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CKM UNITARITY PROBLEM

e Unitarity of Vo implies |Vigl|? + [Vius|? + |[Vap|? = 1
e Superallowed nuclear beta-decays (07 — 0 Fermi transitions) determine:
GV — GF|Vud,‘

within the SM

then V,4 = 0.97420 £ 0.0002;

e New computation of radiative corrections with reduced hadronic uncer-
tainty (Seng et al. PRL 2018):

exp
Gy

Vidl =
’ d| GF(:G,U)

= 0.97366(15)

e New determinations of the ratio for kaon and pion decay constant fr+ /f+
(FLAG 2019) and of the form factor relevant for semileptonic decay f. (0)
(Fermilab Lattice and MILC) determining V,,; and V,,4 from:

Vus
Vud

fret

fr

£+ (0)|Vys| = 0.21654(41) | — 0.27599(38)




CKM UNITARITY PROBLEM

PDG 2018
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CKM UNITARITY PROBLEM
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SOLUTION #1
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SOLUTION #1

e Vector-like isosinglet down-type quark b’ , b’ involved in quark mixing:
hi¢QLiby + MU b,
Vud Vus Vub Vub’

® VCKM — Vcd Vcs Vcb Vcb’
Via Vie Vi Vi

U c d S
/ /
AN AN
14 14 Z Z
> >
YN YR
C U S d
If Vi = 0.04:
o gzz’, (1,1]%\/) < % from DY — DY mixing (mass splitting).
o Arg (%) ‘%’;’/ (19) < 15 from K° — K° mixing (e parameter).




SOLUTION #2

e Suppose the existence of flavor changing bosons.

4GF o _ 4GH — _
_W(V//y ,LLL)(GLV(XVG) o \/i (eLfy ML)(VM/)/@V@)
Ly, Vy 253 €L
W F
U, €L Ve Yy

: : : : 4Gy [—— _
e Horizontal interactions give the operator —T;(e LY L) (Upvave)

e Interference with SM — 455 (Tpy* L) (€L vale):

G,=Gr+Gpg




SOLUTION #2

o Different G, = G+ Gu =Gr(1+0,) =1+vZ/v]

e The values of V5, Viuq (and corresponding errorbars) are changed by a
factor:

Vis = (14+9,) Vi, Vaa = (1 +6,) Vaa

while the ratio is not affected.

e Unitarity recovered:

2G

— = 1- |Vud|2+|vu8‘2+|vub|2 (1)
GF

o After performing the fit of Vs, Vi,q and their ratio with two parameters
Vus and 6, by imposing unitarity, the minimum x23_. = 3.0 is found for

5, = 0.00076, or
ve = 6.3 TeV



SOLUTION #2

5, =0.00076 ==p vy = 6.3 TeV
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CKM UNITARITY
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CKM UNITARITY
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MORE ABOUT SOLUTION #2

Something not explained in the SM:

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.

Hierarchy between quarks and CKM angles parametrized by ¢ ~ 1/20:

My Mg i My ~ €2 :¢€: 1 My @ M s My ~ €71 €2 1

. na . ain g4 L im0 2
sin 0], ~ Ve~ 4de; sinfi; ~ €  sinfis ~ e

Hierarchy between charged leptons parametrized by same € ~ 1/20:

me:mM:mka_leZ:ke:k

k ~ 3 (factor O(1)).

Technically natural: SM tolerates Yukawa hierarchy but cannot explain it.



STANDARD MODEL ® FAMILY SYMMETRY

e A gauge family symmetry can be introduced and mass hierarchy between families can
be related to the hierarchy of the symmetry breaking.

e Family symmetry should not allow fermions to have mass until this symmetry is
spontaneously broken. So it should not be vector-like: L and R fermions should
transform differently under family symmetry.

Maximal family symmetry could be a chiral symmetry:

U(3)g XU (3)y xU(3)g xU3); x U(3)e

qrLi ~ 3 ugwgu d%wi_’)d lr.g ~ 3i 6%~36

In grand unification SU(5) is reduced to
U(3)* =U(3); x U(3). (q,u e%); = (10, 3.)
(1,d%)a = (5,31)
SU(3)r gauged, U(1) global



SSB & FERMION MASSES

SU(g)l X SU(S)e

Moy ~ 31 SU(3); “% SU(2); 2 nothing w3 @ up : Uy = €7, : €,

ffn) ~ 3. SU(3). ST SU(2)e 25 nothing V3 Vg V] = € ¢

Then mass ratios, Voxum, Upmrns are obtained.

]
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SSB & FERMION MASSES

SU(g)l X SU(S)G

2. u3 U2 . 1

7787,) ~ 31 SU(@3); — SU(2); — nothing  u3 : U2 : U3 = €2 tep 1l ep :
n=123

. 2 U3 U2 . 9 1

fzn) ~ 3., SUB). > SU(2), —> nothing v3:v3:v; =€ :e€:1 €= 5

n=1,2,3

Then mass ratios, Voxum, Upmrns are obtained.

Effective Operators for Fermion Masses




SSB & FERMION MASSES

g

SU@ UG

9 Uu (1) . 1

77?”) ™~ 3l SU(S)Z %3 SU(Q)[ — nothmg Ug : U2 . U1 = 6% . €1, ¢ 1 €, g
n=1,2,3

1

f’én) ~ 3. SU3B) = SU(2), =+ nothing V3 :Vg:v] = e€:e:1 €= 50
n=1,2,3

Then mass ratios and mixing angles are obtained:

Effective Operators for Fermion Masses

i¢j i k.0 5
S ity S b+ S el + T Gdlals +
O@) Oet) O(&)\ .
m'® ~ | O(e%er) Ofeer,) Ofer) | - 172 VEW
O(e’)  O(e)  O(1)



GAUGE BOSON MASSES
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FLAVOR CHANGING NEUTRAL CURRENTS

e Yukawa couplings, and photon/Z couplings (VTV = 1), are diagonal in
mass basis: no flavour changing neutral currents at tree level in
the SM.

Here in principle:

Leff = —5 Ja

Jée)u _

BUT FLAVOR CHANGING CAN ALWAYS BE CONTROLLED!



FLAVOR CHANGING NEUTRAL CURRENTS

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

e there are no FCNC thanks to CUSTODIAL SYMMETRY, no matter
if two families are mixed:

| a — _ax
Leps =— 4—?]%(91%7 v"er)(€rT" v.er)
1 2

= — 5 (FR1ue’ + CR2YuCR)” =
U3

OO =
O = O
o O O

T ] ol ¢
:—@((6 I T)W“V()T( )V()(M)ﬁz
2 T

NO MIXING WITH 3rd FAMILY — NO FCNC.

e Then constraints on masses are proportional to violation of custodial sym-
metry (corrections of order € = vy /v3):

1 1 1
1 (J2)* = 72 (Js +V3Js)* = — ) (Ja)’

Leff =



FCNC & COMPOSITENESS LIMITS

Compositeness limits:
2

g _ - _
Lo = i(l T 0 )AL, erVuerfrRY" IR AL p(eeee) > 10.2 TeV
7 | A p(eepp) > 9.1 TeV
4T Anp(eeTT) > 5.5TeV
vo > 2TeV mp 3 > 40TeV
LEFV mode Exp. I';/T',(I'y)  Main contribution to FF;' F
4
1L eee <1.0-10712 L ("“g—VV) ViVa, + Vi Vone?|”? <1.1-10713 (2T6V) el &2
4
T~ = pu"ete” <1.8-107° i <"’5—2W> V3MV37’ F—W =6.2-107° (Q}EV) €30
4
T — [ <21-1078 5 <U5W> ‘V32V3T’211:—W =3.1-107" (2$§V> €30
4
I — ey <4.2.10713 30 (”EW) A =31-1071 (22V) ef i,

4
=y < 441078 30 (”EW) Vi Vi, |” L =87-1071 (21V)



LEFT-HANDED LEPTONS

There is an interesting possibility for left-handed sector. Considering SU (3) /
gauge symmetry, if a symmetry between flavons n holds and

Uz = U2 = Uy
then
e Gauge bosons have equal masses

e They do not mix

e I'rom Fierz identities for A\ matrices:

[ a — \a 1
Leff 2—4‘:—?}%(%A ver,)(er A yuer) 2—6—?}%(% Tvyuer)’

That 1s no FCNC.



CONCLUSIONS

e Flavor symmetry leads to a possible solution for the CKM unitarity prob-
lem.

e Horizontal gauge bosons can be as light as few TeV, without contradic-
tion with the experimental limits (flavour changing processes with leptons,
compositeness limits, K-mesons system, B-mesons-system, etc.).

e In order to cancel SU(3)? anomalies an interesting possibility is to intro-
duce the mirror twins. Mirror matter is a candidate for dark martter.

e The flavor gauge bosons are messengers between the two sectors and so
not only they are a portal for direct detection, but also they can mediate
new phenomena such as muonium disappearance (conversion into mirror
muonium), kaon disappearance, pion disappearance.



backup



BACKUP

CKM 3 CKM 4 CKM+F
C 0.22780(60)  0.22443(61)  0.22460(61)
B 0.22535(45)  0.22518(45)  0.22535(45)
A 0.22333(60)  0.22333(60)  0.22350(60)
A+ B 0.22463(36) 0.0.22452(36) 0.22469(36)
A+B+C 0.22546(31) 0. 22449(31) 0.22467(31)
v2 = 27.71 6.1 Y2 = 6.1




TRIANGLE ANOMALIES

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

by, ~ 3¢, er ~ 3¢, QL ~ 39, 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)" x U(1)":

glRNgfa 6/L N3€7 QlRNgQa U/L N3u7 d/L ~ 34

e Couplings with flavons:

gingg
M

(plriepa + ¢'V5.er ) + h.c



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.

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

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

e LFor neutrinos

~

Y yii
v 00 il + hec.

M
the last operator gives COLEPTOGENESIS.

(6l E,Clp; + ¢’ §1ECUR,) +



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),  Epi~(1,-2,1;X)
and for mirror parity
Ery ~ (1,-2,3.; X), Er. ~(1,-2",1; X)
cancel the mixed triangle
U(1) x SU(3)%, U(l)x x SU(3)2, U(1) x U(1)%, U(1)x x U(1)?
e Masses from Yukawa couplings
Yin€ ERiELa + Yin€nELi Epa + hoc.

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.



EFFECTIVE OPERATORS FOR FERMION MASSES
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SSB

SU(3); x SU(3).

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

e 9 0 0
Miny ~ 31 ey =1 0 | me)=| w
Uus 0

SU(3)e = SU(2). —> nothing
. ) 0 0
§(ny ~ e o= 0 | oy=| v

einducing VEV to Xe and S via couplings

Wiy X ey + hee,

1
€, =~ 5
1
"7 20
) O(ei)
) Ofer)
O(1)



FERMION MASSES

SU(3); x SU(3).

u u2 . ].
SU(3); — SU(2); — nothing U3 : U U = e% cer o 1 € ~ 5

(% V2 . ].
SU(3). — SU(2), — nothing V3 iU ivp =€2 el €= o0

From Yukawa coupling:

Ae
M X§k¢ék15 —> m T o (X,) ~ (

%D o ¢ ) o o
) 0@ o ) Mx

Vée)Tm(e)Vfge) _ méfii;g @m(e)TeL _ (@Vée))(vfgeﬁm(e)fvée))(Vée)TeL)

61 € Vle Vl,u V17- (¢) €
e = V}(ge) v = | Vae Vo, Vaor L
63 R T R Vge V3,u V37- R T R



FCNC

1
Lejr=—-—5((€& @ 7 )yrVEl
17 4@%
1 I ,
— 3 (T + VB3I = 5D ()
3 3 a=4

G 7
. . i
Contribution to —4—“% at L.O. from:
LFV mode Experimental limit —41}% ((5)) J ((23)) Heavy bosons
2
»* * * 2
1 IGpeeeI —6 V3eV3 (Vlevlp_v2ev2p,)€
[ — eee 75oap < 10 Wﬁ — o2
* 2 * * 2 2
-+ + _— |Gpepe| . -3 _(V3eV3I~L) _(Vlevlﬂ_v2ev2#) ¢
et — e Cr < 3-10 12 T602
* * * 2
_ _ _ G —4 Vs Vi (Vo,Vor—V3,, Var)e
T o pTeter Izl < 134.10 T DT
* ** 2
1 |Grpppl —4 V3, Var _ V3, V3re
T —> UL 7oap o < 1.45- 10 —2%— —%2—
* * * * 2
1 |G‘reee| —4 VieVar (Vl Vl‘r_V2 V2T+V3 ‘/31')€
T — eee < 1.64-10 o — e €< €
V2 Gp 2v3 4v3
* * * 2
- - G —4 Vv,V 3V Var+ Vi Var —Vi* Viy)e? (V3o Viu+Vs, Voo e
e pt %ﬁ_ﬂ < 1.64-10 _décvgi (3V3e Var 2;}%7 1eVir)e® (V3 #vgs,u e



FCNC & COMPOSITENESS LIMITS

LFV mode Operator Experimental limit Main contribution Constraint
4G —-12 4G peee .
[ — eee ——5=erY" nrerY" er [eee /T < 1.0-10 -~ - va > 1.16 TeV
T s peten = ARy rRERy er Crpee/Tr < 1.8-1078 - e S va > 1.5 TeV
ey o0 Y
n—r ey ,u,“(cL 5 MR + €éRr puL)ng F“e,y/l_‘u <4.2-1071 — e v > 1 TeV
4 o >
T — —~prn(BL % TR + BR%-TL) Fsp  Drey/Tr <4.4-107° —frp N — g2z vy > 0.7 TeV

Compositeness limits:

2 —
Lo = i(l n 5gf)A2 €RYuerSRY" IR AL R(eeee) > 10.2 TeV
ef)*RR
7 1 A p(eepp) > 9.1TeV
4 App(eert) > 5.5TeV



STANDARD MODEL

Weak eigenstates are not mass eigenstates;

fermion mass matrices

m = Vvpw
vew = 174 GeV, can be diagonalized VL(f T (f )Vf(gﬂ = méﬁ@
all masses proportional to Higgs VEV;

fermion mixing in charged currents is
Voxn = VYTV Upnins = V7TV,

Yukawa, couplings, and photon/Z couplings (V'V = 1), are diagonal in
mass basis: no flavour changing neutral currents at tree level;

all flavour changing and CP-violation is originated from loop diagrams;

no mixing in the right particles sector (unless right W bosons exist).



BACKUP

(KT =7 u"e’)/Tiotal < 5.2-1071°
vo > 30 TeV

G%m2, ~. —— -
Mqo = Z QWF <KO‘(dLV“5L)(dL%3L)‘KO> —

7T

—GZ% M2 -
Licrsm =g (577" d) (i) F + hec. =

1 — i«
= — = (527 L) (SEYudi) + hec.

~ (5zy"dr)(3ryudr) + h.c.

(1,6 - 105GeV)?




