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Introduction and Motivation

The origin of fermion masses and mixings cannot be understood within the
Standard Model.
matter constituents
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The popular tribimaximal (TBM) ansatz for the leptonic mixing matrix

2 1
\/; B ’ . .9 1
Urpy = 7% % 7% , predicts (sm 912)TBM =3
T 1
V6 VB2
(SmQ 9?3)TBM = % and (SmQ 913)TBM =0.
Parameter | Am3,(107°eV2) | Am2,(10-%eV?) (sin2 012)0“) (sin2 923)cxp (sin2 013)0Xp
Best fit 7.60 2.48 0.323 0.567 0.0234
lo range 742-17.79 2.41-2.53 0.307 = 0.339 | 0.439 —0.599 | 0.0214 — 0.0254
20 range 7.26—7.99 2.35—2.59 0.292 — 0.357 | 0.413 — 0.623 | 0.0195 — 0.0274
3o range 7.11-8.11 2.30 — 2.65 0.278 — 0.375 | 0.392 — 0.643 | 0.0183 — 0.0297

Table 1: Range for experimental values of neutrino mass squared splittings and
leptonic mixing parameters taken from Forero et al, 2014 for the case of normal

hierarchy.

Parameter | Am3,(107°%eV?) | Am?,(1073eV?) (sin2912)exp (sin2923)exp (singf)lg)exp
Best fit 7.60 2.38 0.323 0.573 0.0240
lorange | T7.42-7.79 2.32-243 | 0.307-0.339 | 0.530 — 0.598 | 0.0221 — 0.0259
2 range | 7.26—7.99 2.26-248 | 0.292—0.357 | 0.432 —0.621 | 0.0202 - 0.0278
30 range | 7.11-8.11 220254 | 0.278 - 0.375 | 0.403 — 0.640 | 0.0183 — 0.0297

Table 2: Range for experimental values of neutrino mass squared splittings and
leptonic mixing parameters taken from Forero et al, 2014 for the case of inverted

hierarchy.
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The S3 group has three irreducible representations: 1, 1’ and 2. Denoting
the basis vectors for two Sz doublets as (xi, xz)T and (yl,yg)T and y’ a
non trivial S3 singlet, the S3 multiplication rules are (Ishimori, et al, Prog.
Theor. Phys. Suppl 2010)::

(n) ®<yq> = (a1 +xey2); + (x1y2 — xey1)y
2 2

X2 2
< X2}/2—X1}/1 ) (1)
x1y2 +xoy1 ),
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The Model

We consider a 2HDM with its full symmetry G broken spontaneously in
two steps:

G=SUB)coSUR2)oU(l)y®S530Z30Z5& Zia  (3)
A\

SUB)c®SU(2), @ U(L)y® Zs
J Aew

SU3) e ® U (L) g,
where the different symmetry breaking scales satisfy the following hierarchy
A > Apw, where Agyy = 246 GeV is the electroweak symmetry breaking
scale. We use the S3 discrete group since it is the smallest non-Abelian
group, having a doublet and two singlets as irreducible representations.
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g qr g Ur g dir dog dsg he bt Bt hr hr hr ViR Vor
S3 1 1 1 2 1 1 1 1 1

1 1 1 1 1 1 1
Zz 0 0 1 0 1 2 2 1 2 0 0 1 0 0 0 0
zZ, 0 0 0 0 0 0 0 0 0o 0 0 2 0 0 0 0
Ziy -3 -2 0 1 0 4 3 3 3 0 0 4 5 3 0 0

Table: Assignments of the SM fermions under the flavor symmetries.

A field ¢ transforms under the Zy symmetry with a corresponding @,

charge as: i — e W, n=0,1,2,3--- N — 1.
Field | ¢1 ¢2 | 0| Xx ¢
SUR). |2 211 1
S3 1 1 (2|1 71
Z3 0 1,00 O
zZ o ololo 1
Z1a 0 0|0|-1 O

Table: Assignments of the scalars under SU

—~

2); and the flavor symmetries.

The VEV of ¢ is aligned as (1,0) in the S3 direction.
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The relevant quark Yukawa terms are

U () = e = X, (e % >
Ly = &33q3P1U3r + €33 GaP2usr 5 T €13 quuPatisr’ys
3 473
b a iU e audi U A b (4)
D (d)— X ) X () x°
Ly = &3 q3L<P1d3RF + € q2L¢2d2Rﬁ Tt e q1L¢2d2Rﬁ
6 7
+ 8(2(1)62L‘P2d1/?% + 8(1?)61L¢2d1R% + h.c. (5)

A.E. Cércamo Herndndez (UTFSM)

Fermion and scalar phenomenology of a 2-Hig



The invariant Yukawa terms for charged leptons and neutrinos are

_ 3 _ 3 B 5
Ly = 8(3,3) /3L¢1/3R% + 8(2I3)/2L¢1I3R% + 8(2,2)/2L¢1/2R%
_ 5 _ 7
+ eélz) /3L4)1/2R% + €(1l1)/1L(P2/1RXA—§ + h.c. (6)
3 3

Ly = 8(1]/1)71L$2V1R% + €(1]/2)71L$2V2R%
+ 8(21/1)72L$11/1R + 8(21/2)72L$1V2R+€(3V1)73L$1V1R + 8(31/2)73L$1V2R
+  MiV1RViR + MaVagV3g + MioVirvzg + h.c. (7)
Note that the breaking of the Z3 symmetry at the EW scale generates the

masses for the electron, down and strange quarks as well as a non trivial
quark mixing.
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The roles of the discrete symmetries are:

@ 53: Reduces the number of parameters in the Yukawa sector of this
2HDM making it more predictive.

o Z3: Completely decouples the bottom quark from the remaining down
and strange quarks.

o Z} and Zi4: Shapes the charged fermion mass and quark mixing
hierarchy.
The Z14 symmetry is the smallest cyclic symmetry that allows jg—; in the
Yukawa terms responsible for the down quark and electron masses. The Z}

helps to explain the smallness of the up quark and electron masses.

Since the charged fermion mass and quark mixing pattern arises from the
Z} ® Z14 symmetry breaking, we set

ve ~ v~ vy = AA. (8)

where A = 0.225.
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Quark masses and mixing.

The mass matrices for up and down-type quarks are:

v 1 /\8 0 =5 )L3 €1 )t7 f1 /\6 0
MU = 0 bl/\4 32)\2 , MD = ez)\6 f2)\5 0 ,
\/E 0 0 a3 \/§ 0 0 g1/\3

(9)
Setting ex & f, and fitting |a1|, a2, as, b1, c1, e1, fi, f, g1 and arg(ay),
we get:

a3 ~ 1, ar» ~ 0.81, a; >~ —0.3ei‘5,
° me my
= o~ ~14 ~ ~1.72
0 67 , b1 /\4mt 3, C1 /\Smt 7,
e; ~ 0.84, fi ~ 0.4, f> ~ 0.57, g1~ 1.42. (10)
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Observable | Model value | Experimental value
my(MeV) 1.47 1.45702°
m.(MeV) 641 635 £ 86
m;(GeV) 172.2 172.1+£0.6+0.9
mg(MeV) | 3.00 2,907

ms(MeV) 59.2 57.77123
mp(GeV) 2.82 2.82700%

Table: Model and experimental values of the quark masses.

Observable | Model value | Experimental value
sin 012 0.2257 0.2254
sin O3 0.0412 0.0413
sin 013 0.00352 0.00350
) 68° 68°

Table: Model and experimental values of CKM parameters.
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Lepton masses and mixing.

The charged lepton mass matrix is:
xA® 0 0

M/ = —= 0 yl)\s 21A3 . (]_1)
\/§ 0 y2A5 22/\3

The neutrino mass matrix is

M, — ( (03><3 mp ) (12)

MP)T Mg
where:
R AN
MP=| % Y | =| B E MR:<1M1 2M12>
2 2 ’ 1
(v) v (v) C D 2M12 Mo

v Vs
12 3
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Since (MRg); >> v, type | seesaw mechanism generates the light active
neutrino mass matrix:

w2 xWX WY
M = xWX X2 «xXY |, k=cosqp. (14)
wy kXY Y?

We further simplify the analysis by considering
X1 =Yr = 71, (15)
Fitting x1, y1, 22, K, W, X and Y, we get:

Kk =~ 045 W ~0.13eVz, X ~0.1leVz, Y ~0.18eVz,

x1 ~ 042, y; ~1.39, 2 ~0.77, for NH (16)

Kk =~ 403x10°3 W ~0.18eVz, X ~022V2, Y ~0.13eV?,

x1 ~ 042, y; ~1.38, 2z ~0.78, for IH (17)
m; = 0, my ~ 9meV, m3 =~ 50meV, for NH (18)
m1 ~ 49meV, my ~ 50meV, m3 = 0, for IH (19)
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Observable Model value | Experimental value
me(MeV) 0.487 0.487
m;,(MeV) 102.8 102.8 +0.0003
m(GeV) 1.75 1.75 £ 0.0003
Am3,(10~%eV?) (NH) | 7.60 7.6070 1
Am3,(1073eV?) (NH) | 248 248705
sin® 012 (NH) 0.323 0.323+0.016
-2 +0.032
sin“ 623 (NH) 0.567 0.567" 515
sin® 013 (NH) 0.0234 0.0234 £ 0.0020
Am3,(10~%eV?) (IH) 7.60 7.6070 13
Am?,(1073eV?) (IH) | 2.48 2.48755
sin” 012 (IH) 0.323 0.3234+0.016
sin” 03 (IH) 0.573 0.57375023
sin” 013 (IH) 0.0240 0.0240 +0.0019

Table: Model and experimental values of the charged lepton masses, neutrino
mass squared splittings and leptonic mixing parameters for thenormal (NH) and
inverted (IH) mass hierarchies.
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Furthermore, it is well known that the amplitude for neutrinoless double
beta decay is proportional to the combination

Mee = Y _ U3cmy, (20)
k
We predict the following effective neutrino mass for both hierarchies:

4 meV for NH
mﬂ[.; = { (21)

50 meV for IH

Therefore our predicted effective Majorana neutrino mass is consistent
with its current experimental bound |me.| < 0.3 eV.
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Implications of flavour changing neutral Higgs couplings

The up-type Yukawa couplings Yut o+, however, allow for the tree-level
decays t — hq (g = u, ¢), whose branching ratios are currently limited by
ATLAS (2014) to Br(t — ch) < 0.79% @ 95% C.L. and by CMS to

Br(t — ch) < 0.56% @ 95% C.L (observed limit) and

Br(t — ch) < 0.65 075% (expected limit). We consider only the stronger
CMS constraint which implies

Y |Yut|2 + |th|2 <0.14.

That bound translates to

’5’<34o
cpSp

cpSp
The t — ch channel is particularly interesting since its branching ratio
Br(t — hc)sm =~ 1071° is extremely suppressed in the SM, but can be
potentially large in our model allowing it to be probed at future collider
experiments. Our model predictions can reach branching ratios of
(0(0.01%) in some regions of the &« — B parameter space.

<3.40.
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Figure: Br(t — hc) as a function of a for B = 71/10 (blue, solid), B = 7t/6 (red,
dashed) and § = 71/3 (yellow, dotted).

The charged leptons are also free of FCNCs due to the lack of off-diagonal
Yukawa couplings. Consequently, the recently reported anomaly in
h — ut decays cannot be explained in our present model.

09/09 20 / 34
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Constraints from

Ay
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Figure: One-loop Feynman diagrams in the Unitary Gauge contributing to the
h — 7 decay.
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Ryy

Figure: The constraints on the model imposed by keeping Ry inside the
experimentally allowed 1o range determined by CMS and ATLAS to be 1.141’8:%2
and 1.17 £ 0.27, respectively. Here my+ = 500 GeV, 12 + x12 = 1. The blue,
red and green curves correspond B set to 0, ¢ and 7, respectively, and the
horizontal lines are the minimum and maximum values of the ratio Ry,. The
Figure of the right panel shows the allowed region in the a-f plane consistent
with the Higgs diphoton decay rate constraint at the LHC, superimposed with the
constraint Br(t — gh) < 0.79% at 95%CL.

As the mixing angle B is increased, the range of a consistent with LHC
observations of h — 7y moves away from 7t/2.
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The T and S parameters are defined as:

_ TIs3(0) — 31 (0) B 4sin? 0y g dlls (g?)
M2 dem (mz) " dem(mz) g dg?
We can write T = Tgyy + AT and S = Sgpy + AS, where

3 m? 1 m?
Tsm = — | P), Ssy=——In{— 23
M 1677 cos2 Oy (m‘z/v> M= 1on " <m‘2/v> (23)

T .S (22)

q*=0

[AVAVAVAVAVAVAVAV) MWV NNNNNNNL JAAVAVAVAVAVAVA
W B ws B
Pt
o
[AVAVAVAVAVAVAVAV] MWV NNNNNNNG JAVAVAVAVAVAVAVA
W B W B
H° A

Figure: One-loop Feynman diagrams contributing to the S parameter.
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(a) (b)

Figure: The AS — AT plane, where the ellipses contain the experimentally
allowed region at 95% confidence level. We set « — B = %. Figures (a) and (b)
correspond to muo = myo = 500 GeV and myo = my+ = 500 GeV, respectively.
Here 550 GeV < mpy+ < 580 GeV (Fig. (a), 375 GeV < myo < 495 GeV (Fig.
1(b). The nearly vertical lines going up towards the ellipses correspond to AT and

AS parameters in our model as masses are varied in the aforementioned ranges.
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The 750 GeV diphoton resonance in the 2HDM with Ss.

To explain the LHC diphoton excess at 750 GeV, we add to the fermion
sector four SU(2), singlet exotic quark fields with electric charge %
grouped into two S3 doublets, as follows T, = (T, Tor),

Tr = (T1r, T2r). These exotic quarks fields are neutral under the

Z3 ® Z} discrete symmetry but charged under the Zj4 symmetry as:

T, e 77T, Tr— Tr (24)

The diphoton excess is attributed to the Z;4 charged scalar x, having the
following Yukawa interaction with the exotic quarks:

yr TLTRX (25)
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a(pp-x-yy)Ifb]

Figure: Total cross section o(pp — x — 77) as a function of v, for and different
values of the exotic quark Yukawa couplings 1.5, 1 and 0.5 (in the curves from
top to bottom, respectively), assuming /s = 13 TeV and as(m, /2) ~ 0.1. The
horizontal lines denote the experimentally allowed limits of the diphoton signal
given by ATLAS and CMS, which amount to 10 &£ 3fb and 6 & 3 fb, respectively.
The limits require vy < 1.8 TeV if natural order one exotic quark Yukawa
couplings are assumed.
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Conclusions

@ Fermion masses and mixings are successfully accounted for.

@ Light neutrino masses arise from type | seesaw mechanism with two
heavy Majorana neutrinos.

@ The observed charged fermion mass and quark mixing hierarchy arises
from the Z§ ® Z14 symmetry breaking at a very high energy.

@ The model has 17 effective free parameters in the Yukawa sector.

@ The additional scalars mediate flavor changing neutral current
processes that only in the up-type quark sector.

@ The h — 77y rate in our model can be distinguished from the SM
prediction and places constraints on the mixing angles a and .

@ The model is compatible with the T and S parameter constraints.

@ We predict an effective Majorana neutrino mass mgg equal to 4 meV
and 48 meV for NH and IH neutrino spectrum, respectively.

@ The 750 GeV diphoton excess constraints the exotic quark masses to
be in the range [1,1.8] TeV, for O(1) exotic quark Yukawa couplings.

A.E. Cércamo Herndndez (UTFSM)  Fermion and scalar phenomenology of a 2-Hig 09/09 28 / 34



Acknowledgements

Thank you very much to all of you for the attention. J

A.E. Cércamo Herndndez (UTFSM)  Fermion and scalar phenomenology of a 2-Hig 09/09 29 / 34



Extra Slides )

Cércamo Herndandez (UTFSM)  Fermion and scalar phenomenology of a 2-Hig



The Higgs doublets ¢; (j = 1,2) acquire VEVs that break SU(2),

0 .
(Pj:(vj-), i=12 (26)
V2
We decompose the Higgs fields around this minimum as
+ 1 ;
_ ?, _ 73 (w+iT) 57
b1 <\%(V/+P/+i17/)) (k(vﬂ—pl%—im) ' (27)
where
(o) = (1) = (wi) = (1) =0, I=12(28)

From an analysis of the scalar potential, we obtain the following VEVs for
the SM singlet scalars:

(€) = v (1,0), x) = vr, (¢) = v, (29)
i.e., the VEV of ¢ is aligned as (1,0) in the S3 direction.
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The renormalizable low energy scalar potential is

2 2
vV o= —;y%<¢?¢;)+;m<¢?¢o2

+ 712(@1 1) (P32) + 12 (P12 (P5p1)
Ko | (9192) + (93er) | (30)

The scalar mass eigenstates are:
h _ sine —cosa
HO - —cosa  —sina
0 _ cosp  sinp 1
AQ N sin —cosp 2 )’

(5) - (5 2 (%) =

Vi
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Ybd Ybs Ybb 0 o e
H H H — MdSy 0 0
J y%/ ydﬁ yc;_/”; vsg g
YH = yﬁ_‘i _ysl_sl yﬁ_’,’ = \/5 0 —7‘/5/3 0 ,
Ybd  Ybs Ybb 0 0 -5
mysy meyovo (g s
yh, yvhooyh e 0 VeV (Gt g
Yy = yczu y% yé;t ~V2| o mes Ve (S 43 |
Yiu Yie Vit 0 0 me \/2 Sq
v tbh C,B
_ cumy mevo Vo (S G
v vtl v ve 0 v Vb Yub 5y T g \
Y = yc’:ul y% ycg ~V2| 0 A MV, (g
m 2 Cy
Ytu Yie Y 0 0 _Tt\/tbc75 )
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In the charged lepton sector we obtain

7

Yf{ - \6 Y ‘ge
yh,

vi

Y, =2 ylffe
H

v

h
Yy
h
Yup
h
.yT‘Ll
H
Ve

H
Yuu

H
Y’r‘u

v
Ve
Vi
va
Yiir
v

=2

=2

_ CaMe
Vsﬁ

_ Mmesy
Vsﬁ

0 0
my s,
w0 | e
VZ‘IBD(
0 0
_camy
VCﬁ COm
0 - '\X/CIB.r
(34)

The charged leptons are also free of FCNCs due to the lack of off-diagonal
Yukawa couplings. Consequently, the recently reported anomaly in
h — ut decays cannot be explained in our present model.
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