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The Standard Model
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e Three fermion families in identical representations of gauge symmetry, chiral in EW part; a single Higgs doublet

—Lvuk = Y qridur; + Y;jQLifﬁde + Yl per; + h.c.
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e Yukawa matrices are not diagonal in weak basis: m(®®€)i =y ding

u,d,ev’w )

e (Quark charged currents in mass basis: %( u c t ) Lv“V]Eu)TVL(d) s | Wi

7!
b
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e Same transformation diagonalizes Yukawa and mass matrices.

e Neutral currents: COSQHW (g{/f_L”y“fL + g}fzf—R’y“fR) Z, 9{,,}% = T53(fr.r) — Q(f) sin® Oy

e Yukawa couplings and photon/Z couplings (for unitarity of V]Eu) and VL(d)) are diagonal in mass basis.

e NO flavour changing neutral currents at tree level.



Cabibbo angle anomalies
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e CKM unitarity problem:

e Discrepancy between determinations A and B.
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Cabibbo angle anomalies

3 o away from unitarity
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C: |Vua| = 0.97355(27) B decays (A}, = 0.02467(22))
A: |V,s] = 0.22328(58) semileptonic K — mfr decays

£+(0) = 0.9698(17) FLAG21

B: Ml — 0.23130(49) ratio of leptonic K u2/mu2

fi/fr = 1.1932(21) FLAG21

e CKM unitarity problem: |Viq|* + |Vus|* + [Vus|* =1 — dckm — dcxm ~ 2 x 1079

e Discrepancy between determinations A and B.




Cabibbo angle anomalies
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New quark-mixing
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4th sequential family 1s excluded by SM precision tests, LHC mass limits, Higgs production
via gluon fusion and its 2y decay. However additional vector-like fermions can be introduced.




Vector-like quarks

LH and RH in the same representation of the SM

predicted in some extensions of the SM

Their mass terms are not protected by SM gauge symmetries
Are they a solution for anomalies in the first row of CKM?

Fermion species in the same representation as the standard quarks and leptons

* Extra down-type weak singlet
* Extra up-type weak singlet

* Extra weak doublet (Y=1/6)



Down-type weak singlet

Down-type vector-like quark Dy g, with left and right components both SU(2) singlets, mixing with SM quarks:
oo T hDj E¢DR -+ MDD—LDR + h.c.
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Down-type weak singlet

e Charged weak interactions:

dr,
g o g —\ ut S
Loo= = (U1 Urz urs )" | dez | W, +he=-"z(ur e tr )¥"Vexku W +h.e.
V2 V2 br
dLS b/
L
o Veokn 1s a 3 X 4 matrix
¢ VC]JLKMVCKM ?’é 1, VCKMVCTKM = 1: ‘Vud|2 T ‘VUS‘Z T ‘Vub|2 =1 - |Vub"2
V"
Vida Vus Vue Vb Ndei \  [{Vewa Viis Viw  Viw /dL\
¥ _ yvwierd) o d) dro || | | Veea Vies Viaw Viow SL
Verm =Vp Vg =V = Vea  Ves Vo Ve drs || | | Visa  Viss  Viay  Viay br
‘/;d ‘/;58 ‘/;fb %b’ \ Dy, / \ Vipa Vips Vips Vipwy \ b’y /




Vector-like weak singlets

‘Vud‘Z T ‘Vu8|2 T |Vub|2 =1 - ‘Vub"Z ,

» Extra down-type weak singlets

* Extra up-type weak singlets
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Flavour changing
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Down-type weak singlet

e Weak neutral currents:

1 0 0 0 dL\
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Loc = o590 Zu | T3(fr,r)|— Q(f) sin® Ow | fr,rv"fL,R (not the same quantum numbers)

Yukawa and mass matrices are not diagonalized by the same transformation;

Tree and loop level flavour changing couplings with the Higgs boson and with Z-boson.

Also flavour diagonal processes change.

I'(Z — had) — I'(Z — had)gm =~ Gj;{Z (—241sin’0w) (|Vipal®> + |Veps|* + [Vipsl?) <0

‘VLDd|2 + |VLD3‘2 -+ |VLDb‘2 <25x1073
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Down-type weak singlet

Neutral K mesons mixing (neutral currents):

S d
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Down-type weak singlet
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e Mass of the extra quark cannot exceed few TeV, also in the most conservative case.
o |Vu| < 0.042 with My = 1 TeV (D%-mesons mixing).

o |Vu| < 0.050 from Z boson decay rate.

o |V.| <1072, From B-mesons physics: |Viy'| = [Vips| = |he|vew /Mp < 61077,

e Yukawa couplings hg, hy should be respectively 50 and 4 times smaller than h,.




Up-type weak singlet

Vector-like up-type quark Up g with left and right components both SU(2) singlets, mixing with SM quarks:
oo hUj qu Urp + Mt/U_LUR + h.c.

dr,
Lo = i ( ur CL E g )’Y“VCKM ST, le_ + h.c.
V2 b

o ‘N/]Eu) is the 3 X 4 submatrix ot VL(U’) without the last row, Voras is 4 X 3 matrix.

° f/ffu) and XN/CKM are not unitary VCKMV(];KM = ‘N/L(u)T"“/j_Eu) =+ 1.




Up-type Isosinglet

e The non-unitarity of ‘N/L(u) gives flavour changing couplings of quarks with 7 boson and Higgs.
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Up-type Isosinglet

Constraints from K mesons mixing:
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Up-type weak singlet
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Vector-like weak doublet

e Vectorlike extra SU(2)-doublet: qup r = ( o )
L,R
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Vector-like weak doublet

o Vectorlike extra SU(2)-doublet: qsr r = (
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Vector-like weak doublet

e The charged-current Lagrangian is:

4
Z urYdr )W + | \%U—MW“dR4WM + h.c. =

s\m

Sl

= T SL +, 9 __— __— — SR +
(uL cr, tr t; )V“VCKM,L by W, - \/i( Ur Cr tr th )”y”VR W, +h.c.

o VokM I = VéuﬁVj—Ed) is a 4 X 4 unitary matrix.

e Weak charged RH currents with mixing Vg .

00 0 0 V}%k 4u VR 4d E 4u VR 4s VE 4u VR 40 VE 4u VR 4b’
w 0 0 0 O d) Vi a.VRad ~1cVRas Ve VR Vi VRay

V. _ i ld) _ Rdc Rdc Rdc Rdc
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Vector-like weak doublet

e Couplings of u-quark with down quarks (first row of SM CKM matrix) become:

i(WW”VL wddr + URVRuaY"'dr) Wy, A 7 (WY Vi ussr + UrVRusYsr) W, + h.c.

V2 V2

e Then, in this scenario, we are determining vector and axial couplings:

semileptonic K decay A Vi us + VrRus| = 0.22326(55)
V us V uS
leptonic K decay B : = tusl 0.23130(49)
VL ud — VR ud
superallowed beta decays C : Vi wd + Vewa| = 0.97355(27)

¢ ‘VLud‘Q = |VLus‘2 + |VLub|2 =1 — ‘VLub/‘z — 1]



Vector-like weak doublet

e Needed values:

with Vius = 0.22443(35)

KI3 C Ku2! 0*- 0*

E ~ VRud/ VLus

VRus ~ VRus :

i

A B C
vus vLus vus vus




Vector-like weak doublet

e However also in this scenario constraints from FCNC and Z-boson physics and EW observables.

e For example, new Z couplings at tree level

UR
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| | © W
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. Mo Mg |
> ——> ——> —_— e
drj Qu Qn Qr  Qu dm y R KW
dR; dRk dr SR
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Vector-like weak doublet

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

Vius = Vi Vias = —1.17(37) x 1073, Viewd = Vi Vieag = —0.87(27) x 107°
R4u R4u

l

|VR4u‘2VR*4SVR4d ~ 1.0 X 10_6



Vector-like weak doublet

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

Vius = Vi Vias = —1.17(37) x 1073, Viewd = Vi Vieag = —0.87(27) x 107°
R4u R4u

l

|VR4u‘2VR*4SVR4d ~ 1.0 X 10_6

kaon flavor changing processes: ViaaVig,| < 1.0 x 107°



Vector-like weak doublet

However, also in this scenario there are constraints from FCNC and Z-boson physics and EW observables.

Vius = Vi Vias = —1.17(37) x 1073, Viewd = Vi Vieag = —0.87(27) x 107°
R4u R4u

l

Viaw|* Vi Virag ~ 1.0 x 107°

kaon flavor changing processes: ViaaVig,| < 1.0 x 107°

l

VRau| 2 0.3 —P  excluded by Z decay into hadrons



Vector-like weak doublet

However, also in this scenario FCNC at tree level

Vius = Via, Vras = —1.17(37) x 1077,

Excluded by kaon flavor g4 E

changing processes:
VraaVia,| < 1.0 x 107°

-3
needed value to explain the gap 10 Viy=—0.8x1 0-3
Vi, Vras| = 1.17(37) x 1073

1

"'
’

.

1072

| VRaul

0.1

Viuwd = Vig,Vraa = —0.87(27) x 1077

Excluded by low energies EW quantities
and Z physics (Z decay into hadrons,..)

needed value to explain the gap

Vi Viaa| = 0.87(27) x 1073



Possible extensions

e Two weak doublets or one isodoublet with isosinglet (up or down type or both as a ”complete vector-like family”)

(or one isodoublet and family symmetries...) can alleviate FC phenomena and explain all discrepancies.



Possible extensions

e Two weak doublets or one isodoublet with isosinglet (up or down type or both as a ”complete vector-like family”)

(or one isodoublet and family symmetries...) can alleviate FC phenomena and explain all discrepancies.

5 3
e Two or more doublets: Z Z [Q%@QL@'URJ' 4+ y%gpqLide] + M4qr.49R4 + Msqrsqrs + h.c.

i=1 j=1

00 dR1
_ . yilavw 00 dr>
(dri dpo dps dpa dps ) 0 O dR3
yhow 0 0 My 0 dRa
0 ydovy, 0 0 Ms dRs

0

0

0

o Z decay: |Vaaul? + |Vrsul® + 0.50(|Vraa|* + [Vass|?) < 6.8 x 1072



Heavy vector-like fermions

General Lagrangian includes the mixed Yukawa terms:

LY = hy¢pqrUr + hpp T Dr + hup Qrur + hpp Qrdr + h.c.
and the mass terms

Linass = MyULUr + MpDpDpr + MQ@QR + ,uuU_LUR + ,udD_LdR + neqr.Qr + h.c.

e Symmetries may forbid the direct Yukawa terms but allow the mixed ones.
e Mass terms pu and M can be originated from some physical scales.

e SM Yukawa terms for normal fermions will be induced after integrating out the heavy states.

With mixing mass terms p,, 4, smaller than My p o:
Y, >~ hUM(;l,uu -+ ,quélhu, Y, ~ hDMl;l,ud -+ ,quélhp

e Non-zero quark masses are induced via the mixings with the extra vector-like species.

e Predictive model building for fermion masses and mixings.



Heavy vector-like fermions

“Universal” seesaw mechanism for fermion masses



Heavy vector-like fermions

“Universal” seesaw mechanism for fermion masses
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Family symmetries

e In the limit of vanishing Yukawa couplings, Y+ — 0, the SM acquires maximal global
symmetry:

U(3)e xU(3)e xU(3)y xU(3)y xU(3)q
e Fermions transform as triplets, Yukawa interactions break the SU(3)° symmetry.

e Gauge the symmetry SU(3)° (the U(1) factors remain as global symmetries).

e Fermions cannot get mass if the symmetry is unbroken: LH and RH particles transtorm in
different representations.

e Yukawa couplings are induced by non-zero VEVs of scalars. The fermion mass hierarchy
can be related to the breaking pattern.

p o anf

yijg;'yma — - Mgt Tl T
M% Ol 1,0 €Ri Ve pplt Ul + h.c.

e Three SU(3), triplets & ~ 3. e Three SU(3), triplets n; ~ 3,



Solution #2

e Suppose the existence of flavor changing bosons.

Ve Vu Ve €L

e Horizontal interactions have positive interterence with SM:;

o After Fierz transformation, the sum of the diagrams gives the operator:

4G, _
T3 T i)(@are) G =Gr+ Gr = Gr(1+34,)




Flavour bosons for CKM

(Y

o Different G, = Gr +Gr=Gg(1+9,)=1- U‘z"

2

e The values of Vs, Vg (and corresponding errorbars) should be rescaled:
Vis| = 0.22333(60) x (1+6,,), Vaa| = 0.97370(14) x (1 +6,)

while the ratio i1s not atfected.

2
e Unitarity recovered: (%—Z) (IVaal® + [Vus? + [V |?) = 1 Qg;

o CKM unitarity is explained with 0, ~ 7.6 104, or

UVF — 6-7 leV




Flavour bosons for CKM
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How light flavour can changing gauge bosons be?




FCNC in left-handed sector

SU(3)e

2
—2 SU(2), — nothing wi + wi = UQF (0, = z_éi ~ 7-107%)
Masses of gauge bosons My, , = %(w% +w?) = %112;.

If wg = wy = wy (e. g. symmetry between 7s), gauge bosons have equal
masses, A\, — VT,V is simply a basis redetermination of the Gell-Mann
matrices. From Fierz identities for A matrices:

1 1 ,

41]? (er, A" y"er,)(er, \* 'YueL) — 3@2 (er, H”YueL)

Lefr =

No FCNC, the global SO(8), symmetry acts as a custodial symmetry.
In the general case, FC (u — 3e, 7 — 3u,...) under control.

vr >~ 6 TeV is not contradicting experimental constraints.



Cabibbo angle and m,,

New horizontal gauge bosonsgo to the opposite direction in myy shitt. Some other step is needed, like mixing with

some extra gauge bosons like Z’ at the TeV scale or perhaps also with the flavor gauge bosons or a scalar triplet.
Down-type vector-like singlet cannot explain Cabibbo unitarity problem and myy .
Up-type vector-like singlet cannot explain Cabibbo unitarity problem and myy .

Vector-like doublet can explain Cabibbo unitarity problem and myy .

(B.B., C.A. Manzari and S. Trifinopoulos arxiv:2211.XXXXX)



Conclus1ions

e There is tension between independent determinations of the CKM matrix elements of the first row.

e Extra vector-like quarks can be possible explanation for CKM anomalies. A quite large mixing with SM fermions is
needed to restore unitarity.

e Their mass should be no more than few TeV, since experimental constraints on flavor changing phenomena become
more stringent with larger masses.

« Only one type of extra multiplet cannot entirely explain all the discrepancies, and some their combination is required,
e.g. two species of isodoublet, or one isodoublet and one (up or down type) isosinglet.

« These scenarios are testable with future experiments (Z boson decay, mass few TeV).

e A new effective operator in positive interference with the SM muon decay as the one generated by flavour changing
gauge bosons can solve CKM unitarity problem. Ge can be different from muon decay constant without contradicting
experimental data.

« Natural explanation for masses and mixings of fermions from the spontaneous breaking pattern of the symmetry, with
generalized seesaw mechanism (integrating out heavy vector-like fermions).

o CKM unitarity is restored with a breaking scale of the symmetry (and gauge boson mass) of few TeV. Flavour gauge
bosons can be as light as TeV without contradicting experimental constraints .



Backup



Up-type weak singlets
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CKM and neutron lifetime problem

; K/1In2 5024.46(30) s
Vual” = 2 2 vy 2 i%
GrFnn(l1+395)(1+Af)  7.(1+3g9%)(1+AR)

895 -

o F, = fn(l+ %) f-value corrected by LD QED correction.

890 | e ga = 1.27625(50) axial current coupling from S-asymmetry.

885 | ® Theam = 888.0(2.0) s (4.40 away from SM prediction)

® Ttrap — 8794(6) S

880 |-

o Tirap & AV =0.02454(27) & ga — |Via| = 0.97333(47)

875 |-

1.260 1.265 1.270 1.275 1.280

ga
- K/In?2 2Ft 5172.0(1.1) s
p— Tn p— p—
Y Furn(143¢%) (1 4+ AY) —_— In2F,(1+3¢%)  (1+3g%)
K

G2 — e Gy and AY cancel out even in BSM G Gr|Vudl, = —Ga/G
Y O2Ft(1 + AR) v R v # Gr|Vudl, 94 /Gy

® New Ag calculations have no influence on 7,, determination.

e ga = 1.27625(50) — 7°M = 878.7(6) s = Tirap



Vector-like weak doublet

e However also in this scenario flavour changing neutral currents appear at tree level.

UR
1 g = (W)t 1. w | cr
Ceone == A ) AV diag(0. 0,0, 1)V
f 3 cos O (UR CR tr tp )7 r  diag( Wr tr +
t'g
dr
L 9 w7 — 7 7 ey @ g @ | Sk
_§COSHWZ (dR Sk br bp )’y V57 'diag(0,0,0,1)V5 by
b'r
where
VR 4u) rauVRac Ve VRt Vi, VRav
W . u > 1. VR 4u VR 4] > 4 VR 4t > 40 VR 4t/
V( )lea 0707071 V( ): ]?kélc R4 . R4c ]?kélc
R g( ) R R4tVR4u VR4tVR4C |VR4t‘2 R4tVR4t’
Vi VRaw VisVeRae Vi Ve  |Veavl?
VR 44| VeidVrRas VpagVrRaw VaaaVRaw
. ViV VR 45 VeiVrRaw Vi VRay
V(d)Tda 0707071 V(d) — R4s Y R4d ) R 4s fiéls
r diag( Vi ViaViei ViwVies  Veol  ViaViw
Vi VrRad Vi Veras Vi Vew Vel



Down-type Isosinglet

e Weak neutral currents:

_ 9 L0 o 5\ up@ip@ | s L - —
fne = cosOw | 2 ( dr, sp by 0 )VMVL Vi b T §Sm2 Ow (dLVMdL +dRVMdR)
b/

e The non-unitarity of VL(d) is at the origin of tree level flavour changing
couplings with Z boson (and Higgs boson), determined by the matrix:

1 — ‘V4d|2 —V4*dV4S —V4*dV4b _V4*dv4b’
vlgd)fvéd) _ —V4}V4d 1 — |*V48\2 —V4*SV462 —V4}V4b/
_ 4bv4d — 4bv4s 1 — ‘V4b| T 4bv4b’
Vi Vaa —VgVas =V Vi Wllv"2 T |V2b"2 T |V3b’ |2 T,

o If the 2nd and 3rd families are not mixed with the fourth, Viss = Vi = 0,
there are not FCNC at tree level between the first three families.




Down-type weak singlet

e Weak neutral currents: Lnc = cosgé’w Zu \I5(fo.r)|— Q(f) sin” HW} JL.RY" fL,R
(not the same quantum numbers)

e Yukawa and mass matrices are not diagonalized by the same transtormation;

e Tree and loop level flavour changing couplings with the Higgs boson and with Z-boson.

1 0 0 O ([ dr
_%COSQQW ( dp sz br E )VMVIECZ)T 8 (1) (1) 8 VL(d) Zi &
0 0 0 0 by, )
/ (d) . \ / i \ HO
U\ S R ol B R

\0 0 0 0 / \ Vs /

e Also flavour diagonal processes change.

e I'(Z — had) — T'(Z — had)gum ~ Gjif\iz (—35+35sin0w) ([Vipal® + [Veps|® + [Vips|?) <0

|VLDd|2 + ‘VLD5|2 -+ |VLDb‘2 <25x%x1073




Gauge bosons in left-handed sector, SU(3),

SU(3), — SU(2); — nothing

(.7:3 | jgfg Fi —iFy  Fi—iFs )

Fi+iFs  —Fs+ =Fs Fo—ify
Fq+ 1 F5 Fe + 1. F7 %fg

2 2 2 2 2 1 2 2
g 2 g 2 2 2 g way + Wi —= (w3 _wz)
5= g lwstwn) Mg = (ws + w) M“Sz( L —wd) L(dwd+ w4 ud)

R\Wp — Wy 2

V3



New interactions In left-handed sector

g Gr <~/ __ M\, 2 Charged leptons flavour conserving
eff — EE: LYu—— €L Lhteractions,
lepton flavour violating interactions

8 A\ muon decay, tau decays,
ev 2G — U Aa — a , ) _
eff — E ey —er Vp Yu—VL non-standard neutrino interactions
V2 T Tq

with leptons

8 2
vy _ E : (V_L’Yu_ ,/L> Non-standard interactions between
neutrinos



New interactions In left-handed sector

Gr < 2
e DI Ry

Flavour conserving interactions
(compositeness limits): VF > 3 leV



FCNC in left-handed sector

G~ 8 2
off = /2 Z (GL %e— GL)

If ug = uo = uq (e. g. symmetry between ns) then
e (Gauge bosons have equal masses and do not mix.
e )\, — V),V is simply a basis redetermination of the Gell-Mann matrices

e 'rom Fierz identities for \ matrices:

| - 1

107 (eL A“~Y"er)(eL A“ v eL) = 302 (er Iyuern)’

Lefr =

e no FCNC, the global SO(8), symmetry acts as a custodial symmetry.



FCNC in left-handed sector

e In general case e.g. p — 3e decay: (0,

|

S|c
WYY

R
N |
-
7
N
—

['(p — eee)
I'(p — ev,ve)

1 X
~ = (C()|U3.Usul)” 5,

r=2u3/v;, |C(r)] < 1. |Us,| and |Us,| can be as large as sin 0o = V.
e The experimental limits on other LF'V effects as 7 — 3u are much weaker.
e vy~ 6 TeV is not contradicting experimental constraints.

e For r =1 all LF'V effects are vanishing owing to custodial symmetry.



Effective operators for fermion masses

>< U(3). x U(3)y x U(3)u x U(3)s

ZLNBK, eRN367 QLNS(] URNSU, dRNSd
e Fermions cannot get mass if the symmetry is unbroken.
e Yukawa couplings are induced by non-zero VEVs of scalars.
© © P S P
\ / | | |
\ ; : : :
AN 7/ | | |
\ / | I |
\\ // _ : MN : MN :
—)——— S S VR S R S—
¢ (S) / ga N Na NB NCB ZB
M2



Leptons and family symmetry
SU(g)g X SU(3)€

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3,
- —oy =
?/z’jfj Nia hij1; 15 T
g Ol 1,0 CRi VE ppl7 ,,Clg + h.c.
v g i e 0y nd ¢
> \\é/ > > @ <
€Ri gy 00 bra  hy  tLp



Leptons and family symmetry
SU(g)g X SU(3)€

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3,




SU(3)e — SU(2

Leptons and family symmetry

SU(g)g X SU(3)€

e Three SU(3), triplets & ~ 3.

i g en;: hwﬁzanf
PLLaCR: MV

—25 nothing

)e
(0X] 0 0
() =) w1
0 0 U3

~ €€
V1 iV V3 —=€€:€:1 —> Y.=y, | ~€c
Y?,J — yz]wzvj ~ce

- M7

e Three SU(3), triplets n; ~ 3,

ppl7  Clg + h.c.

SU(3)¢ = SU(2);, — nothing

~~ € f\/l
~ € Nl — me7mu7m7-
~e ~1



Gauge bosons & RH charged leptons

e (Generically, FCNC: SU (3)6

eri = Viveer + Viiuin + Vil

SU(3)€ 3 SU(Z)Q@nothing My My, @ Me R V3 & Vg U1

V1V i3 =€€:€:1




Gauge bosons, SU(3).
SU(3). = SU(2). —» nothing V1 VU2 U3 =€€:€: 1

| Fa - jgfg Fi —iFs  F4—iFs

5 F1 + 1o —JF3 - \}gfg Fe — 1F~
F4+ 1S5 JFe + 1.7 \%FS

|



Gauge bosons, SU(3).
SU(3). = SU(Z)e@hothing




Flavour changing neutral currents

In SU(2). gauge symmetry limit (v3 > vs):
e SU(2). gauge bosons have equal masses;

e no FCNC for CUSTODIAL SYMMETRY, no matter if two families are

mixed:

a=1 2 q=1

1 I 1 0 O ER 1°
=5 |(er Br TR )WV 01 0 V| ur

2 | 0 0 0 R )

e no mixing with 3rd family — NO FCNC.

e Constraints on masses are proportional to violation of custodial symmetry (€, €).



Flavour changing neutral currents

e (Constraints on masses are proportional to violation of custodial symmetry:

_ q 2

1 1 0 O ER
Lfcnc — A2 ( €rR MR TR )Vuvf({eﬁ 0 1 0 Vf({€> HR T
> | 0 0 O TR |
_ 4 2
e o o 1 0 O ‘o) €R
o (er Br Tr )7.Vm 0 0 0 | Vg UR =
2 i O 0 1 TR 1
| I 1 ~ €62~ €€ en \ | ’
= |(FR TR 7R )| ~&® 1 ~e pr ||+
2| ~EE  ~E  ~ € TR |
o[ 1 ~E ~ée ern \ 1
2 |(eR BR TR )| ~& ~€& ~e pr
> | ~ €E ~ € 1 TR |




Experimental constraint

e Flavour conserving operators constrained by compositeness limits:

1 1
o @@ er)’ — 5o @Y er) Frwnr) | v > 2 TeV [ = vy >10 TeV
2 2

o From LEFV mode Exp. I';/T',(I'y) Main contribution to FZjT Predicted value of s
. 4 4
FONC: L eee <10-10712 L () [VE Ve, + Vi Ve < 1101071 (21 e
4
TT > puete” <1.8-107° i ( ) |V3MV37‘ F—W =6.2-107"° (235\/) €50
4
T = <2.1-1078 1 ( ) Vi, Va, | L —31.10"° (23;”) =
4
— ey <4.2-1071 = (”gW) \ZAE =3.1-1077 (QTij) €20€30
4
— < 441078 2o (o ) Vi Vs, |* L = 8.7-1071 (21V)



Quarks and family symmetries

U(3), x U(3)q x U(3), with gauge factors SU(3), x SU(3)q x SU(3),

e (Quark masses:

e mass hierarchy is related with hierarchies in breaking of SU(3),xSU(3)4 X
SU(3), gauge symmetry:

™My - Mg . TN g — 1: €d€q - Gdgdéng



Quarks and family symmetries

K% — KY oscillation is induced by:

1
4@32

(VaaVsy)® + ea(VaaVs,)*| (5RY"dR)?

Since |VagVss| ~ €q, [V3aV5e| ~ €5€4, K° mixing is suppressed by e3¢5 < 1.

New contribution can be constrained to be less than the SM contribution.
By taking €zé; ~ 1072, the mass scale vgy ~ 7 TeV is compatible with the
constraint from the neutral kaons mass difference.

As regards the imaginary part contributing to ex, with the same choice
€q€q ~ 1072, vga ~ TTeV is still allowed if the phase of Vo4V5: is O(0.1).




VEVS

Can the hierarchy of the VEVs of £s be natural? The generic potential is:

2
V() = Mll€nl® = 230 + Mtnm&lGhiém + (u16265 + hec.)

The dimensional constant p can be arbitrarily small since if ¢ — 0 the
Lagrangian acquires global U(1). symmetry.

va/vg ~ m,/m; (one order of magnitude) can emerge from a natural
fluctuation of mass terms ;2 and coupling constants A.

Small v1 1s naturally obtained when the third flavon &; has positive mass
squared. Then for i # 0 non-zero VEV (£1) is induced:

_ HU2U3
U1 = 5
M7

Taking 1 small enough, say 4 < ve, one can naturally get v{ < v9. The
hierarchy of the VEVs of £&s can be natural.



Flavons and LFV

e Also flavons can mediate the LF'V processes.

e Lepton Yukawa couplings with the flavon fields &,,:

o JinUw
hin fngLieRoz hzn — 2]7?\14

which are generically flavor-changing.

e &, with mass us ~ vo, induces the effective operator:

haahos h3ahao mi
(Tr) (pe) | ~ —
s 1 0

For v, > 2 TeV, the width of 7 — 31 decay induced by this operator is
more than 12 orders of magnitude below the experimental limit.

e The width of u — 3e decay induced by analogous operator mediated by
flavon &; is also suppressed by orders of magnitude.



Triangle anomalies
SU(3)e x SU(3)e x SU3)g x SU(3)y x SU(3)q
by, ~ 30, er ~ 3¢, QL ~ 30, Ur ~ 3y, dr ~ 34

e In order to cancel SU(3)° anomalies for each triplet another triplet (SM
singlet) with opposite chirality is needed.

e An interesting possibility is to introduce the mirror twins with oppo-
site chirality and analogous representation of mirror SM gauge symmetry

SU(3) x SU((2) xU(1)":

f}%NSg, €/L N?)e, Q}%NSQ, u’L N3u, d/L NSd

e Couplings with flavons:

gznfg
M

(¢€Lz’€Ra -+ ¢/€/_Ri6/La) + h.c.



Triangle anomalies 2

2

° must

e As an example, for SU(3)., mixed triangle anomaly U(1) x SU(3)
be cancelled. New leptons

Era ~ (1,-2,3.; X), Eri~(1,-2,1; X)
and for mirror parity

Er, ~ (1,-2"3.; X), Er.~(1,-2",1; X)
cancel the mixed triangle

U(1) x SU3)2, U(1)x x SU3)2, U(1) x U(1)5%, U(1)x x U(1)?

e Masses from Yukawa couplings

8% a_/
Yinkn €RiCLa + Yin&, €L E’Ra h.c.

e The lightest has mass O(100) GeV. If U(1) x is unbroken, then it is stable.
Current experimental lower limit on charged new leptons is 102.6 GeV.



Cosmological implications

e Mirror matter is a viable candidate for light dark matter dominantly con-
sisting of mirror helium and hydrogen atoms.

e The flavor gauge bosons are messengers between the two sectors and so a
portal for direct detection.

o 1"/T < 0.2+0.3 from CMB and large scale structures.

e kreeze-out temperature of horizontal interactions between the two sectors
4
should not exceed Ty ~ (v2/2)3 x 130 MeV. Or viw > vpw.

e For neutrinos

Y : Y
M (¢l 1,;Clr; + ¢’ ¢l Cly;) - M

the last operator gives COLEPTOGENESIS.

¢¢/E /Rj + h.c.



