G S GRAN SASSO
L e D TTTE I N N
| | SCHOOL OF ADVANCED STUDIES

Istituto Nazionale di Fisica Nucleare

Flavour Problems and
New Physics at TeV Scale

Candidate: Benedetta Belfatto Supervisor: Zurab Berezhiani

22/07/2020 Benedetta Belfatto

G'S
s



Introduction



The Standard Model

The SM describes the fundamental interactions among elementary particles as gauge interactions.

e Gauge Symmetry:  SU(3)c x SU((2)r x U(1)y
e Fermions:

u
= (4~ By e Gy de~ B0
v,
I = ( ) ~ (1,2) 1/ er ~ (1,1)—1
The electroweak part SU(2)r x U(1)y is chiral.

o A single Higgs doublet: O ~ (17 2)1/2
Yukawa interactions Lyuk = Yuggq_LuR + Y 0qr,dr + YengBR + h.c.
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The Standard Model

U
dr. = ( di ) ~ (372)1/6 Up ~ (37 1)2/3 dRr ~ (37 1)—1/3

I = ( oL ) ~ (172)—1/2 er ~ (1,1)-1
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Replication of fermion families

1)

2)

3)
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qr, = ( Zi ) ~ (372)1/6 Up ~ (371)2/3

~ (172)—1/2 €CR ™~ (17 1)—1

u
dr. = dll': ~ (372)1/6 up ~ (37 1)2/3
€L
= Y (3,2) up ~ (3,1)
dr, = dr »<)1/6 R » +)2/3

~ (1,2)-1/2 er ~ (1,1)—1

9
(it )
= ()~ a2an e~
(i )
(%)

dr ~ (3,1)_13

dr ~ (3,1)_1/3

dr ~ (37 1)—1/3
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The Standard Model

Lvuk = Y7 ¢qriur; + Y;j¢QLz’de + Y ¢lrier; + h.c.

e Yukawa matrices are not diagonal in weak basis.
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The Standard Model

Lvuk = Y7 ¢qriur; + Y;j¢QLz’de + Y ¢lrier; + h.c.

e Spontaneous symmetry breaking:
0
o~ 121 ()=

SUB)e x SU2), xU(l)y = SUB)e x U(1)em

0

) Vw = 174 GeV
Vw
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The Standard Model

Lvuk = Y7 ¢qriur; + Y;j¢QLz’de + Y ¢lrier; + h.c.

e Spontaneous symmetry breaking:

6~ (1,212,  (¢°) = Uw (174@

SUB)e x SU2), xU(l)y = SUB)e x U(1)em

e Fermion masses: m(%d’@)w — Yzjjd @

e Gauge bosons masses:  my, =
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The Standard Model

Lyuk = ijj$QLiURj - Y;j¢QLide + Yeij¢€—Li€Rj + h.c.

(u,d,e)ij _ I
*m o Yu,d,evw

e Yukawa matrices are not diagonal in weak basis.

e Weak eigenstates are not mass eigenstates:

m, .= Vlgu,d,e)fm(u,d,e) Vf(zu,d,e)
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The Standard Model

Lyvax = Y9 dqriug; + Y;j¢QLz‘de + Y ¢lrier; + h.c.

(u,d,e)ij _ I
*m o Yu,d,evw

e Yukawa matrices are not diagonal in weak basis.

e Weak eigenstates are not mass eigenstates:

m, .= Véu,d,e)Tm(u,d,e) Vf(zu,d,e)

Quark U, CL L
mass eigenstates: dr ST, br,

UR CR IfR

dr SR br
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The Standard Model

®m, .= VéU,d,e)Tm(u,d,e)V}gu,d,e)

g

e (Quark charged currents in mass basis: 7 ( u ¢ t )LVMVL(u)TVL(d)

Vud Vus Vub
e Vaxm =V = | Vea Ve Vi
Via Vis Vi

o VCKM 1S unitary.

e Vo is the only source of CP violation in the SM.
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The Standard Model

: t g g
100} ¢ o mlwde)ij — de,@
105- ® My g — VL(u’d’e)Tm(%d’e)V}gu’d’e)
: b
[ [ ]
= 1} c r Vua  Vus Vb
8 ¢ ¢ VCKM — Vcd Vcs ‘/cb
€ 0.100| g Via Vis Vi
; L
X S
- e Technically natural: SM tolerates
0.010¢ :
g Yukawa hierarchy but cannot
0.0011 : ! explain it.
e
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The Standard Model

o mwde) = Y* 4, : the same transformation diagonalizes Yukawa cou-

plings and mass matrices.

e Neutral currents: £,. = —2 (g{f—Lv“fL + g};f_Rv“fR) Z,

cos Oy

e Yukawa couplings and photon/Z couplings (for unitarity of V]Eu) and

V,Ed)) are diagonal in mass basis.
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The Standard Model

22/07/2020

m(wde)il = Y* 4, : the same transformation diagonalizes Yukawa cou-

plings and mass matrices.

Neutral currents: L, = COSQQW (g{f—Lv“ fr + gIJ;f_Rw“ fR) Z,
Yukawa couplings and photon/Z couplings (for unitarity of V]Eu) and
V(d)) are dia li basi
i gonal in mass basis.
NO flavour changing neutral currents at tree level.

The SM is extremely successfull in describing experimental data on flavor
changing and CP violating processes, and in the SM FCNC are strongly
suppressed.

Then if new physics shows no suppression for FCNC, its scale must be
above ~ 10* TeV.
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In the SM there is no explanation for...

e replication of fermion families;

e inter-family mass hierarchy (Yukawa hierarchy);

e weak mixing pattern: small angles for quarks, large angles for neutrinos;
e neutrino masses: very small (seesaw?), mass hierarchy yet unknown.

e Hierarchy problem (physics at TeV scale needed..), dark matter, dark
energy, baryogenesis, ...
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OUTLINE

1. Gauge family symmetries:
e Masses and mixings from family symmetry
e How light can (flavour) gauge bosons be?
2. Anomalies in the first row of CKM matrix: new physics at TeV scale?
e The present situation
« Solving CKM unitarity problem with family symmetry
3. Extra vector-like quarks

e Are they a solution for anomalies in the first row of CKM?
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1. Family symmetries

e Masses and mixings from family symmetry

« How light can (flavour) gauge bosons be?



Replication of fermion families
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U(3)e xU(3)e xU(3)y xU(3)y xU(3)q

e Fermions transform as triplets

In the limit of vanishing
Yukawa couplings, Y — 0,
the SM acquires a maximal
global chiral

family symmetry.

gLNgﬁa eRNge
QLNSq URNSU,
dr ~ 34

e Yukawa interactions break
the SU(3)° symmetry.

22/07/2020

Ul u u1
i) a=(if) a=()
> U(3), >
Up uh uD
» U(3)y >
dp dr dy
» U(3)g -
1 1 1
&:(@) @:(@ ﬁ=(@)
cr L €L
» U(3), >
eR eh R
» U(3)e >
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Family symmetries

In the context of SU(5) grand unified theory (GUT) the maximal symmetry
reduces to

U(S)g X U(B)e
5. = (£,d°), ~ (3¢,1) 10z = (e%u Q)L ~ (1,3¢)
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Family symmetries

U(3)e xU(3)e xU(3)g xU(3)y xU(3)4g

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

e Fermions cannot get mass if the symmetry is unbroken.
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Family symmetries

U(3)e xU(3)e xU(3)g xU(3)y xU(3)4g

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

e Fermions cannot get mass if the symmetry is unbroken.

— Can the fermion mass hierarchy be related to the breaking pattern?

— Can the breaking scale be low enough to have flavor bosons within the
experimental reach?
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Family symmetries and fermion masses

UB)e xU(3)e xU(3)g xU(3)y xU(3)4
€LN3g, GRNSG, qL~3q URN3U, dRNSd
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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Effective operators for fermion masses

UB)e xU(3)e xU(3)g xU(3)y xU(3)4
€LN3g, GRNSG, qL~3q URN3U, dRNSd
e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.

Yeij @Ee Rz
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Effective operators for fermion masses

€LN3£7

QLNSq

U(3), ><>< U@B)y xU(3)y xU(3)4

eRN3€7

RNB’Ua

e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.

Yeij @Ee Rz
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gzngg
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Effective operators for fermion masses

U(3), ><>< U@B)y xU(3)y xU(3)4

€LN3g, GRNSG, qL~3q URN3U, dRNSd

e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.

2 © &n © &n
\
\\ \\ // \ /
\ \ / \ /
\ \ / \
‘\\ h \\ // é \\
\ \ / \
\ \ / \ M
> 2, > > %Y > - > % - -
CRi Yu ng €Ra Gin{&n) ELZ €Rao La R, Cri
e M
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Effective operators for fermion masses

U@B)e)x U(3)e xU(3)g xU(3)y xU(3)4

€LN3g, GRNSG, qL~3q URN3U, dRNSd

e Fermions cannot get mass if the symmetry is unbroken.

e Yukawa couplings are induced by non-zero VEVs of scalars.

@ @ @ SeB ©
\ / | | |
\ / | | |
AN ,/ | | |
. , ! ! !
\ / | | |
AN : My : Mn :
> @ - > ——> ——> -
by ! (e N N, Nz N L
My
Sozﬁ ~ 6l
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Fermion masses

e The inter-family hierarchy between quark species and CKM angles can be
parameterized by a small parameter ¢ ~ 1/20:

md:mszmbrveQ:ezl mu:mczmt~e4:62:1

sin 6)12 ~ \/E ~ 46; sin (923 ~ €, sin 913 ~ 62

e Hierarchy among charged leptons can be parametrized with e:

me:mM:mTNk_%Q:ke:k

with k ~ 3 (factor O(1)), or:

Me :My, My ~eeie:l

e The neutrino mixing angles are much larger and presumably there is no
significant hierarchy between the neutrino masses.
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Leptons and family symmetry

@)g x U@x U(3)y x U(3)y x U(3)a

€LN3€7 eRNge
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Leptons and family symmetry

SU(3), x SU(3).

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3
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Leptons and family symmetry

SU(3), x SU(3).

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3
=Y —o =0
Yij&; e —— P 151 T
% olraeRri + E pplraCls + h.c.
© g(n)z ném) 0 778) ngj) 0
> \é/ > > @ -
R oy @ lra % lrs
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Leptons and family symmetry

SU(3), x SU(3).

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

- _o =3
Yij&iMia —— i M,

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

22/07/2020
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wplt Clg+ h.c.

SU(3); = SU(2); — nothing



Leptons and family symmetry

SU(3), x SU(3).

e Three SU(3). triplets & ~ 3. e Three SU(3), triplets n; ~ 3
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Leptons and family symmetry

SU(3), x SU(3).

e Three SU(3). triplets &; ~ 3. e Three SU(3), triplets n; ~ 3,
- —o =
Yii& Nia —— hi i3 -
]\}% olraeri + 0 Lol ,Cls + h.c.
SU(3). = SU(2). = nothing SU(3); = SU(2); —> nothing

U1 0 0
<§1><0>, <§2>(Uz), (53)(0)
0 0 (O8]
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Leptons and family symmetry

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

i T

M3

v

wplt Clg+ h.c.

SU(3). = SU(2). = nothing SU(3); = SU(2); —> nothing

U1 0 0
<§1><0>, <§2>(02), (53)(0)
0 0 (O8]

~€e ~e ~1
vlzv2:v3—6616:1—>YeyT<~€e ~ € N1>—) Me 5 My, 5 TNr
i _ YW ~€e ~e€ ~1
e 2
ML
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Gauge bosons

22/07/2020

SU(3).
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Gauge bosons

SU(3).

e Gauging of SU(3)., new gauge bosons, new horizontal interactions.

a Y
€R €R

€s €RS
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Gauge bosons, SU(3).

e Generically, FCNC...(in the SM only at loop level, and excellent agreement
with experimental data...):

e Y
€R €Rr

eri = Viieer + Viiir + Vil

()‘G)OCB ()‘b)’yé

€es €ERS

e Heavy gauge bosons may suppress FCNC. Nevertheless, can they be ”light”?
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Gauge bosons, SU(3).

22/07/2020

SU(3)e = SU(2). = nothing
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Gauge bosons, SU(3).

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

V11V U3 =€€:€: ]

Fs+—=Fs  Fi—iFy  Fi—iFs

7

F1+ 155 —F3 + %fg Fe — 1 F~

. V3 )
F4‘|‘ZF5 .F6‘|‘Z.F7 —7§F8
2.2
2 R ACE: 5 g°v3 g> v3
3
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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
Fa+ 1.F5 Fe + 1.F7 —%Fg
2,,2
2 g3 2 @
My 56,7 = 9 M3y = % ( _ T2
/3V2

U2>?

Y
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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:
|8 3
_U_QZ(Jg)2 Z er \aY'er)’ =
2a:l a=1
. 1 0 0 er \1°
e (010 v (
2 | 0 0 0 ™ /|

e no mixing with 3rd family — NO FCNC.

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

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

1 1 0 O ER
Line=— 12 |(er 7r T )wVe" [ 0 1 0 |V ur || +
Y2 0 0 0 R
2
¢’ B I A
— m ( €ErR MUR TR ) /Y,UJVR 0O 0 O VR MR —
2 0O 0 1 TR
1 1 ~ €62~ e ER ’
42 (eR UR TR )’Yu ~ €€ 1 ~ € IR +
Y2 ~ €€ ~E ~E? TR
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Experimental constraint

e Flavour conserving operators constrained by compositeness limits:

1 1
R > (€Y er)” — 5.2 (erY er) (HRVVILR) vo > 2 TeV | — vg > 35 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 (v 4 -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 =y <44 o (e ) |V, Ve | £ = 8.7 v ) €20
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Gauge bosons in left-handed sector, SU(3),

SU(3), — SU(2), —> nothing

Fs+ zFs  Fi—iFy  Fi—iFp
Fi+iFe  —Fz+ zFs Fo—iFr

Fa + 1F5 Fe + 1F7 —%Fg

1 2 2

w3 + wi ﬁ(wl — w3)

2 2 2
o _ 9, 9 2 2 _ 9, 2 2 o _ 9
Me4,5 ~ 9 (w3 + wy) Mg6,7 ~ 9 (wg —I—’wz) Misg = 9 ( %(w%—w%) %(4w§+w%+w%) )

2 92 2 2
Mm,z — ?(wz + wy)
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New interactions in left-handed sector

Charged leptons flavour conserving

Gr A 2
off = e Z <—L’m—a €L> interactions,
lepton flavour violating interactions

20 8 \ )\ muon decay, tau decays,
ev F —— p’la - a ﬁ . . .
g <eL7 —eL> (I/L ’yu—I/L) non-standard neutrino interactions

with leptons

8 2
Vv Gr Z (V_L%&VL> Non-standard interactions between
neutrinos
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Muon decay

er QGf' _ )\a - >\a
eff — NG Z (GL ’Y“x—a 6L> (VL %LE VL)

a=1

Hr €L

Ve Yy
The sum of the diagrams gives:

G,u :GF—I—G]::GF(I—P(SM)

GM#GF

2
CKM unitarity restored if §, = ~¢ ~ 7 - 10~%, corresponding to

)
Vr

VF — 6-7 TeV
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New interactions in left-handed sector

K,.!

y G 8 - )\a 2
ﬁeﬂ‘ = ——2 Z (GL ’}/,ux—a EL)

a=1

Flavour conserving interactions
(compositeness limits): vE > 3 TeV
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FCNC In left-handed sector

8 2
ee G]: —_— )\a

If us3 = uo = uy (e. g. symmetry between ns) then
e Gauge bosons have equal masses and do not mix.
e \, —> VI, Vis simply a basis redetermination of the Gell-Mann matrices

e From Fierz identities for A\ matrices:

1 1

— \Q — \a — 2
Lepp = —@(GL A yter) (e A" yueL) = —@(GL Iyuer)

e no FCNC, the global SO(8), symmetry acts as a custodial symmetry.
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FCNC In left-handed sector

22/07/2020

= Uy~ 7.107Y)

In general case e.g. u — 3e decay: 3
F

e

(5,
TR D (O U U)o

I'(p—ev,v.)
r=2u3/vs, |C(r)| < 1. |Us,| and |Use| 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.

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

 Hierarchy between fermion masses and mixing pattern can be obtained
from the breaking pattern of gauge family symmetries.

« Gauge bosons of flavour can be as light as few TeV (also for quarks).

« The Fermi constant Gr can be different from the muon decay constant.
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1. Anomalies in the first row of CKM
matrix: new physics at TeV scale?

» The present situation

« Solving CKM unitarity problem
with family symmetry



Present situation of CKM unitarity

22/07/2020

g
Lee="4(u c t *Vi s | W +h.c.
NG ( )L7 CKM b p

Vokm = VL(uHVéd) is the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

Vud Vus Vub
VCKM — ‘/cd Vcs Vcb
Via Vis Vi

VoM 1s unitary.

The unitarity condition for the first row is:

|Vud’2 + ’Vus,2 -+ ‘Vub’2 =1

Deviation from CKM unitarity can be a signal of new physics beyond SM.
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Present situation of CKM unitarity

22/07/2020

|Vud|2 ’Vub‘Z =1

|Vus| can be directly determined from semileptonic K¢3 decays

f1(0)|Vys| = 0.21654 + 0.00041

The ratio of decay rates K — uv(vy) and m — uv(y) determines:

Vs /Vaud| X (ficx/frt) = 0.27599 + 0.00038

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

VUS

Vo = 0.2238(8) , | Vs

= 0.2315(10) (PDG 2018);

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

Benedetta Belfatto



Present situation of CKM unitarity

|Vud|2 ’Vub‘z =1

e Semileptonic kaon decays: e Leptonic kaon (and pion) decays:

A :  |Vus| =0.22326(55) B: |Vus|/|Vua| = 0.23130(49)

e Determination from leptonic K decay recently obtained (Di Carlo et al):

A’ : Vs = 0.22567(42)
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Present situation of CKM unitarity

‘ Vil + [V ?

e Superallowed nuclear beta-decays (07 — 07 Fermi transitions) determine:

K 5 0.97147(20)
2Ft(1+AY)  ~F 14+AY

G%‘|Vud|2 -

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

e Redetermination of AY = 0.02467(22) from (Seng et al.): e Czarnecki et al. AY = 0.02426(32):
Cr: V| = % = 0.97366(15) Cy |Vua| = % = 0.97389(18)

e Average (without reducing uncertainty):

C: [Vl = go = 0.97376(16)

Gr (=G,
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Present situation of CKM unitarity

Wlth Cli

22/07/2020

0.222 0.223 0.224 0.225 0.226 0.227 0.228

0.9750

0.9745+

©

<3 0.9740

0.9735

0.9730"

Vus

3.90 away from unitarity
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Present situation of CKM unitarity

0.222 0.223 0.224 0.225 0.226

With Cs: cors0 ~_

0.227 0.228
T T 710.9750

0.9745. 10.9745

T

x> 0.9740 0.9740

0.9735 10.9735

0.9730: .. ,10.9730
0.222 0.223 0.224 0.225 0.226 0.227 0.228

VUS

20 away from unitarity
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Present situation of CKM unitarity

0.222 0.223 0.224 0.225 0.226 0.227 0.228

With C: 0.9750

0.9745 10.9745

©

> 0.9740- 10.9740

0.9735- 10.9735

0.9730
0222 0223 0224 0225 0226 0227 0228

Vus

3.10 away from unitarity
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Present situation of CKM unitarity

22/07/2020

Sengetal. - 0 o* . C1
Czarnecki et al. = C,
Aokietal.-  =m————— o——=——=- Ni=2+1
. Ku2
Aoki et al. - > B
Di Carloetal.- Kpu2 —_— A
Aokietal.- = ======- = —m———— N=2+1
KI3
Aokietal. + - ° A
Bazavov et al.
KI3+Ku2 A+A'+B .
0.222 0.223 0.224 0.225 0.226 0.227 0.228
Vis
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Present situation of CKM unitarity

22/07/2020

3.00
2. 70
4.90
Sengetal. - . C1
_ 0*-0*
Czarnecki et al. - . Co
Aokietal.-  =m————— o——=——=- Ni=2+1
. Ku2
Aoki et al. - © B
Di Carloetal.- Kpu2 —_— A
Aokietal.F = =====-- o= =m———- N=2+1
KI3
Aokietal. + - . A
Bazavov et al. 5.60
KI3+Ku2 A+A'+B ®
0.222 0.223 0.224 0.225 0.226 0.227 0.228
Vis
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Present situation of CKM unitarity

3.00
2.70
4.90
Sengetal. - . C1
_ 0*- 0"
Czarnecki et al. = C,
Aokietal.-  =m————— o——=——=- Ni=2+1
. Ku2
Aoki et al. - ° B
< >
: I 2.90 .
Di Carloetal.- Kpu2 —_—A
Aokietal.F = =====-- o= =m———- N=2+1
KI3
Aokietal. + o A
Bazavov et al. 5.60
KI3+Ku2 A+A'+B ®
0.222 0.223 0.224 0.225 0.226 0.227 0.228
Vus
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CKM unitarity problem

22/07/2020

PDG 2018

]
1
-E ------ - -———=== Cc
:
1
1
--i ------ 0—————- B
:
1
1
______ —p | Pull (0)
i Cc +1.0
i B: +0.8
i A: -1.2
""" " A+B: -0.5
After 2018 i
: —_— e C
i
:
—e——B
i
1
e i Pull (0)
: C: +3.9
: B: -0.2
: A: -3.6
— Bl A+B: -2.3

0223 0224 0225 0226 0227 0228
Vus
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The CKM unitarity problem

Seng etal. - E : = Ci
0*- 0* : :
Czarnecki et al. E —e : C2
Aokietal. K2 — B :
Di Carlo etal. - Ku2 . A
Aokietal. + - K/3 A : :
Bazavov et al. L L : :\ : L . :. I
0.223 0.224 0.225 0.226 0.227 0.228
Vis
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Solution #1

e Suppose the existence of flavor changing bosons.

AGr _ 4G ,__ _
- /2 €Ly 1r)(Vpyare) _W<Vu7 1r)(ELvave)
,LLL 6L ,LLL 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

22/07/2020
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Flavour bosons for CKM

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

ok
e The values of Vs, V4 (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—;
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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
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©
< 0.9740
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g
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PDG 2018 A
5 S~ - —————-- Cc
S T
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------ A Pull {(0) 6,=0.00076 I
1 C: +1.0 :
l B: +0.8 ! 5
: A: 1.2 —
""" U H A+B: -0.5 i
1 1
1 1
2 139 | i C: -0.1
Xdof ' | ! B: +1.5
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| i A+B: +0.1
A : Pu" (0-) . . . | . . . . | . . i | . . . . | . . . . | . . . . | . . .
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Conclusions #Z2

22/07/2020

There is tension between independent determinations of the elements in
the first row of CKM matrix (Vs and V,q).

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. Then the Fermi constant would be different from the
muon decay constant, Gp =G, /(1 +4,).

CKM unitarity is restored with §,, ~ 7x10~*, corresponding to a breaking
scale of the symmetry SU(3), (and gauge boson mass) of few TeV, which
was shown to be possible without contradicting experimental constraints.
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3. Extra vector-like quarks

« Are they a solution for anomalies in the first
row of CKM?



Extra vector-like quarks

» Extra down-type weak isosinglet
» Extra up-type weak isosinglet

e Extra weak isodoublet
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Vector-like isosinglets

Vadl® + [Vus|* + Vs = 1 = [Va|* Vi | = 0.035

0.222 0.223 0.224

. . 0.225 0.226 0.227 0.228
* Extra down-type weak isosinglet 0.9750° o -

» Extra up-type weak isosinglets

0.9745 10.9745

]

3 0.9740 10.9740

0.9735- -0.9735

09730 . L s Tt~0.9730
0222 0223 0224 0225 0226 0227 0228

Vs
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Vector-like isosinglets

|Vud|2 T |VUS|2 T |Vub|2 =1- |Vub’|2

* Extra down-type weak isosinglet

* Extra up-type weak isosinglets

22/07/2020

\\\\\\\\\\

|/vu:|=o.036 : c

1 |

0223 0224 0225 0226  0.227

Vus
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Cq: -0.04
B: +0.6
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A: -3.0
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Down-type isosinglet

e Down-type vector-like species of quark d4z, g whose left and right compo-
nents are both SU(2) singlets involved in quark mixing:

..+ hidGridar + Mdarbagp + h.c.

( ) hdl’Uw dl
d
dr; 7 h g2 Uy d
° dLimgg)de+h'c- == (qiz, ©2L+ 43L, daL) M3x3 h;lzz d;
0 0 0] M dy

o VIEd)Tm(d)V]gd) = mgil;g = diag(mgq, ms, mp, My/)

dy d Via Vis Vis Vi

d2 — V(d) S — V2d VQS ng ng/ S

d3 v b Vag Vas Vap  Vay b

dy ) v )L Via Vas Vo Vw ), \V ),
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Down-type isosinglet

e Charged weak currents:

22/07/2020

g _

Ecc — T = u
A

B Vud Vus
— Vcd Vcs
‘/td ‘/ts

Via Vis Vs Viw
Voa Vas Vo Vo
Vg Vis Vi, Vay
Via Vis Vap Vap

CL

tr, )W“VCKM

Vub’
Ve
Viv

Benedetta Belfatto

Z W; + h.c.,
o)

° VL(U)T is a unitary 3 x 3 matrix.
° VL(d) and Vogs are 3 X 4 matrices.

° ‘N/L(d) and Vogy are not unitary.
® ‘Vub" ~ ‘VIAd‘ ~ 0.035

e Since |V, | = hg1vyw /My, assuming
Ve | > 0.03 and hg; < 1, then
My < 6 TeV.



Down-type isosinglet

e Weak neutral currents:

_ 9 | e = (A7) | S L. — —
Lne = cosfy | 2 (de 3z br b )V,7'Vp p | T §s1n2 Ow (dLy"dr + dry"dr)
b/

e The non-unitarity of ‘N/]Ed) is at the origin of tree level flavour changing

couplings with Z boson (and Higgs boson), determined by the matrix:

1—|Vaal* =ViVas  —ViEVa — Vi Vay
VAGARTACO —ViVia 1—1Vas|*  —ViEVe — Vi Vi
L L _V4*bV4d _V4*bv48 1 - W46|2 _V4*bv4b’

—ViVaa Vi Vas ViV Ve P+ [Vau [ +|Vau|* /|

o If the 2nd and 3rd families are not mixed with the fourth, V43 = V4 = 0,
there are not FCNC at tree level between the first three families.
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Down-type isosinglet

Neutral D mesons mixing: Kaon decays:
u c d s
b/
A N
W W ViaVis >
q
C U S é_

Neutral K mesons mixing:

d\ S
e 9_0_____
b/A b
______ gb e
s/ d
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Down-type isosinglet

* Experimental constraints from kaon decays and neutral kaon mixing:

104

N — Mp=6 TeV
— My=6 TeV

[ Amk

B < —>vv
| | Ki->mPee
Bl K+ ->mtvy
T K —>pt
T Ks—>pt
B Il B <

1075

| VLaa V{4

10—6 -

| | | | | | | | | | | | | | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

|sindp24]
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Down-type isosinglet

e There is little room left for |V |.
e Also |Viy| < 4.2-1073 from B decays.

e The mixing of the 4th state with the second
and third family should be much less than
the mixing with the first family, which seems
unnatural, although not excluded.

22/07/2020

* Excluded area for parameters:

0.015

0.010

| Vcb'l

0.005

0.000

Benedetta Belfatto

0.0000  0.0001

| 0.0002 0.0003 0.0004 0.0005
VL4s

| Vb | =0.03

- | Voo |#] Vb Vea+ Vias|
I Kaons

—0
I D°-D

— Mp=3-6 TeV




Up-type isosinglet

e Vector-like up-type quark w4z, r whose left and right components are both
SU (2) singlets involved in quark mixing:

e T h’;}LQZEEULLR + Myuspusr + h.c.

° f/L(u) is the 3 x 4 submatrix of VL(U) without the last row, ‘70 rym 1s 4 x 3
matrix.

° Véu) and Vegy are not unitary.

¢ |Vud|2 + |Vu8‘2 + |Vub’2 =1- |VL4u‘2 3 |VL4u‘ ~ 0.035
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Up-type isosinglet

e The non-unitarity of ‘7}5“) gives flavour changing couplings of quarks with
Z boson (and Higgs). The weak neutral currents Lagrangian is:

(ryHup + agy*ug)

I cx(x:.x)
© I ex(xe.xe)

[ ex(xe)

i u
9 (1o _ - S (Wit | ¢ 2 .o
ﬁnc = COSHW 5 ( uy;, c¢r tr t,L )’)/’MVL VL + — g S11n 0W
/
N t L
Constraints from K mesons mixing:
d S |
\ t/ /
-
R 0.00004
=3
%4 W
> 0.00002»
/ q \ »
S d i
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Up-type isosinglet
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* Excluded area for parameters:

0.0025

0.0020
| Ver 4| =0.03
—: 0.0015 I | Ve o|#| Ve g Vs + ViLacl
E - €K
Bl 00D
0.0010
L — M;=6 TeV
0.0005
0.0000 -

0.000

0.001 0.002 0.003 0.004  0.005 0.006

vL4c
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Vectorlike weak isodoublet

 Extra weak isodoublet: trying to cure both the gaps..

22/07/2020

Sengetal.- 0*-0" o C1
Czarnecki et al. - ® Co
Aokietal.- Ku2 —e——B
Di Carloetal.r Ku2 ——A
Aokietal. + - KI3 ° A
Bazavov et al.
A+A'+B °
0.222 0.223 0.224 0.225 0.226 0.227 0.228

Vus
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Vectorlike weak isodoublet

e Vectorlike extra SU(2)-doublet:

wen=( 1 )
ALR =
dy L.R

Y

0 dr1
S (d) d
- () ; o Y35 3Uw 0 R2
drimg;’dgj +hc.=( @iz @rL @3z GaL ) X 0 dr
yhvw  Yhve  yhve My dR4
d d d .
V]E )Tm(d)Vfg ) = m((ji;g = diag(mgq , ms ,mp , My)
Véuﬁm(“) V}(zu) = mgﬁg = diag(my, , me,me, M)
° V(d’u) are unitary 4 x 4 trices:
L.R y matrices:
Ve Veis Vo Vi Viiw Voie Ve Vo
@ _ Vioa Vias Vioy Viow W Viou Viae Viae Viow
L Visa Viss Viaw Visw L Visw Vise Vist Visw
Viaa Vias Viaw Viay Viaw Viae Viar Viaw
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Vectorlike weak isodoublet

e The charged-current lagrangian is changed in:

4
Z uriy"dr;) W/Jr + —U4R’Y“d4RW
=1 \/§

E\Q

o VoxmL = VL(u)TVIEd) is a 4 X 4 unitary matrix.

R TR S g .
:ﬁ( Uur, Cy, tL t/L )’YMVCKM,L bz le_+ ﬁ( Ur CR

th th )Y"Vekmr

e Weak charged currents involve also right currents and the mixing matrix

Vo, R 1S not unitary:

Ve VRad Vi 4y VR4s

Vi Vria ViV,
V. — V(U)Td 0,0,0, 1 V(d) — R*4c R4d 1140 R4s
CKM,R R iag( ) R ViuVRaa Vi, VRas

VearVRad Vi VRas

22/07/2020 Benedetta Belfatto

Vi VR 4b
Vi1 VR 4b

Vi 4 VR av
Vi aVR v
Vi 4 VR ab
Vi VRav



Vectorlike weak isodoublet

e Couplings of u-quark with down quarks (which should be the determina-
tion of the first row of SM CKM matrix) become:

i(W’Y'M‘/L uddL + @VR ud’Y“dR) W,u + i(ﬁf}/MVL usSL T EVR us’YMSR) W,u + h.c.

V2 V2

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

semileptonic K decay A @ |Vous + Vrus| = 0.22326(55)

leptonic K decay A" @ |V us — VrRus| = 0.22567(42)
Vius — VRus|
Vi ud = VR udl
superallowed beta decays C : |Vud] = |VLud + Vrwal = 0.97370(14)

leptonic K decay B : = 0.23130(50)
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Vectorlike weak isodoublet

e With:
Vi s = 0.22444 Vi wa = 0.97370
VRus = —0.0012 VRud = —0.0008
L.
e
i A Pull (o)
I C:0.0
: B': -0.1
—A A:OG
" 0223 0224 0225 0226 0227 0228
vLus
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Vectorlike weak isodoublet

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

tree level.
UR
1 g = (W7 5. W | cr
Ecnc — ZH ! MV d 0,0,0,1 V.
f 3 cos Oy ( ur Cr lr tp )7 r diag( Wr th
tr
dr
I g - T I (d)T 1 (d) SR
— — A ! Il VAN | 0,0,0. 1)V
3 cos Oy (dr 3R br Uy )7"Vy"'diag(0,0,0,1)Vy b
br
where
VeRaw|* Vi, V324c Ve VrRat Vi VRar
Wt u ViV VR 4c| VeicVrRat Vi VRav
VAU 0,0,0,1 v _ Rdc R4u e R4c R dc
r o diag( Vr ViuViaw ViaViae  Vaul®  VigVear
Vi VRaw Vi VeRae Vi Verar  |VrRar|?
VR 44|? V§4dVR24s VeidVraw ViiaVRravy
. Vi LV VR s Vs VrRaw Vi VRay
V(d)Td 0,0,0,1 V(d) _ 1243 R4d ) s R4s R*4s
ko diag( )k VewVrad VawVRas Vewl>  ViuVew
Vi Vraa Vi Veas Vi Veaw Ve |?
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Vectorlike weak isodoublet

Low energies EW quantities and Z physics Area excluded by flavor changing K decays

I vR4u|

0.20 | Vras|

0.020
0.15

0.015

0.10

i ue..
0.010

0.05 I
i 0.005~

| | VRadl N ——
0.05 0.10 0.15 0.20 0.005 0.010 0.015 0.02¢ VRacl
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Possible solutions

22/07/2020

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

[

qrim;; dpj = ( @iz L Br @z dsi )
0

\ 0

i = |
qriMm;; UR; 9ir 920 43L 44L

u
Y41 Vw

d
Y:(%x)s'Uw

?JZZQ U
0

Y:(;Q:a Uw

0

0

0
0
My

0
Mg )

UR1
UR2
UR3
dR4

e The non-zero couplings y¢,, y% can cancel the discrepancy from kaon
physics without introducing flavor changing. The singlet can fix the dis-
crepancy with the determination from superallowed beta decays.
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Conclusions #3

« Large mixing of extra species with SM fermions is required for solving
CKM unitarity problem.

 Vectorlike quarks cannot restore unitarity without fine tuning.

* If they exist, their mass should be no more than about 6 TeV.
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Summary

1. Gauge family symmetries:

« Natural explanation for masses and mixings of fermions from the spontaneous breaking pattern of the
symmetry.

 Flavour gauge bosons can be as light as TeV without contradicting experimental constraints, due to custodial
properties.

2. Anomalies in the first row of CKM matrix: new physics at TeV scale?
» There is tension between independent determinations of the CKM matrix elements of the first row.
 Flavour gauge bosons mediated interactions can restore unitarity of CKM.

« Gr can be different from muon decay constant without contradicting experimental data, rather providing a
testable solution for the CKM unitarity problem.

3. Extra vector-like quarks

« A quite large mixing with SM fermions is needed to restore unitarity, comparable to V. The mixing with the
first family should be ten times larger than the one with heavier families (seems unnatural but not excluded).

e Their mass should be no more than about 6 TeV.

» Flavour changing can be avoided with more isodoublets or isodoublet and singlet by setting to zero some
couplings with SM families.
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Summary

Inter-family gauge symmetry can give a natural explanation to the origin
of mass hierarchy and mixing pattern of fermions, as a consequence of
spontaneous breaking pattern of this symmetry.

Flavour gauge bosons can be as light as TeV without contradicting exper-
imental constraints, due to custodial properties.

Flavour gauge bosons mediated interactions can then be a solution for the
CKM unitarity problem.

Gauge bosons acting in the quark sector can be in the reach of LHC for
direct detection. Moreover some LFV processes, as e.g. 7 — 3u, can have
widths close to present experimental limits and can be within the reach
of future high precision experiments.

In order to cancel SU(3)? anomalies an interesting possibility is to intro-
duce mirror matter, which is also a candidate for dark matter. The flavor
gauge bosons would be messengers between the two sectors and a portal for
direct detection. They can mediate new phenomena such as muonium dis-
appearance (conversion into mirror muonium), kaon disappearance, pion
disappearance.

There is tension between independent determinations of the elements in
the first row of CKM matrix, which can be a signal for a violation of CKM
unitarity.

A new effective operator in positive interference with the SM muon decay
as the one generated by flavour changing gauge bosons can restore unitar-
ity of CKM. Then G, can be different from the Fermi constant G r without
contradicting experimental data, rather providing a testable solution for
the CKM unitarity problem, with Gp = G, /(1 +6,), 6, ~ 7 x 1074
corresponding to a scale of the new interactions of 6-7 TeV.

A quite large mixing with SM fermions is needed in order to recover uni-
tarity. For example, the mixing of an extra down-type vectorlike quark
with the first family should be |V,,;/| &~ 0.04, which is comparable to |V.p|
and ten times larger than |V

The mixing of the 4th state with the second and third family should be
much less than the mixing with the first family, which seems unnatural,
although not excluded.

The existence of two or more vector-like doublets or a vector-like isodou-
blet with down-type or up-type isosinglet can yield a solution to the prob-
lem of CKM unitarity by setting to zero some couplings of extra species
with SM families.

In order to obtain a large mixing of vectorlike quarks with ordinary quarks,
the mass scale of these particles should be of few TeV. Further search at
LHC can falsify or discover the vectorlike quarks.

Concluding, in the TeV range there may exist a new physics related to the
fermion flavour which can be revealed in future experiments at the energy
and precision frontiers.
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Backup



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€¢
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Quarks and family symmetries

o K¥ — KO oscillation is induced by:
1

— — [(V3aV5y)* + €5(VaaVay)?] (SR dR)
4vd2

e Since |VogVsi| ~ €4, [VaaV5y| ~ €3€q4, KY mixing is suppressed by €3¢3 < 1.

e 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.

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

e Also flavons can mediate the LE'V processes.

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

L 9inUw

M

hz’n ggg—LiBRa hzn

which are generically flavor-changing.

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

haahao ,_ | haahoo mi
- (Tr) (Bpe) ~
5 1 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.
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Effective operators for fermion masses

§'e

577&_

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

U1 0 0
<§1>(O), <§2><’02>, (53)(0
0 0 (O8]

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

V3 . U9

1

1 = €€ e 1 € = —

20

22/07/2020

§"Na

) (m)

nn”

M2 SOQL’LURJ + M2 PAL; (])é T M2 gLozeRz + M3 90906 Oéﬁ + h.c.
d

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

SU(3); =% SU(2); = nothing

Then mass ratios, Vokm, Upypnsg are obtained.
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Effective operators for fermion masses

u
) X
© ) X *f </>
\ I / \ /
\ I / \ /
\ | / AN )/
\ | / \ /
\ I / NS
\ I /
U A —0—
> - e > - L e
4, Ece E, e =)
Sap ~ 6
@ SoB @ f f
I I I \ /
I I I N !
I I I \ p
| | | \ /
| | | \ /
I M I M I N
L VN o VN o 2 @ 2
ba N No  Ng NP Lp A

Ay ij 7 Ad i L 7 Ae Bk ;= —177
L :M—UXUJ¢UJQZ -+ M—DXd deaqz + M—EXe ¢€kl5 + )\’/Moz5¢¢lalﬁ + h.c.



SSB

SU(3); = SU(2); =% nothing

— 0 0 Uq
77(an) ~ 3 (n(s)) = ( 0 ) (Ne2)) = ( 162 ) () = ( 8 )

SU(3)€U_3>SU(2)3U_2>nOthlng V3 : V2 . V] — € e 1 € — —

. _ 0 0 U1
Szn) ~ 36 <£(3)> = ( 0 ) <£(2)> = ( V9 ) <§(1)> — ( 0 )
U3 0 0

ng ~ (gg,ge) Sap ~ (65, 1)
einducing VEV to Xe and S via couplings

M?{f(z)XTn(n) + h.c. 115 Sm; + h.c.
* 7 « B o B
(X R xSy D) (50 MS<77(Z>?7(1>>
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Charged leptons masses

SU(3); = SU(2); =2 nothing

SU(3). = SU(2). —» nothing

SU(3); x SU(3).

From Yukawa coupling:

Ae
ME

VL(G)Tm(e) Vée) _ m(e)

€
€
€

XPropenls —

1
2
3

diag

€ Vle Vl,u
V9 | = Ve Vau
R T R Vge V3,u

Vl T
V2 T
V37’

|

(e)

R

’U,3Z’U,22’LL1=€%Z€LZ

(

)



Effective operators for fermion masses

U(B3)e xU(3)e xU3)y xU(3)y xU(3)4

KLNgfa BRNgea QLNgq URNSu, dRNgd
e Fermions cannot get mass if the symmetry is unbroken.
e Yukawa couplings are induced by non-zero VEVs of scalars. e
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Effective operators for fermion masses

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

€LN3g, GRNSG, qL~3q URN3U, dRNSd

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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Effective operators for fermion masses

U@B)e)x U(3)e xU(3)g xU(3)y xU(3)4

€LN3g, GRNSG, qL~3q URN3U, dRNSd

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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FCNC in SU(5)

e In the context of GUT theories new gauge interactions require the mass

scale of gauge bosons to be much higher than few TeV, also in SU(5)
scenario.

e Tree level contribution to K mesons decays K~ — 7y~ et, K? — et T

e Mass scales of gauge bosons are constrained to be higher than 100 TeV
and 300 TeV respectively.
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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.
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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.
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Cosmological implications

22/07/2020

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

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

T'/T < 0.2 +0.3 from CMB and large scale structures.

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

For neutrinos
Y'Y Y
M M

the last operator gives COLEPTOGENESIS.

(dQIE,Clr; + ¢ ¢ IFCH ) + =@ Tl + h.c.
J J
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The CKM unitarity problem

CKM [PDG] CKM [post 2018] CKM+ ¥’ CKM+F
C 0.2257(9) 0.22780(60) 0.22443(61) 0.22460(61)
B 0.2256(10) 0.22535(45) 0.22518(45)  0.22535(45)
A 0.2238(8) 0.22333(60) 0.22333(60)  0.22350(60)
A+B 0.2245(6) 0.22463(36) 0.22452(36)  0.22469(36)
A+B+C 0.2248(5) 0.22546(31) 0.22449(31)  0.22467(31)
x? =34 Y2 =27.71 Y2 =6.1 = 6.1
Vs 0.2248(7) 0.2255(12) T 0.2245(5) 0.2247(5)
Vud| 0.97440(16) 0.97424(27) T 0.97369(12)  0.97443(12)
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CKM and neutron lifetime problem
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Gauge bosons, SU(3).

e Generically, FCNC...(in the SM only at loop level, and excellent agreement
with experimental data...):

e Y
e% °R

\

eri = Viper + Var ir + Vil mr

(AT)ap @ (), ,
Lot = _% Ja (M2);b1 Jou

1 ‘ o[ 7
Ja,u — 5( €ErR MR TR )/Y,MVf({ )Jr)\avf(g ) ( HR )
TR

€es ERS

e Heavy gauge bosons may suppress FCNC. Nevertheless, can they be ”light”?
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Present situation of CKM unitarity

PDG2018 i
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Solution #2

’Vudlz_l_ ‘Vus’2‘|‘|vub|2 =1-— ‘Vub"27 ‘Vub" — 0.04

0.220 0.222 0.224 0.226 0.228
0.9750 \ | 10.9750
0.9745 > / 10.9745

° I ™ ~ i |

> 0.9740 N 10.9740
0.9735" i 10.9735
0.9730 | 10.9730

0.220 0.222 0.224 0.226 0.228
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