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The Standard Model

o~ Iy o
— Lyux =Y, dqriur; + Ydjgquide + Y/ ¢lrier; + h.c.
e Three fermion families in identical representations of gauge symmetry; a single Higgs doublet

e Yukawa matrices are not diagonal in weak basis:

(U,d,@)?:j — 7‘] uad7e — (U’?d?e)T (u,d,e) (u,d,e)
m = Yu,d,evw ; M gine = Vi m Vi

e Quark charged currents in mass basis: % ( u c t ) r WNV_,EU)TVIEd) s | Wi

o Vexm =V, TV = | vy Vi Vi

e VkM is unitary.
e The unitarity condition for the first row is:  |Viq|? + |Vus|? + [V |* = 1
e Yukawa couplings and photon/Z couplings (for unitarity of VL(U) and VL(d)) are diagonal in mass basis.

e NO flavour changing neutral currents at tree level.



Cabibbo angle anomalies

3.10 away from unitarity

0.222 0.223 0.224 0.225 0.226

0.97507 o o | 740.9750
0.9745} 10.9745
0.97401 -~ ___ 10.9740

T
=}

' 0.9735 0.9735
097300  PENEERE  T B Tee 10.9730

0.9725} 10.9725

0.222 0.223 0.224 0225  0.226
Vus

C: |Vua| = 0.97355(27) B decays
A: |Vys| = 0.22326(55) semileptonic K — wfr decays

B: ;“;“21 = 0.23130(49) ratio of leptonic decay rates
K — pv(vy) and 7 — pv(vy)

—— Unitarity

e CKM unitarity problem:‘ Vadl? + Vs> + [Vap? =1 — dcxm — dcxm ~ 2 x 1077 ‘

e Discrepancy between determinations A and B.



Cabibbo angle anomalies

A: |Vys| = 0.22326(55) |Vus|a = 0.22326(55)
‘Vud|2 + ‘VUS‘Q + |Vub‘2 =1
B: el = 0.23130(49) [Vus|B = 0.22535(45)
C: |Vya| = 0.97355(27) [Vus|c = 0.2284(11)
Seng '18 - B-decays A+B ——e——— e Ci
3.10 < >
4.10 < >
K2 2.00 < >
FLAG 19| — e B
3.00
< >
KI3
FLAG 19 —A
+ MILC 19
0222 0224 0226 0228 0.230



Vector-like weak singlets

‘Vud‘2 T |Vu8‘2 T |Vub‘2 =1- ‘Vub"Q

* Extra down-type weak singlets

* Extra up-type weak singlets

|Vup|=0.044 5
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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.

710.9750
10.9745

10.9740

0.9735

10.9725



Down-type weak singlets

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

[ Vl(jd)Tm(d)Vf({d) = m((icil;g = diag(md,ms,mb, Mb’) ‘VLDQ‘ ~ ‘hDoz‘/Uw/MD

e Charged weak interactions:
dr,

dr1
Lee = % (wzr uzz uzs )" | dee | W7 +he = % (wz e tr )7v"Veku zi W, +he.
drs b,

Vud Vus Vub Vub’
o |Vuy| = |Vipal = ha1ve /My

VCKM:V]EU)TVL(d) = ( Vea Ves Ve Ve
Viae Vis Vi Vi

e Weak neutral currents: Lye = ﬁ% |T3(fL,R)‘_ Q(f)sin® 0w ] fr.rY* fL.R

(not the same quantum numbers)

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



Down-type weak singlets

Neutral K mesons mixing:

d s d
Moy _____ho:
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Down-type weak singlets

|Vcb’| — | - VfDchd - VL*Dchs - VEDchb|
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e Mass of the extra quark cannot exceed few TeV, also in the most conservative case.
o |Vur| <0.042 with My =1 TeV.

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

o V| <1072, |Viy| < 7.4-1073 (from B-mesons physics).

e Yukawa couplings hps, hpp should be respectively 50 and 4 times smaller than hApg.

i



Up-type weak singlets

Vector-like up-type quark Uy, g with left and right components both SU(2) singlets, mixing with SM quarks:

oo hUj EQZE Ur + Mt’U_LUR + h.c.

|Vud|2 + |Vvus|2 + |Vvub|2 =1- |VvLUu|2 )
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Vector-like weak doublet

e Vectorlike extra SU(2)-doublet: g4 r = < ta )
L.R
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Vector-like weak doublet

e Vectorlike extra SU(2)-doublet: g4 r = ( t >
L,R

dy
g . g |
= (upy"d)W, + —=travy"draW, + he.c.
\/§ ; Liy"drq) /2 R47 QR4 —\
g __
E(UL’YMVL wddr + URVRwaY"dr) Wy, + 7<UL'Y Vi ussL + UrRVRusY"sr) W, +h.c.
o Vot = VIV ig o 4 x 4 unitary matr 0 B BT
CKM,L I 7~ is a 4 x 4 unitary matrix. KI3 o Ke2: 0*- 0*!
e Weak charged RH currents with mixing Vexur -
' ~ T
e In this scenario, we are determining vector and axial couplings: : 5 i ~VRud/Vius
semileptonic decays K /3 : VL us + VRus| = 0.22326(55)
. . ‘VL us VRus’ E E E
leptonic decays Ku2/mu?2 : Vit — Viudl = 0.23130(49) T Ve >§<“'VRus
superallowed beta decays : VL wd + VRwa| = 0.97355(27) I
| I




Vector-like weak doublet

However, also in this scenario FCNC at tree level

Vius = Visgy Vias = —1.17(37) x 1072,

Excluded by kaon flavor
changing processes:

VraaVis,| < 1.0 x 107°
de dRm

needed value to explain the gap
ViauVias| = 1.17(37) x 1073

0.1 5

Viud = VigyVRaa = —0.87(27) X 107

= Vgys=-0.8x10"3

10-2

0.1

| VRaul

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

—} needed value to explain the gap

‘V§4UVR4d’ = 087(27) x 1073

e Two weak doublets or one isodoublet with isosinglet (up or down type)
can alleviate FC phenomena and explain all discrepancies.



Solution #2

e Suppose the existence of flavor changing bosons.

AG »

AGE

7 €Ly 1r)(Vpyare) —W(WVQML)(@%%)
,LL L € L ,LL L V,LL
F |44
Ve Vi Ve Cr
e Horizontal interactions have positive interference with SM;
o After Fierz transformation, the sum of the diagrams gives the operator:
4G, o
—ﬁ(%ﬁ pr)(€LYave) G,.=Gr+Gr=Gr(1+4,) G, #Gr




Flavour bosons for CKM

o Different G, =Gr+Gr=Gp(1+6,) =1+ Uy

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

while the ratio is not affected.

2
e Unitarity recovered: (g—i) (IVaual?® + [Vus|® + [Via|?) = 1 - Qg—;

e CKM unitarity is recovered (X?lof = 3.0) with §, = 7.6 - 10~ %, or

VF =— 6-7 TeV




Flavour bosons for CKM

5, =76-10"* o AN
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How light flavour can changing gauge bosons be?




Family symmetries

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

UB)exU(B)e xU(B)y xU(3)y xU(3)4g

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

o 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 transform 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.

- —o =
yz’jf;'ynia — hign; 15 T
M12; SngozeRi + MS’ ngngacgﬁ + h.c.

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



FCNC In left-handed sector

8 2
ee Gf _ )\CL
=g 2 (e”“w 6L>

a

a=1
2
SU(3), =% SU(2); = nothing ws +wi = vy (0p = z—é"__ ~7-107%)
e Masses of gauge bosons M£21,2 = %(w% + w?) = %U?E.

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

1 1

—\a — \a — 2
—4—?}%(%)\ veL)(eL A" yuer) = —@(GL Ivyuer)

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

e vr ~ 6 TeV is not contradicting experimental constraints.



Conclusions

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

« 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.

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 .

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

« 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).



Backup



Present situation of CKM first row

Vial? Vil = 1

o |V,s| can be directly determined from semileptonic K — wlv (K{3) decays

A: £1(0)|Vis| = 0.21654 4 0.00041

e The ratio of leptonic decay rates K — uv(vy) and m — pv(v) determines:

leL |Vus,

B :
f7'(':|: |Vud|

= 0.27599 £ 0.00038




Present situation of CKM first row

’Vud|2 - |Vu8|2 T |Vub|2 =1

o |V,s| can be directly determined from semileptonic K — wlv (K{3) decays

A: F(0)|Vys| = 0.21654 4 0.00041

e The ratio of leptonic decay rates K — uv(vy) and m — pv(v) determines:

B - | Vus| _ ) 92509 1 0.00038
fﬂ'i |VUd|

e Form factor f(0) and decay constant ratio fx/f, from lattice QCD.

o New fr+/fr+ (FLAG 2019) and f(0) (FLAG+Fermilab Lattice & MILC)

’Vus‘

A |Vu5] — 0.22326(55) B :
|Vud‘

— 0.23130(49)

e PDG 2018 (referring to FLAG 2017): |V,s| = 0.2238(8) ,

7| = 0.2315(10).



Present situation of CKM first row

e Superallowed nuclear beta-decays (07—0% Fermi transitions) determine vector coupling
Gv = Gg|Vudal:

K ~0.97142(58)
2G2Ft(1+AY%)  1+A%

‘Vud|2

o Ft = ft(1 + d%)(1 + dns — d¢) nucleus-independent value obtained from ft-values by
absorbing nucleus-dependent radiative (0%, ds) and isospin-breaking (d¢) corrections, av-
eraging values for 15 transitions, recently updated: Ft = 3072.24(1.85) s (Hardy & Towner
2020);

o K =213log2/m? = 8120.2765(3)x10710s/GeV*, Gg = G, = 1.1663787(6) x 1075 GeV ~2;

e A} are short-distance (transition independent) radiative corrections.



Present situation of CKM first row

Vas)® + [Va|* = 1

e Superallowed nuclear beta-decays and free neutron decay:

Voal? = K Vial? = K/In2
u 2G2.Ft(1+ AY)’ ! G%F, (14 3¢%) (1 + AY)

e Marciano & Sirlin 2006 AY, = 0.02361(38): |Via| = 0.97420(21) adopted by PDG 2018.

e Seng et al. 2018 A}, = 0.02467(22):

C1: [Vaa| = gl = 0.97355(27)

e Other more recent studies confirmed the shift of Ag.



Cabibbo angle anomalies

|Vu0l|2 + |Vu8‘2 + ‘Vub’2 =1

A |Vis| = 0.22326(55) Vus|a = 0.22326(55)
B: 2 = 0.23130(49) q Vsl = 0.22535(45)
C: |Vua| = 0.97355(27) |Vu3|C = 0.2284(11)
Seng '18 B-decays Ci
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The CKM unitarity problem

|‘/ual|2 + ’Vus|2 + ’Vub’2 =1

Vialo, =0.97370(14)  [Vialo, =0.97389(18)  |Via|c =0.97376(16)

A: |V,5|=0.22326(55) 2.05(37) - 1072 1.68(43) - 1073 1.94(40) - 1072
B: |V,s|=0.23130(49) [V4a|  1.17(35) - 1072 0.78(41) - 1073 1.05(38) - 1073
Average* 1.55(36) - 1073 1.17(42) - 1073 1.43(39) - 1073

Values of dcikn obtained for different choices of the values of |V, 5| and |V,4].



Down-type weak singlets

e Down-type vector-like species of quark d4r, p whose left and right compo-

nents are both SU(2) singlets involved in quark mixing:

... + hdj¢qudR4 + Md—[AdR4 + h.c.

° dLimg;i)de‘l'h-C- = (dr1,dr2,dr3,dra)

o VL(d)Tm(d) V}%d) = m((;il;g = diag(mg, ms, my, My/)

dy d

d2 @] s _
ds =V b -
ds ), Vo),

o Vi |~ |Viad| = hq1ve /My

hdl Vw

Y;(;Q?,Uw hd2/Uw

hdSUw

0 0 0 M

Vis Viv Vi d
Vos  Vap  Vou S
Vis Vi Vi b
Vis Voo Vay ) .\ V

+h.c.



Down-type weak singlets

e Charged weak interactions:

7 oo (i | w y
,CCC = —( ur1 uUro urs ’y'u dL2 WM 4+ h.c. = =—
V2 d;s V2

o Ve 1S a 3 X 4 matrix

~

) oy Vud VuS

Verv = V/'Eu)TVL( = Vea Ve

‘/td ‘/;53

e Weak neutral currents: Lne = cos Oy

Vub
Vcb
Vi

dr,
( ur c¢r tr )’Y“VCKM Zi WJ + h.c.
b,

|\7ud‘2 + ‘Vus’2 + ‘Vub‘Z =1 - ‘Vub”2

Vub’
Ve
Vi

2 [T )| = QU sin® O] Tom*

(not the same quantum numbers)

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



Down-type weak singlets

g : o —
e Weak neutral currents: Lue = — 6 Z, |T3(fL,R)‘_ Q(f)sin® Ow] fr.rY" fL.R
(not the same quantum numbers)
1 g dLl
— — d d d 1 d 4, =
QCOSHW( L1 L2 @r3 )7 dlL;z "
1 0 0 O dr,
_ Y9 = = oy ep@t| 010 0 )@ sc
 2cos Oy (do 5T b b )7"Vp 00 1 0 Vi br, Zu
0000 b,

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



FCNC
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Up-type weak singlets

e Vector-like up-type quark us;, r whose left and right components are both SU(2) singlets
involved in quark mixing:

o 4 hy; GG uan + MyTagusg + h.c.

Vud Vus Vub
~ ol Vea Vs Ve | o)t d)
cVorm =1y vy, oy, [TV Vo

° f/ffu) is the 3 x 4 submatrix of V]Eu) without the last row, ‘7(; M 1s 4 x 3 matrix.

. V,—Eu) and Vo are not unitary VCKMV(];KM = VL(U)TV,EH) # 1.




Up-type isosinglet

e The non-unitarity of VL(U) gives flavour changing couplings of quarks with

Z boson (and Higgs). The weak neutral currents Lagrangian is:

g
cos Oy

Enc -

N | —

(m o ity )y

Constraints from K mesons mixing:

d

S
v
W
TN
d

|vl’dv;s|

1073

1074

1075

1076

2
3 sin? Oy (Gzpy ur + Ggy"ug) Z,

— My=5TeV
—— My=5TeV

i Hl Amgk
T ex




Vector-like weak doublet

e Vectorlike extra SU(2)-doublet: qirp r = ( ta )
L,R

dyg
0 dRr1
S (d) d
dLZ-m,E;l)de + h.c. = ( dLl dLQ dLg dL4 ) Y3x3Yw 8 de, + h.c.
Yhvw Yt  Ylvw M, qRa
(@)t (d)y-(d) _ . (d) (u)t (w) _ _ (u)
Vi m )VR =my,., Vi m(u>VR = My
° VL(%“) are unitary 4 x 4 matrices:
dRr1 dR UR1 UR
drz | @ | Sr ure | | cr
drs | Vr br ’ urs | Vr tr

/ /



Vector-like weak doublet

e Vectorlike extra SU(2)-doublet:  q4p.r = ( 34 )
4 /LR

Y

e The charged-current Lagrangian is:

4
% Z uriy drs) W+ + EURZL’YMCZRZLW + h.c.
1=1
dL dR
Zi(ﬁ e tr t) )y"Vexkume oL W++i(ﬁ cr tr th )7"Vekmr B W +he
V2 I ) V2 | br "
b b'r

o VoxkmL = VL(U)TVL(d) is a 4 X 4 unitary matrix.

e Weak charged currents involve also right currents with mixing matrix Vcxum r



Vector-like weak doublet

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

i(WW“VL wddr, + URVR waY'dr) W, + i(WW“VL usSL + UrVRusY"sr) W, + h.c.

V2 V2

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

semileptonic K decay A : Vi us + Veus| = 0.22326(55)
V us V us
leptonic K decay B : Vi Rus| = 0.23130(49)
‘VL ud — VR ud|
superallowed beta decays C : Vi wd + Vrwd| = 0.97355(27)

o |VLud|2 + ‘VLUSP + |VLub‘2 =1 — ‘VLub’|2 =1
Vius = 0.22443(35)



Vector-like weak doublet

e The charged-current Lagrangian is:

4
%; ’LLLZ’}/MCZL@ VV+ + %UR(}/MCZR;LW + h.c.
dL dR
:i<ﬁ cr ot )" Vekmr | BF W++i(ﬁ ek tn th )V"Vekmr | 25 | Wi +he
/32 L Lo, N R L w
b, br

o VekMmL = VL(U)TVL(d) is a 4 X 4 unitary matrix.

e Weak charged currents involve also right currents with mixing matrix Vcxu R -

000 00 VeaVrRad ViaVrRas ViaVRav Vi VRaw

Verar = V! 000 0 0 )@ _ | VracVrRaa ViacVrRas VraVrRav  ViaVrav
| 0000 ['F ViuVraa  ViuVras ViuVerw  VigVeaw

0 0 0 1 VeawVRad VgarVRas ViuwVrRa VgapVRav



Vector-like weak doublet

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

UR
L A () 7. W | cr
Ecnc o Z" ! MV d 0,0,0,1 V.
f 5 cos O (UR CR IR tR>7 n diag( )Wr tr
tr
dr
1 g — = () 1. @ | sr
— — A ! i VASAYG| 0,0,0,1)V
3 o5 O (dr sr br UV, )¥"Vy"'diag(0,0,0,1)Vy br
br
where
( VR 4u|? Vf}k4uV}|224c Ve i VRat Vi 4 VRar
V..V V V..V VE Vi
V(u)Td. 07070’1 V(u) _ ]igk4c R 4u *R4c R4c Y RA4t R*4c R 4t
f 1ag( ) = VR4tVR4U VR4tVR4C |VR41t|2 VR4tVRgt’
\ Vi Viaw ViaViae ViwVea Vil
VR 4a]? Vf§4dV1~‘z24s VeidVeRaw VR 4qVRav \
Ve,V % Vi Vi Vil Vi
V(d)Td. 0,070’1 V(d) _ R*4s R 4d >I<R4s R4sY R 4b 3*43 R 4b
f 1ag( ) = VR4bVR4d VR4bVR4S ‘VR4b|2 VR4bVR§b’
Vi Viad Vi Veas Vi Veaw  Vaw|® )




Possible solutions

e There can be two or more vector-like doublets or a vector-like isodoublet
with a down-type or up-type isosinglet:

( (@ 0 y‘li5vw \
@ - Y3 30w 0 0
quim,; dr; = ( i @r BL Gz dsi ) 0 0
0 ybhvw 0 My 0

kO 0 0O O M5d )

0 UR1

m(u)u ,_< ) y:(&)?)vw 0 UR2

qriMm;,;"urj = \ 91iL 42L 43L Q4L 0 "

Y41 Vw 0 0 M,y dR4

( dRr1
dR2
dR3
dRr4

K dRs

)
/




CKM and neutron lifetime problem

| , K/In?2 5024.46(30) s
1 Vwlt == 2 vy 2 %
Mélki_?ch : GpFatn(14+392)(1+Ag)  7a(14393)(1+ Ap)
1(9a) ,__Brown
Mund
——

895 |

o F, = fn(1+4 %) f-value corrected by LD QED correction.

890 e g4 = 1.27625(50) axial current coupling from S-asymmetry.

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

885 T |
E I } [ I ® Tirap = 879.4(6) s

880 - I
A } o Torap & AV = 0.02454(27) & g — |Viua| = 0.97333(47)

875
1.260 1.265 1.270 1275 1.280

9a
, K/In2 2 Ft 5172.0(1.1) 8
Gy = 2 % Tn = 2\ 2
FnTn(1+39%)(1+ AR) — In2F,(1+ 39%) (14 3g5)

A
V2Rt (14 AY)

o Gy and A% cancel out even in BSM Gy # Gp|Vy4|, g4 = —Ga /Gy
® new Ag calculations have no influence on 7,, determination.

e g4 = 1.27625(50) — 75M = 878.7(6) s ~ Tirap



Fermion masses

U(?))e, BRNSG

e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.
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Gauge bosons & RH charged leptons

e Generically, FCNC:

» eri = Viler + Vil ur + Vi Th

es €RS



Gauge bosons & RH charged leptons

€p

e Generically, FCNC:

€RS

SU(3).

» eri = Viler + Vil ur + Vi Th

SU(3)€ U%S SU(Q)G@nothing My 1My, P Me V3 1 V2 1 V]

V1 :Vg VU3 =€€:€: 1l




Experimental constraint

e Flavour conserving operators constrained by compositeness limits:

1 |
— 5= (Ery” er)” — 5= (€& er) (FRYWIR) vo > 2 TeV | — vg3>10 TeV
2 2

e From LFV mode Exp. I';/T,(I's) Main contribution to Frj
w/T
: 4
FONC: pn — eee <1.0-10712 : (U5:V> V3 Vs + Vz*ev2u€2’2 <1.1-10713 ( ) 30620
4
s ptetes < 181078 HE S BACTE = 621079 (2L )
8 1 (opw )’ —9
T = s <2.1-10" §< 5W) Vi, Vi, |* R —3.1-10 ( )
4
1w ey <4.2.10713 3o (EW) Vi V| —3.1-1071% ( ”52‘/) €402,
4.4 10—8 3a [ vEw 4 Vi V- 2 'y — 8.7 10—11 2 TeV 4 2
T = Ky < aa %(Uz)‘3ﬂ37|ﬁ — -0 Vo €20



New interactions in left-handed sector

A muon decay, tau decays,
I/Lfn,—314L> non-standard neutrino interactions with

leptons

Charged leptons flavour conserving
interactions (compositeness limits):

vre > 3 TeV

lepton flavour violating interactions

Non-standard interactions between
neutrinos



FCNC In left-handed sector

8 2
ee G]: —_— )\a

SU(3), = SU(2);, — nothing
If wg = wy = wy (e. g. symmetry between 7s) 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 I'rom Fierz identities for \ matrices:

1 1

Lepr = —@(ﬁka v'er)(eL Ay eL) = —B—Q%(QHWGL)Q

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



FCNC In left-handed sector

ce . _GF 8 er ﬁe 2
ot V2 — air

2
SU(3), = SU(2); = nothing ws +wi = vy (0,, = Z_%U: ~ 7-107%)

In general case e.g. u — 3e decay:

['(u — ece)
I'(pw — ev,ve)

1 *
~ = (CNIU3Us,l)” 5,

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

If wy = wy = wy (e. g. symmetry between ns), r = 1, then no FCNC,
the global SO(8), symmetry acts as a custodial symmetry.



Leptons and family symmetry

SU(3), x SU(3).

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




Leptons and family symmetry

SU(3), x SU(3).

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

i T

YiiEIni, — h
@SML@@R/;; +

SU(3). = SU(2). = nothing

U1 0 0
(0>> <§2>(Uz), <€3><0>
0 0 (O8]

V1 :Vg V3 =¢€€:€:1 —> Y. =y,
Yij Wilj
2
My

1
Y7 =

M3

v

~ €€
~ €€
~ €€

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

wplt Clg+ h.c.

SU(3); = SU(2); —> nothing

~e ~1
~e ~1



Leptons and family symmetry

SU(3), x SU(3).

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3
- o
yijﬁ}ma —— P 151 T
% Plraeri + E PPl Cls + h.c.
© g(n)z ném) 0 778) ngj) 0
N > . N1 <




Leptons and family symmetry

SU(3), x SU(3).

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

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

e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.
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Gauge bosons, SU(3).

SU(3)e = SU(2)€®nothing

V11V U3 =€€:€: ]

Fs+—=Fs  Fi—iFy | Fa—iFs

V3 | .
— F1+ i/ —F3+ —=Fs| Fg — t.F7
Fu + 1F5 Fe + 1.F7 —%Fg
2,.2
gv 2
M42,5,6,7 — 9 : M??S — % ( _@2
/3V2

U2>?

Y



Flavour changing neutral currents

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

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

mixed:
1 : py2 : %
— %;(Ja) Z er \aY'er)’ =
1| T P DA B |
=12 (er TR TR )7V 0 1 0 | Vep"| wr
2 | 0 0 0 )|

e no mixing with 3rd family — NO FCNC.

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



Flavour changing neutral currents

e Constraints on masses are proportional to violation of custodial symmetry:
2
€R
Vf({e) LR +
TR
e 2
R
V) [ wr =
TR

1 0

1 e
/:'fcnc:_p (€R MR TR)’YMVIE({)T 0 1
2 0 0

P 10
-3 |(er mr TR )WV 00
4v3 0 0




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

SU(3), — SU(2), —> nothing

Fi+iFe  —Fz+ zFs Fo—iFr

Fa + 1F5 Fe + 1F7 —l./rg

! ( Fg—l—%fg F1—1F5 Fa — 1 5 )
V3

2 2 2) 2 2 1 2 2
g /2 2 2 9 2 2 2 g wy + Wi ﬁ(wl — w3)
= — (w3 +w Me - = — (w3 +w Mpag = “—
5 (w3 +wy) 06,7 2( 5+ w3) 38 = 5 (jg(w%’w%) L(4w? + w? + wl)

|



VEVS

Can the hierarchy of the VEVs of £s be natural? The generic potential is:
2

2)\ ) + )‘klnmfkglgT Sm <M€1£2€3 + hC)

V(€) = An(l€nl” =

e The dimensional constant u can be arbitrarily small since if 4 — 0 the
Lagrangian acquires global U(1), symmetry.

® vy/v3 ~ m,/m, (one order of magnitude) can emerge from a natural
fluctuation of mass terms p? and coupling constants \.

e Small vy is naturally obtained when the third flavon &; has positive mass
squared. Then for y # 0 non-zero VEV (&7) is induced:

HU2V3
2
251

V1 =

e Taking p small enough, say p < ve, one can naturally get v; < vo. The
hierarchy of the VEVs of £s can be natural.



Flavons and LFV

e Also flavons can mediate the LE'V processes.

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

_ GinVw

hz’n ggg—LiBRa hzn M

which are generically flavor-changing.

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

haahoo _ haahoo mi
- (Tr) (Bpe) ~
15 3 Vs

For vy > 2 TeV, the width of 7 — 3u decay induced by this operator is
more than 12 orders of magnitude below the experimental limit.

e The width of 4 — 3e decay induced by analogous operator mediated by
flavon &; is also suppressed by orders of magnitude.



Triangle anomalies

SU3)e x SU(3)e x SU(3)g x SU(3)y x SU(3)4

by, ~3p, er ~ 3¢, QL ~ 3Q, 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

SU3) x SU2) xU(1)"
f;_—ifv3g, e’L Nge, Q%NZBQ, u’L N3u, dlL NSd

e Couplings with flavons:

gznfg
M

(plriera + ¢ lni€ls) + hoc.



Triangle anomalies 2

e As an example, for SU(3)., mixed triangle anomaly U (1) x SU(3)? must

be cancelled. New leptons
Era~(1,-2,35X),  Eri~ (1,-2,1;X)
and for mirror parity
Epa ~ (1,=2,,3:: X), &~ (1,2, 1; X)
cancel the mixed triangle
U(1) x SU(3)Z, U(1)x x SU3)Z, U(1) x U(1)%, U(l)x x U(1)?
e Masses from Yukawa couplings
Yin€ O ERi€La + Yin€OELi Epe + hec.

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

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

e For neutrinos
Y'Y Y
M M

the last operator gives COLEPTOGENESIS.

(6IT.Clr; + ¢ ¢ IHECU) + —L- 6Tl + hec.



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:

yzj
M2

yz]
M2 777,04

ngLadey + fm(?(]LauRq + h.c.

e mass hierarchy is related with hierarchies in breaking of SU(3),x.SU(3)4 %

SU(3), gauge symmetry:

mp : Mg : Mg = 1: €q€q : €4€4€4€

My @ Me My, = 11 €465 1 €4,E4€4€¢



Quarks and family symmetries

K9 — K9 oscillation is induced by:

1
= o [(VaaV5)? + €(VaaV3)?] (SR dR)’
d2

Since [VagVai| ~ €4, |VaaV5i| ~ €3€q4, KY mixing is suppressed by €363 < 1.

New contribution can be constrained to be less than the SM contribution.
By taking €64 ~ 1072, the mass scale vgy ~ 7TeV is compatible with the
constraint from the neutral kaons mass difference.

As regards the imaginary part contributing to €y, with the same choice
€q€q ~ 1072, vg9 ~ 7TeV is still allowed if the phase of VaqVoy is O(0.1).



