it is remarkable that the measurements are consistent with one-doublet
Higgs sector, the gauge and fermion structure of the SM does not require it

to be minimalistic!

In fact, the SM Higgs sector is totally “exhausted”, i.e. cannot do other tasks
what it is expected to do, in general:

e does not explain the hierarchical flavour patterns (masses and mixing);
e no FCNCs generated by the Higgs boson exchange (too “boring” flavour properties);
e CP-violation can only be inserted by hands;

e the absence of cosmological EWPT, hence, no sizeable baryon asymmetry:.

The Higgs sector can be richer and implement the concept of multiple generations
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More than one Higgs ‘“generation’: NHDM

NHDM quark Yukawa sector: Z (QL,-rf.j)qbade + ﬁL;Ag?)ggauRj) + h.c.
<4 L <4

Separate textures can be simple, constrained by flavour symmetries that leave
traces in quarks masses and mixing

VEV alignment:

1 1
D My=—)> M@y, M,=-—=)Y Ay
(9%) = v,/V/2 ’ ﬁza: \ﬁza:

Consequences:

e Generic textures lead to potentially dangerous tree-level FCNCs that can be elimi-
nated by natural flavour conservation via discrete symmetries [Pachos 1977; Weinberg,

Glashow 1977];

e A relative phase in v,, CP-symmetry can be spontaneously broken for real textures
[Branco 1979; T.D. Lee 1973]



BGL-like SHDM: scalar sector
Das, Ferreira, Morais, Padilla-Gay, Pasechnik, Rodrigues, JHEP || (2021) 079

Impose a family symmetry: U(l): ¢1— €1, ¢3— %3
Ly : ¢1— —¢1, P2 — P2, P3 — P3.
CP symmetry: o1 — 1, b2 — @3, Pz — B3

Invariant potential:
Vo(b1. b2.63) = i3 (6161) + 13 (he2) + 43 (#hs) + i (6161)
a2 (8502)” + As (656s) + X (8n) (6562) + 25 (8len) (¢hos)
26 (0302) (#hes) + A7 (8162) (6l61) + As (0]0s) (ehen)

Soft-breaking potential:

Viott (01, B2, 83) = (13901 b2 + 113301 b3 + p2adbps + hoc., V= Vo + Vior
Higgs doublet 5 Wi (k=1,2,3)
199S AOUDIets. — . , — 1,4,
&8 g \%(U}c + hg + 121)

v1 =vsinficos By, wvo =wvsinfBy, w3 = vcosBcosfs, v:\/v%—kv%—l—v%



BGL-like SHDM: Yukawa sector

family symmetry: U(l): Qrz — €*Qr3, pr3 — €*“pr3,
Zo: Qr3 — —Qr3, DRr3 — —DPR3, NR3 — —NR3

Yukawa Lagrangian:

3

Ly=-)_ [QL@(Fk)ab Ok iy + QrLa(Ak)ab Pk PRY + h-C-]
k=1

Allowed textures:

0 0O 000 X X 0 000
F1: 0 00 , Alz 000 , FQ,AQZ X X 0 , F3,A3= 00O
X X 0 000 0 00 00 x

Up/down mass matrices:

X X 0 X X 0
M szkvk_ x x 01, Mn_\[ZFkvk— X X 0
k=1 0 0 x X X X
In the alighment limit, no FCNCs from SM Higgs state:
7. [ 3
Hy hq g}flo:__o nL< ZFkvk> nr + pr. <ZAkvk>pR‘|'hC
/ _ v i fk 1 f k=1
Hé hs = — 70 CZLDddR—I—’L_LLDuuR—I—h.C.} :




BGL-like SHDM: tree-level FCNCs

CP-even BSM scalars interact with down-quarks as:

HYHY ~ Hj H
D%Y 1dLNd1dR— —dLNdeR—I—hC
(Y
Nar = = U} (T'yvs — T3v1)Ur,
FCNC matrices: 2013 .
U13
Ngo = U]L [013 \/_ (Flvl —|—F3U3) — - \/§F2v2 Ugr
Bi-diagonalising matrices in the up-sector have block-diagonal form:
X X 0
V=[x x0 (UL)3a = V3a
0 01
Textures have the following structure:
000
1
I's = (F3)33P, — (Flvl + ngg) = P M, P=1000
V2
001
VU3 1 vors x
physical (Na1)aB = U1U13V3AVBB(Dd)BB R (I'3)33V54(Ur)3B
FCNC interactions: v v
(Na2)aB = ;23 (Dq)BBOAB + < 0123 + v13> Vi'aVag(Dy) BB



BGL-like SHDM: numerical results
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FCNC observables
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Predictions for the LHC searches
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Generalised CP transformation

Requirements on multi-Higgs model-building:

e making as few assumptions on top of the SM as possible;

e obtaining a model that satisfies all experimental constraints without
introducing an excessive number of free parameters;

e providing predictions testable at current/future measurements

Let us take the basic assumption:

The minimal multi-Higgs-doublet model implementing a C' P-symmetry
of higher order without producing any accidental symmetry.

CP is not uniquely defined in QFT
[Feinberg, Weinberg 1959}

The “standard” convention ¢, N @7 Is basis-dependent
Ina NHDM, ¢;, i =1,..., N the transformation
Jx i ¢i(x,t) <5 CP ¢i(x,t) CP ! = Xyj¢%(—x,t),  Xij € U(N)

can play a role of the “CP-transformation”

{Grimus, Rebelo 1997; Branco, Lavoura, Silva 1999}
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CP transformations of order-k

When one says “the model is CP-conserving”, one may refer to any form of GCP
symmetry (when all CP-odd observables are zero)

Applying GCP twice: family transformation

di(x,t) = (CP)?¢i(x,1)(CP) ™% = (X X¥)ij05(x, 1)

Using the redefinition freedom in the choice of the basis of scalar fields, one can
bring X to the block-diagonal form, with blocks being either phases, or 2x2 matrices:

Ca Sa 0 e
—Sa Ca e '@ 0
(Jx)? = XX*£1 CP-transformation is not of order-2

For smallest (even) integer k: (JX)k = [ GCP-transformation of order-k

k= 2P, with p > 1 CP2 CP4 (P8  etc



CP-4 Three Higgs Doublet Model

How many different global symmetries can one impose upon a given BSM model?

Due to a basis redefinition freedom, different symmetries may be related by
basis choices: for 2HDM a symmetry w.r.t. @1 <> @2 is equivalent, in a different
basis, to the usual Zj-symmetry: ¢1 — ¢1 and ¢2 — —@2

In 2HDM, only six symmetry classes exist, not related by basis choices [Ivanov 2008]

In 2HDM, three different choices for X are possible leading to usual CP2 x accidental
symmetries — what is the minimal set up (with CP4) that does not lead to those!

There exists only one 3HDM with CP4, which does not lead to accidental
symmetries [Ilvanov, Keus,Vdovin, 2012; Ivanov, Silva, 201 6]

(10 0)

T: ¢ <5 Xygt, X =100 i
\0 —i 0

J? = XX* = diag(1, -1, —=1) # 1 J =1




CP-4 3HDM potential

V=VWVW+W
Vo = —mii(6]61) — mdy(6]6n + 6fes) + M (6]o1)? + Ao |(#h62)? + (6]s)?]

+ A3(8]61) (9102 + Blos) + Ns(dho2) (9L 3)
+ M\ [(ﬂ@)(@%) + (¢I¢3)(¢:§¢1)} + )‘ZL(¢£¢3)(¢§¢2)7

with all parameters real, and
Vi = As(0301) (8h61) + As(8h63)” + Mo(h¢s) (dhd2 — Bhes) + hec.

with real A5 and complex Ag, Ag

Most general charge-preserving VEVs:

V2(¢7) = (v1, v2€72, v3e") = (v1, ucye™™, usype™®), vy >0, u = /2 + v2

¢1 — i ( \/ihi_ ) ) ¢2 — 67;72 ( ﬂh; > 9 ¢3 — 62.73 ( \/ihéi_ )

V2 \ v1 + h1 +iaq V2 \ vg + hy +ias V2 \ v3+ h3 +iasg

\/U%—I-uQEUZQZlG GeV Vg = —qg = —n



Higgs alignment limit

Traditional choice for the Higgs basis (only first doublet gets a VEV):

b4 | p1 + iGY O CB SBCy S35y 01
(I)g P3 -+ i773 (133 Sp —CRCyYy —CBSyY ¢36/‘W

\/§<¢?> (v1,0267 v3e~ 7) (03,35%67 S8S5p€ 7)

0a = (h1,ha,hs3,a1,a2,a3) ®, = (G p1,p2,p3,m2,73)
0 0 04
(I)a — LI'ab¥Pb MH — PMPT — 0 m%{m 04
04 04 My,
2 9 2 6.2
mip = Mag, M, = 2M7]

No FCNCs occur in f125 interactions with fermions

Alignment without decoupling: the remaining scalars can have any mass



CP4-symmetric Yukawa sector

o CP4 can be extended to the Yukawa sector and must be spontaneously
broken leading to particular patterns in the flavour sector

Ferreira, Ivanov, Jimenez, Pasechnik, Serodio JHEP o1 (2018) 065

i = Yo, P =0CyT =Ly = qil2drga + qrlsurd; + h.c.

CP4 invariance: (YL)Tra YIX,, = L, (YL)TAQ YUX, = A}

Explicitly: (YOIT, v =17, (YHiT,y? =135, —i(yHrsy? =r%,
(YA Y =AY, —i(YD)TAYY =A%, i(YE)TAYY = A

[0 €@0)

With an appropriate change of the basis, v — [ e=ie o 0
all matrices can be brought to the form:
\ 0 0 1)
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CP4-symmetric Yukawa textures

e Case A. ¢ =1 and €' =1,

gi11 912 913
'i= 1012911 913 | s le23=
931 931 933

e Case Bj. ¢'*L = ¢ and e'* =1,

O 0 O gi1 912 913 —0950 —921 —953
I'y = 0O 0 O , To=1g21 922923, Ls=1| 912 971 913
931 931 933 0O 0 O O 0 0

e Case By. 'L =1 and €' =1,

00 g13 911 g12 0 gr2 —Gg21 0
I''=100g13|, l2a=19219220], LI's=1]g15 911 0
00 g33 931 932 0 932 —931 0
e Case Bj. €'“L = j and e'¥d = ,,
g11 g12 O 0 0 g3 0 0 —g33
P'i=1-912911 0 |, T2a=|0 0 g], I's=]0 0 g3

0O 0 gs33 931 932 0 g3z =931 O



FCNCs

In order to reproduce correct mass/mixing patterns and correct CPV,
CP4 symmetry must be spontaneously broken

Tree-level Higgs-mediated FCNCs are unavoidable in CP4-3HDM, if not from
the SM-like Higgs in the alignment limit, but definitely from other scalars

Quark mass forms (in the real VEV basis):

V2

Relation between the gauge and Higgs bases:

(Arcg + Agsgey + Assgsy)

(Y
Mc(l) (F165 + F2856¢ —+ F3858¢) : M,S = E

V2
[1¢) + Doy + T30 = (HY Mg + HYNg, + H3Nps)

U

v v
N9 = MY cot 8 — 'y = —Mjtan 3 + (Cacy +T'ssy) ,
: \/555 \/505 v v
v
Ng3 = —=(~Tasy + Tacy).

V2

Turning to the mass basis: Physical FCNC matrices:

Dy =V MV,r = diag(ma, ms, ms) , Ngo = VI, NG Vir, etc



Reverse engineering: inversion
Zhao, lvanoyv, Pasechnik, Zhang |HEP 04 (2023) |16

Inversion
F' A ? MO MO > 11 V KM
19 () V; d U diag q> C
\ VdL7 VdR7 VuLa VuR
0 0 .
Ny, N; » Ny, Ny,

One can show that in the CP4-3HDM the procedure is invertible:

starting from physical quark parameters g, VckM and parametrising the quark
rotation matrices, we are able to calculate the FCNC matrices for physical quark
couplings in the Higgs basis

is it possible to achieve, within CP4 3HDM, sufficiently small FCNC couplings
which would satisty all the neutral meson oscillation constraints for a 1TeV
Higgs boson without relying on additional cancellation?



Viable benchmark scenarios

1 - .
;d[ﬂ; (Nd)@'dej + h.c = d; (Az‘j + ZBz’j’Y5) dj 3

S Ng+ N} . Nd—NdT.
20 20
K% — KO . ags| < 3.7 x 1074, bas| < 1.1 x 1074,
BY — BO . agy| < 9.0 x 1074, bap| < 3.4 x 1074,
BY — BO . ag| < 45 x 1074, bp| < 17 x 1074,
D% — DO . |Gye| < 5.0 x 1074, bue|] < 1.8 x 1074,

Only two benchmark scenarios pass all four meson constraints:

o Benchmark scenario (A, Bs), in which the down-quark sector is completely free from
FCNC. The only constraints arise from the D-meson oscillations and can be easily
satisfied as the magnitude of FCNCs can be parametrically suppressed.

o Benchmark scenario (Bj, By), in which both up and down-quark sectors exhibit FC-
NCs but their magnitudes are small if the quark rotation matrices are close to the
block-diagonal form.
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Numerical results: case (B1,B1)

case (B1, By), tan 8 = 1, full scan

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005

| bas | (Na3)

| Qdp |

case (B1, B1), tan 8 = 1, full scan
0.0010| —

0.0008 |

0.0006 ¢

| auc |

0.0004 |

0.0002 |
Nuz Nys

1

0000 —— — ‘
0.0000  0.0002  0.0004  0.0006  0.0008  0.0010
| bucl

case (B1, B1), tan 8 = 1, full scan

0.

0.0030
0.0025
0.0020
0.0015
0.0010

0.0005 |

0.0000 &t
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
| Bap |

D-meson oscillations place the strongest constraints in the generic scan



Summary

additional scalars offers way to resolve some of the long-standing
issues of the SM framework

multi-scalar models offer rich phenomenology at colliders,
in neutrino physics and in cosmology

flavour and high-CP symmetries enable to generate very specific
patterns in mass, mixing and FCNC hierarchies

search for suitable UV complete theories giving rise to such models
1s under way

21



