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@ Introduction
© A toy model: Generating m;, # 0 at one loop level with my = mg = 0.

© Combining radiative mechanisms with spontaneously broken
symmetries.

@ The Carcamo Hernandez-Kovalenko-Schmidt (CKS) mechanism
© Sequentially loop suppressed fermion masses at renormalizable level

. i . o _i
@ The simplified 3-3-1 model with g = 7

@ The first 3-3-1 model with sequential loop suppression mechanism

@ An extended IDM with sequentially loop-generated fermion mass
hierarchies.

© A minimal 3-3-1 model with radiative mechanisms

@ Conclusions
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Introduction

The origin of fermion masses and mixings is not explained by the SM.
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Inverse seesaw

755717255 = % ( VLC NR §R ) Mv N;g
Sk
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M, = =3 (M + M) + 3y
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One loop Ma radiative seesaw model

17 and N are odd under a preserved Z

LN, % (HY-5) + h.c
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One loop radiative seesaw with non renormalizable Dirac Yukawa terms,

N. Bernal, A. E. Cdrcamo Hernandez, Ivo de Medeiros Varzielas and
S. Kovalenko, JHEP 1805, 053 (2018)
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One loop radiative seesaw with non renormalizable interactions of the heavy
vectors with Majorana neutrinos and scalar singlets, A. E. Carcamo Hernandez,
J. Vignatti and A. Zerwekh, J. Phys. G 46, no. 11, 115007 (2019)
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One loop radiative inverse seesaw with non renormalizable scalar interactions, A.
E. Carcamo Hernandez, S. Kovalenko, J. W. F. Valle and C. A. Vaquera-Araujo,
arxiv:hep-ph/1705.06320, JHEP 1902, 065 (2019)
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Some ways of describing the SM charged fermion mass hierarchy are:
@ Spontaneously broken abelian symmetries.
@ Universal Seesaw mechanism.

© Localization of the profiles of the fermionic zero modes in
extradimensions

@ Radiative corrections, for example the sequential loop suppression.

© Combining spontaneous breaking of discrete symmetries with
radiative seesaw processes

@ Combining Universal Seesaw with spontaneous breaking of discrete
symmetries.

Antonio Enrique Carcamo Hernandez (UTFSModels of fermion masses and fermion hierarc 01/16 12 /69



The Froggatt-Nielsen mechanism has the following features:

@ Introduce new gauge singlet scalar, i.e., ¢ called the flavon, and a
global U(1)gy symmetry.

@ The U(1)gy charges of the SM fermions (excepting for the top
Yukawa term), the Higgs and Flavon fields are such that
renormalizable Yukawa terms are forbidden.

@ The U(1)gy charge assignments of fermionic and scalar fields
generate the following Effective operator:

_ o\ Nij Vo \ Mij —
a,-jf,-LHij-R <X> ’ — ajj (f) ’ f,‘LH/';'R (1)

@ The Yukawa hierarchy arises from the U(1)gy charge assignment:

1
nj = —— (CFf,L + qrp + qH) (2)
de
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The S5 discrete group

The 53 is the smallest non-abelian group having a doublet and two singlet
irreducible representations. The S3 group has three irreducible
representations: 1, 1’ and 2. Denoting the basis vectors for two S3

doublets as (xl,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):

X1 n
R = (x1y1 + x + (X1y2 — X /
< o )2 < o >2 ( 11 2)/2)1 ( 1Y2 2)’1)1
X2Y2 — X111
) 3
( X1y2 + Xoy1 )2 (3)

(2) o= 32). o= @
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A toy model: Generating m, % 0 at one loop level with

my = mg = 0.

To get massless d, s and b quarks at tree level, we forbidd the operators
qipdir, hj=123, ()
To this end, we consider the following S3 assignments:
qir ~ 1, dig ~ 1, $p~1 (6)
We assume S3 softly broken and we add gauge singlet scalars 7,

(k =1,2) and vector like down type quarks By (k = 1,2) grouped in S3
doblets as follows:

n=(n1.12)~2, Bir~2 (7)
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Thus, we are left with the operators:

Yi_ - ..
Kq,'L(P (Br1)q x; (Bun)y dir, hj=123, (8)
which imply:
~ YN v pi3
(Mp); ~ 1672)° 2207 A 112, (9)

where 15 is a soft breaking mass parameter in p2,51772. Thus my # 0 at
one loop level and myg = ms = 0.

Re (771 2), Im (n2,1)

P PN Jin
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Combining radiative mechanisms with spontaneously

broken symmetries.
The S3 symmetry is softly broken whereas the Zg discrete group is broken.
o~ (L), = (n72) (2,5%) Cox~ (=),
vy = AA, A = 0.225. (10)
_ mi(3—j / 7i(3—k)
qiL ~ (l,e 2 ), uerv(l,e 2 ), U3RN(1,1),
1116w>, i~ <1e 3—1)), JRN(I . g—/>>,

(re”

s () )
(
(

2,e’%> , ( T) j=1273,
). ()
ViR~ (1’,&"7’), k=1,2. (11)

| use the S3 discrete group since it is the smallest-non-Abelian group:

/ 69
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j=1s=1 s=1
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Carcamo Herndndez-Kovalenko-Schmidt (CKS) mechanism

In the CKS mechanism the SM fermion mass hierarchy is explained by a
sequential loop suppression, so that the masses are generated according to:

t-quark — tree-level mass from ﬁngEu&q, (12)

b,c, T,y — I-loop mass; tree-level (13)
suppressed by a symmetry.

s,u,d, e — 2-loop mass; tree-level & 1-loop (14)
suppressed by a symmetry.

Vi — 4-loop mass; tree-level & lower loops (15)

suppressed by a symmetry.
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The S3 X Z, particle assignments of the model are:

¢ o 7
S3 1 2 1
Z 1 1 -1

gL wRr Wwr g dig dbr dr i hr hr hr
S5 1 1’ 1’/ 1 1’/ 1/ 1’/ 1 1’/ 1/ 1
Z 1 -1 1 1 -1 -1 1 1 -1 1 1

VsRr TL TR T[_ 7~—R BL BR EIES) é}(?s) EL(S) EI(?S> E/_ ER
S 1V 2 2 2 2 2 2 2 2 2 2 2 2
Z -1 1 1 1 -1 1 1 1 -1 1 1 1 -1

@ is the SM Higgs doublet.
The scalar fields o and # and all exotic fermions are SU(2) singlets.
The S3 X Z5 discrete group is assumed to be softly broken.
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The mass matrices My p of up and down quarks, M, ,, of charged leptons
and light active neutrinos

u u u d d d
GE ). L (D99
My = €y Epn Ky V2 Mp =1 &, & &5y /5
Hu)  (u)  (u) ~d) (d) _(d)
€13 €3 Ks3 €31 €30 €33
/ / / v v v
A BB % v
M, = € €p &3 | 5 M= & ey e '
g ) V2 W0 | V2A
€31 €32 €33 €13 €3 €33
their entries are generated at different loop-levels:
KJ%J) —  tree-level (16)
55.;'), sj(-g), 55.12), 81(-9 —  1-loop-level (17)
Eﬁ;),éﬁf),éﬁg),éﬁ) —  2-loop-level (18)
el = 4loop-level, (19)

where j, k=1,2,3.
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yE f vV H12

b 167r2 N (20)
.ys V12
e ey

Assuming y; 2fi ~ y2f ~ 1 and pu1p ~ M, we find a rough estimate
A ~ 10v ~ 2.5TeV (22)

for the correct order of magnitude of m;, and ms;.
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Sequentially loop suppressed fermion masses at
renormalizable level

[a(l)ﬁm(*l) \IllL(l)e?a(_l) fa(l)@m(*l) Wy(1) I @33(1) Wsp(1) ef(—1)
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A(;},). ———— ? ~~~~ .(Iz‘r;(il)
l'/ 6( 1)? \\ H\ Ng N—]% g
la() Wap(—1) Wor(l) Wap(i) War(l) Ngs(i) L/‘: : ’\F
2

1 W) yy3 /M 23
mp ~ 16772 KV loop(mS R)v ( )
my = mEM=tmp, (24)
1 * (v)y2 Y6 V2 | /M 2 25
my ~ 1672 (x'*) I\/TR [/OOP(mS R)]". (25)
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The simplified 3-3-1 model with f = ——=

V3

We consider a SU(3)¢ ® SU(3), ® U(1)x model with
(Singer-Valle-Schechter, 1980):

1
Q=Ts+pTs+ X, - 26
3+ pBTs B 3 (26)
331 Models (SU(3)¢ ® SU(3); ® U(1)x Models) are important because:

@ Can explain the origin of fermion generations (Frampton, 1992;
Pisano-Pleitez, 1992).

These models can have DM candidates (J.K. Mizukoshi, et al, 2011).

Can explain the large mass splitting between the heaviest quark family
and the two lighter ones (Frampton, 1995).

Allow the quantization of electric charge (Pires-Ravinez, 1998;
Dong-Long, 2005).

Have several sources of CP violation (J.K. Mizukoshi, et al, 1998).

©0 © 00

Can explain why the Weinberg mixing angle satisfies sin? 0y, < %.
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Pure SU(3), anomaly cancels only if number of fermion triplets equals the
number of antitriplets. Possible only with 3 generations!.

Quarks and leptons are unified in the following (SU(3)¢, SU(3)., U(1)x)
left- and right-handed representations:

D1,2 U3
Q2= | -ut?] :(3,3%0), Qi=|D*| :(331/3), (27)
J1'2 . T L
DE**:(3,1,-1/3), Up®3:(3,1,2/3), (28)
Jg?:(3,1,-1/3), Tr:(3,1,2/3).
1/1,2,3
[}23 = eb23 :(1,3,-1/3), (29)
(U1’2’3)C .
er:(1,1,—-1), ur:(1,1,-1), Tr:(1,1,-1), (30)
N% @ (1,1,0), N2 :(1,1,0), N3 :(1,1,0).

6 SU(3), triplets and 6 SU(3), antitriplets — Gauge anomalies_cancel
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Scalars are grouped in the following [SU(3), U(1)x] representations:

A9
X = Xo :(3,-1/3),
T3y TSy £ ily)
+
P01
p= \%(UpﬂL‘:pi"gp) :(3,2/3),
+
P3
\%(Un +3 £ "gr])
n= Ny : (3, —1/3). (31)
0
3

The physical scalars are: 4 massive charged Higgs (Hi, Hzi) one CP-odd
Higgs (A9), 3 neutral CP-even Higgs (h°, H?, HY) and 2 neutral Higgs
(Hg,ﬁg) bosons.
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The gauge symmetry in the 3-3-1 model is spontaneously broken in two
steps as follows:

G=SUB)c®SU@3), ®U 1)y
SUB)c®SU2), @ U(1)y “5SUB)ca U(l)g, (32)

where the hierarchy v,7, Vo << vy among the symmetry breaking scales is
fullfilled. Here v + v =2, v =246 GeV.
The quark Yukawa terms are:

QL <77h7]11 +Xh)(1 > TR + QLphplm JR
QLP* onj j?_‘_ QL (7 nnj X h\ry) DJR

//nm X h\nm) Jrn + hC’ (33)

+ o+ o+

Qp* hpnl T+ Q) (1

where n=2,3and i,j =1,2,3.
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Antonio Enrique Circamo Herndndez

The lepton Yukawa terms are:
/ 1 . NP,
_[’(Y) = plj LLpejR +5 2 (h ) 'SabCLILa <LJC> (P )C

+ b LN + BT xNg + muNeN§ +he  (34)

where n =2,3 and /,j = 1,2, 3. The neutrino mass terms are:

VL
1/, — _
_Egv/gss = 5 ( VLC Vg Ng ) M, V,g + H.c, (35)
2 C
NR
where the neutrino mass matrix is:
O3x3 My M
M, = M 03x3 Ms
MzT M?)T mpy
033 e (h* - h*> by
T
t_ Y . 36
- (hp +h;) 033 b (36)
\—éh// %hx mpy

(UTFSModels of fermion masses and fermion hierarc
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A 3-3-1 model with sequential loop suppression mechanism

v (Ls)
ZSU3)e x U (1), x Zy x Z4'), (37)
x e | o) | o3|l [ ¢ ¢35 |94 | 1
L| 2 ]-2[-2]0o]o|o0|-—2|-2]-2]-2 Cr. A
AR KLiLLJLQ?’LdkR
Z | 1|11 |1 |11 ]1|-1]-1]1

Forbidden thanks to U(1),,.

Qi | Q| Q| Ur | Ur | Use | T | Dig | Dor | Dsr | Jir | v | T | Tair | T | Tor | BL | Br
| 2220 0] 0|2 0]0oa]o|2]2]0]0]o]o]o]o
Zy | -1 | -1 1 1 —i 1 1 1 1 1 -1] -1 i i -1] -1
Z> 1 1 1 1 1 -1 ] -1 1 1 1 —-11| -1 1 1 1 1 1 1

Ly | Lo | L3 |er | er | e3r | Eir | Eor | B3t | Eir | Eor | Esr | Nir | Mor | N3r | ¥R
Lg| 3| 3|11 |1 | 1|1 |11 |1 |1 |-1]-1|-1]|1
Zy i i i —i | =i | =i 1 i i —i | —i —i i i i 1
Z | —1 1 1 —1 1 1 —1 1 1 —1 1 1 —1 —1 -1 | -1

31/69
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8(37) = agf) ! 5{7) = bﬁ}j) 2, n=1.2, j=1,23,

where | &~ (1/47)% &~ 2.0 x A*, A = 0.225 is the Wolfenstein parameter.

aY ~ Y ~05 bY 025 bY ~07, (39)
a9~ —16, a9~ —22 a?~1s

b9~ —123-07i, b ~_-76-1.0i b ~116+07i
b ~ —143407i, bY ~ 56410/, b ~148-07i
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M, = el 2 (40)
iR
0 &3 é33
1/ — Vi __
—ﬁgxgss = 5 ( VLC 7R Ng ) M, 1/,% +W‘F,C?(:0"PR + h.c,
Ng

My 03x3 Ms 0 a1 a3
M, = O03x3 M My |, My =1 a2 ax»n ax

My My M ai3 a3 ass

0 b b3 €11 €12 €13 y
My, = b1 by b3 |, Ms = | € €2 €23 %

b1z bo3 b33 €31 €32 €33

e & &) Mir Mia Mz
My = di d» ds \% M= | Mp My My

dy ds dp M13 M23 M33
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5 (T¥R) (e4L) 98 (a1)

For my < mg, Yk is a DM candidate.

1 a b
Peabc (q*) ()(*) q)(l)L;ekR for k=23 (42)
0 + A 0 + A 0 + o m?,,o V?%
I'(¢” = Zejey3) ~T(9" —= {ye €33) ~T(9" — hef ey3) ~ AR
_ Vy Vp \ 2
F((po — e1+e2,3) ~ Myo (%) . (43)

Requiring that the DM candidate q)o lifetime be greater than the universe
lifetime T, ~ 13.8 Gyr, taking into account the limit v, 2 90 TeV and
assuming mgo ~ 1 TeV, we estimate the cutoff scale of our model

A > 3x10%GeV (44)
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An extended IDM with sequentially loop-generated fermion

mass hierarchies.

G = SUB)cxSU@2), xU(1)yxU(1)yx 22(1) X Z2(2)
s SU3) e x SU(2), x U (1) x 28
%SUB) e x U (1), x 21, (45)
Field | ¢1 | ¢o | 00 | 02 |03 | p1 | P2 | p3 | 1 | @F | @5 | @5 | 93 | 98
SUsc || 1] 1 1|1 111 ]1 1
SUy || 2] 2 1 1111 1
Uiy || 3| 3 0 0| 1|1 |1]1]1
Ux || 1] 2 |—1]-1]=2]0 1]s]2]3]2]3
FZ S T T I W T IS O [ T [ ) (S T O T [
pZ oI I T T T I O e T I T T R AT

Table: Scalars assignments under the SUz. x SUy; x Uy X Upx X Z2(1) X 22(2)
symmetry.
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Field || que | gt | gs0 | wir | o | sk | dir | dor | dsr | T | To | T | Tr | Bie | Bir | Bat | Bor | B | Bsr | Bar | Bar
SUsc || 3 3 3 3 3 3 3 3 3 3|3 3 3 3 3 3 3 3 3
SUy || 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T R R
Uix 0 0 1 2 2 2 1] -1] -1 1 2 1 1 0 -1 0 - — -2 | = -
Z9T a1l [l |1]1]1]1
Z(Z) -1|-1|-1|-1]|-1|-1|-1|-1]-1]1 1 |-1|-1 1 1 1 1 1 1 -1 -1

Table: Quark assignments under the SUs x SUp; x Ugy x Usx x Zi x Z{?
symmetry.

Field || iy | he | B | hr | hr | br | E1 | Eir | Ear | BEor | B3t | Esr | vir | V2r | V3R | QiR | (or | ¥R
SUse | 11t [ [ af1 a1 r |11 ]1|1]1]1
Syl 222111 r 1|11 ]1|1]1]1
Uy || -3 -3|-3|-1|-1|-1|-1|-1|-1|—-1|-1|-1] 0| 0| 0] O 0|0
Uix | o[ -3l 0| -3|-6]-3|-3]-—2]|-6|-5[-3|-=2]2|-1]2|-1]1]o0
S T I T T N ey i I T AT N T (R R
720N S R R e T T T T R R A T T AT R

Table: Lepton assignments under the SUz. x SUp; X Uiy X Uix X Zz(l) X 22(2)
symmetry.
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Br(B—Kutu™)

at 1o and 20 yields the constraints:
Mz Mz
14 TeV < —£ <20 TeV at 1o, 13TeV < —= < 26 TeV at 20,
8x 8x
The ete™ — utu~ measurement at LEP imposes the following limit :

M
25 12 TeV. (46)
8X
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7

Here Hy and Ak (k = 1,2) are the physical CP even and CP odd states
built from p and ¢9.
We have fixed tanf = X, My = 1.5 TeV and gx = 0.1, in consistency

V
with the 2.60 Rx anomaly. Considering that the muon anomalous

magnetic moment is constrained to be in the range:

(Aay) oy, = (26.1£8) x 10777, (47)

01/16  45/69
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Figure: The total Z’ production cross section via the DY mechanism at the LHC
for v/S =13 TeV and gx = 0.1 as a function of the Z’ mass.
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Figure: The total Z’ production cross section via the DY mechanism at a future
pp collider for v/S = 100 TeV and gx = 0.1 as a function of the Z’ mass.
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2 >> 2 with v = 246 GeV, one has the estimate:

For My,

,),2

—_—, 48
1287tmg, (48)

<0ov >~

which results in a DM relic abundance

Qpuh* _ 0lpp (1 2<m¢DM >2 (49)
012  012<ov> \7/ \11TeV/) '

In the scenario with a fermionic DM candidate, when
2 R<<m$R ~ m2 ~ m?2, one has:

me, o 1
Iy mMa

<oV >~ . 50

Y77 16mmp (50)

Then, the DM relic abundance is

Qpuh? 1pb 1\* /400GeV\? 4
oull’ _ DI () () () (e
0.12 0.12<ov > Yo ma
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A minimal 3-3-1 model with radiative mechanisms.

g = SU(3)C X 5U(3>L X U(l)x X U(]-)Lg X 24%
SUB)ec x SU(2). x U(1)y x Zz(Lg) % 7o

SUB)c x U(L)g x Zi*) x 2. (52)
The SU(3), scalar triplets of this model are represented as:
4
X = 1 X2 ) , (53)
—2(VX +CyEily)
L Lo
¢ = \ﬁ@zpi’ap) . p= \ﬁ(vp+6pi’€p) .
93 P3

whereas the SU(3), fermionic triplets and antitriplets take the form:

Q].L = (U]_, d]_,J]_, )Z—l QnL = (dn: _Unv Jn)z—,
Ly = (i lhvf)], n=23 i=123 (54)
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xleplololelaoln|S[&|G
SUB)c[ 1T [1 |11 [1[1]1]1]1]1
suU@., | 33|31 |1|1]1]1]1]1
ULx |—3] 31 35]0]o]Jo]o]o0[+1]+1
Uy, | 3 [-3]1-5]/0]2]Jo]2]4]o0]0
Z4 1 [ 1 [ i [-1]-1][—i|—=i|-1]-1]-i

Table: Scalar assignments under SU(3)c x SU(3). x xU(1)x x U(1)1, X Z.

Qu | Q| Qs | uir | dir | hr | Lr | SR | Tk | Tkr | Tor | Tor | Bu | Big | Bor | Bog | L | lir | Eu | Eir | Nig | Qnr
SUB)c | 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1
SUB3)L 3 3 3 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 1 1 1 1
00 [ 3 0 o T3 A3 [ 3 [ 3 [ 3 [ 3 [ A I[ [T [h[ a1 o ]
U, | -3 2] 3JojJo|-2l2]2]ofJojojofojo]ojo |3 |[1]1]1]-1]-1
Ze | 1| 1] 1 | 1|t |1 a|t |t | S| =i iy i =i

Table: Fermion assignments under SU(3)¢ x SU(3). x U(1)x x U(1)1, X Zs.
Here n=1,2, k=1,3and i =1,2,3.

%L,-CL[J'LQMdkR is forbidden thanks to U(1), and Zj.
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Figure: Allowed parameter space for Ms-Mg, (top panel) and Ms-Mg, (bottom
panel) planes with different values of the muon and electron anomalous magnetic
moments.

Antonio Enrique Carcamo Herndndez

DA

UTF<SModels of fermion masses and fermion hierarc



Conclusions

@ The SM fermion mass hierarchy can be generated by the loops.

Implementing the sequential loop suppression mechanism requires to
consider vector like exotic fermions and extended scalar sectors.

Extra symmetries have to be imposed to implement such mechanism.
Such models have DM particle candidates.

The mass scale of the non-SM particles are of the order of 1 TeV.

Fermion masses and mixings, DM, (g — 2)3,;, anomalies, lepton and
baryon asymmetry can be accounted for.
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Combining radiative mechanisms with spontaneously broken symmetries.
The S3 symmetry is softly broken whereas the Zg discrete group is broken.

o~ (). = ()~ (2e7F), x~ (L),

vy = AA, A = 0.225. (55)
i(3—) ,  mi(B=k)
qiL ~ l,e 2 ) , UkRr ~ (1 ,e 2 ) , U3RN(1,1),
dJR ~ 1/’ e'fl(i*])) ’ JLN (1 - 2*])) , JR - (1 e lZ*J)) ,
0

VkrR ~~

| use the S3 discrete group since it is the smallest non-Abelian group.
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3 2 3—j
) _ (u) 7(r) X
= Ry (), he
2 2 3—k
+ ZZ r(s) (TS_)T]> /USR%
r=1s=1
3 X3 - e (r)
+ J;y’j?’ qJL¢U3RA3 = +Z <TL T >1/\/+h.C
3 * * 3—j 2
_ o~ ' X _
—ﬁg) = Z yj(sv) liLpvsr U (’7’?\23]1_1 + Z YsVsrVRX + h.c.
j=1s=1 s=1

Re (m), I (ny)
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The charged fermion mass matrices are:

e e o

My = | 922 Wa o N (57)
SN Y
g

Mp, = edla3 gldhp2 (a0 ) \%
G B B

where the dimensionless parameters EJ(-;:) (J,k=1,2,3) with f = u,d, ]I,
are generated at one loop level. The invariance of charged exotic fermion
Yukawa interactions under the cyclic symmetry requires to consider the Zg

instead of the Z; discrete symmetry.
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*Lffe = hg)azLXTR+h7(,u)6:sL”]U3R

2 2 — 2 2
T) 5 g v & v =
+3°3 WS B Tt + > }Irfp(‘yz]szuLW?UQR +> h;‘z,;,T”ngUm

n=1m=1 n=1 n=1
+ Z Z R QX I + WP Qy pBr + Zh D BreDin (1)
n=1m=1 j=1

2 2 .
= 7 o= ~ _
+ Z Z}Lf/)[))n Tnrof Djr + Z Z h(g,)“nTnLS@ngR +mpBrBr + h.c,
n=1m=1

0]

o= S TipEir + ' (J>E1L4P2E1R + }:(L)ElLﬁz‘ 1r+ z Z Do Tnsp B

n=2m=2

O Tpern + 30 S W Turpemn + 303 R Bt B

n=2m=2 n=2m=2

+ Z z }’YO“,”,,EnL‘PlenR + z Z /7,(7,1 LnxNjr

n=2m=2 n=2j=1

FISO, T Nyt SOHYT () N+ ra TR e

j=1n=2 ,71

+h;11)vab<‘ZTL (L5 L) (p)" + Z Z hi cane Lo L (LmL) (p*) + hc. (2)

n=2m=2

VS Anxpe+denxp (9) -+ Asds onT 04 Nagr ¢ (99)" (0) +wi (09)° @4 wads px T +hec. .
(3)

Liiose z Z (mz),, TorTonr + me, BrpEig + Z Z (nE) i EnrEmn

n=1m=1 n=2m=2

+ Z (mg),, EnrErir + hec., (4)

n=2
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2 2 —
Lr = v Tdvusr+ Y 20,0, Tk + Y 2 T unr +yrTrorTr + mzT LT + T 1p,Tr
n=1 n=1

+ZT( )Gy1,69Bui + ZZT/W Brindir + Zz( "Bspn'din + Zw( Y BaLey unn

nl]l j=1 n=1

+ZmBL ByrBir + Z )G, 162 B3r + Z Z Y B Bmr + 2P Bso3Ban +Zw(d)TL¢2

n=1m=1 j=1

_ N D
+ Z szIkaE;;R + Z y3,€)E3Lﬂ1[kR + I;Q)ZQL(PzEZR + y;gEzr,Pllza
k=13 k=1,3

+ZZ/7 EiroiEin + 25 ldyvan + Z A UG len + > 2B ven + 2P 0G0 B g
k=13

+ Z Z IknlquozunRJr Z yk QfRn VARer( )QIRO'JVZR
k=1,3n=1,3 k=1,3

+2 {0 g + 250G U g + 200505008 + me VG U, + hec.
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CW’
Parameter CSM

Best fit —0.21

1o range | —0.27 up to —0.13
20 range | —0.32 up to —0.08

Table: Constraints on the Cg” Wilson coefficient from the LHCb data. Taken
from Hurth, et al, 2016.

AHeffz—GF“emV“’Vf E 3T (57" PLb) (77@- (58)

=e,u,T

98X (v ) (Vp)e VI 98 Vom
oM2, N PLIR2 TP G Vi Ve 2M2, Grem

ACH = — (59)
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The group G has the following spontaneous breaking pattern:
G=SUB)c®SU(2),®SU12)g@U(1)g_  ®A(2T)® Z4 ® Zs @ Z12
U Aint
SUB)c®@SU(2), ®@SUR)g@U(1)g  ®Zs® 2>
I vkr, ve
SUB)c®SU(2),®U(1)y,® 2
I vi, vt
SUB)c@U(1)o® 2.

We set v» = 0, for simplicity. ¢ is the only scalar which do not get VEV.

Field @ | X1 | X1rR | XoL | X2R 4 Ui 4 P ¢ T ¢
A(27) || 102 | 100 | 100 | 121 | 122 | 1oo | loo | oo | 3 3 3 |3
Zy 1 1 1 1 1 1 1 i 1 1 1 —1
Z 1 1 1 1 1 lw? | w|w?| o | =1 | 1 | w?
Z1n 1 1 1 1 1 1 | i 1w |w?|w?]|w?

Table: Transformation properties of the scalars under the flavor symmetry
A (27) ® 2y ® Le @ L12.
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Field || Qi | Qr | L | Lir | T | Tkr | B | Bir | Ei | Eir | Si | Qi || P | X | Xkr || O |7 | @ [ pi | ¢i | T | &
SUB) |33 |11 3|3 [3 |3 |1 |1 [1]1[1]1]1[1]1|1]1]1]|1|1
SU@, 2|1 |21 1|1 |11 |1 |1 [1]1[2]2]11]1|1]1]1]1|1
SUQe |t |2 [1 2] 1|1 |1 |1 |11 |1]1f2)1 |2 f1j1]1|1|1|1]1
U || 3] 5 |-1]-1] 3| % 2|-3]-2]-2j0ojojjo| 1|1 |ojoflojojO]O]|O

Table: Particle content and transformation properties under
SUB)®@SU12),®@SU2)p @ U(1)g_y. Here i =1,2,3 and k =1,2.

Field || Qu | Qir | Qu | Qr | Qst | @r | Tie | Tair | Tor | Tor | Bir | Bir | Bar | Bar | Bsr | Bsg
A(27) || Lo0 | Loo | Loo | oo | 121 | 122 | 1oo | Loo | Loo | Loo

100 | 1oo | Loo | Loo | Loo | loo

Zy 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Z —1| -1 | «? | ? 1 1 wilwd| | @? |wilwd| w w 1 1
Z12 1 1 1 1 1 1 -1 -1 1 1 -1 -1 i i 1 1

Table: Transformation properties of the quarks under the flavor symmetry
AQ2T)® 2y R Zs @ Z17.

Field | Ly | Lag | Lo | Lor | Lsr | Lsr | Ea | Esr | Bor | BE2r | EsL | E3r S Q

A27) || 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 3 3
Zy 1 1 1 1 1 1 1 1 1 1 1 1 1 i
Zs 11|l oot ot v | 0w o |ws? 1 | w2
Zo || =1 1] =1] 1| -1 ] =1 1 1 | =i =i 1] -1 ] -w?|w?

Table: Transformation properties of the leptons under the flavor symmetry
A(27) ® 2y ® L ® Z12.
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V1~ R ~ U K VR ~ Ve K Vp Vg~ U ~ Uy~ Vg ~ AN, k=1,2.

Here v = 246 GeV, vyr 2 O(10) TeV (k = 1,2) the scale of breaking of the
left-right symmetry

_ o _ _ %3 —ip it
=v,(1,0,0), =4(0,1,0), 7)=wv,(0,0,1), = ——(1,¢e ,e .
(p) = v, (1,0,0) (&) =4 (0,1,0) () (0,0,1) 3} \/W(' )
O3x3 2% 21 A2 0 zi3\? mg, 0 0
Mg = LT m\/i s z= 0 ZoogA  ZozA s mg = 0 meg, 0
vz B 0 0 233 0 0 mp,

et A’ e’ epan’

: _ N6 \B 4
———zmpg 2 = le)\r (,22)\4 L23)\3 —,
e13\”  eas\’ esz\

x 5
. v I A TP S ST PN o M 0 o
My = ( S ’ ,  x= ( 0 P ) My = ( 0 mm )™ =az
V2 ’

) Y11 A2 0 y13A° m 0 0
033 yg Y11 y13’ B1
Mp = ny% 1\}/2 y= 0y wasA? |, Mp = 0 mp, O ,
2 0 0 Y33 0 0 mp,
ats /\2) A a0
My = eMptaT 0na ) (5 )t andt o)
T O1x2 my alé)\ [Lzé)\ 0 vz’
«
e b’ bioA® bipA®
Mp = =5y Myly" = 012d® 02X by

513/\6 1123)\5 1’33)\3 ﬁ

The rates for 7 — ey and 7 — pvy are expected to be larger in the LR model
than in PS model, whereas for u — ey the rates are expected to be similar in
both models.
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