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ABSTRACT: Recent high precision determinations of Vs and V,,4 indicate towards anomalies
in the first row of the CKM matrix. Namely, determination of V,4 from beta decays
and of Vs from kaon decays imply a violation of first row unitarity at about 3o level.
Moreover, there is tension between determinations of Vs obtained from leptonic K u2 and
semileptonic K¢3 kaon decays. These discrepancies can be explained if there exist extra
vector-like quarks at the TeV scale, which have large enough mixings with the lighter
quarks. In particular, extra vector-like weak singlets quarks can be thought as a solution
to the CKM unitarity problem and an extra vector-like weak doublet can in principle
resolve all tensions. The implications of this kind of mixings are examined against the
flavour changing phenomena and SM precision tests. We consider separately the effects
of an extra down-type isosinglet, up-type isosinglet and an isodoublet containing extra
quarks of both up and down type, and determine available parameter spaces for each
case. We find that the experimental constraints on flavor changing phenomena become
more stringent with larger masses, so that the extra species should have masses no more
than few TeV. Moreover, 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. We show that these scenarios are
testable with future experiments. Namely, if extra vector-like quarks are responsible for
CKM anomalies, then at least one of them should be found at scale of few TeV, and
anomalous weak isospin violating Z-boson couplings with light quarks should be detected
if the experimental precision on Z hadronic decay rate is improved by a factor of 2 or so.
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1 Introduction

The Standard Model (SM) SU(3) x SU(2) x U(1) contains three fermion families with left-
handed (LH) components of quarks qr; = (ur,dr); and leptons ¢1; = (vi,er)i, i = 1,2, 3,
forming doublets and the right-handed (RH) components ug;, dg;, er; being singlets of
isotopic symmetry SU(2) of weak interactions. The charged current weak interactions in
terms of the quark mass eigenstates, up quarks u, ¢, t and down quarks d, s, b, are described

by the coupling

d
QL\EW: (w ¢ D71 —+%) Veru Z + hec. (1.1)

where Vo is the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

Vud Vus Vub
Voxm = | Ved Ves Ve (1.2)
Via Vis Vi

In the SM context Voxy should be unitary. Any deviation from its unitarity can be a
signal of new physics beyond the SM (BSM).

At present, the determinations of |Vys| and |V,4| have reached high enough precision
to test with high accuracy the unitarity of the first row in CKM matrix (1.2):

‘Vud‘g + ‘Vus‘z + |Vub’2 =1 (1.3)

Namely, precision experimental data on kaon decays, in combination with the latest lattice
QCD calculations of the decay constants and form-factors, provide accurate information
about |V,s|. On the other hand, recent calculations of short-distance radiative corrections
in -decays substantially improved the determination of |V,4|. Since the contribution of
|Viup| =~ 0.004 is very small and actually negligible, the test of the sum rule in eq. (1.3) is
practically equivalent to a Cabibbo universality check.

In our previous paper ref. [1] it was pointed out that there is a significant (about
40) anomaly in the first row unitarity (1.3), after using three types of independent de-
terminations of |V,s| and |V,4|, which were dubbed as determinations of type A, B and
C. Specifically, determination A corresponds to the direct determination of |V,s| from the
kaon semileptonic (K¢3) decays, B comes from the determination of the ratio |Vis/Vi4|
obtained from charged kaon leptonic (K p2) decays by comparing them with pion leptonic
decays, and C corresponds to the direct determination of |V,4| from superallowed 07—0"
nuclear transitions by employing the value of the Fermi constant obtained from the muon
decay, Gp = G,.

For explaining this anomaly we proposed two possible BSM scenarios. One is related to
a new physics in the lepton sector. Namely, we considered the horizontal gauge symmetry
SU(3)¢ x SU(3), between the lepton families, with SU(3), acting between LH states ¢1; =
(vr,er); and SU(3), acting between RH ones er;. We have shown that flavour changing



gauge bosons of SU(3), induce an effective operator which contributes to the muon decay
in positive interference with the SM contribution (WW-boson exchange). In this way, the
muon decay constant G, becomes different from the Fermi constant Gr: G, = Gp(1+6,)
with 6, = (vw Jvr)?, where v, and vp respectively are the electroweak and horizontal
symmetry breaking scales. Since the values of |V,s| and |V,4| are normally extracted by
assuming Gr = G, in this scenario they are shifted by a factor 1 4 4, while their ratio
is not affected. CKM unitarity is recovered with 6, ~ 7 x 10~* which corresponds to a
horizontal breaking scale of about 6 TeV. Interesting point is that such a low mass scale
for the horizontal gauge bosons is not in conflict with the stringent experimental limits on
the lepton flavour changing processes as u — 3e, 7 — 3u etc. [1]. The breaking scale of
SU(3)e symmetry of the RH leptons can also be as small as few TeV without contradicting
experimental limits [2].

Another (more straightforward) possibility discussed in ref. [1] is to introduce extra
vector-like quarks.! In particular, with extra isosinglet quarks of down-type b or up-type
t' one can settle the CKM unitarity problem which results from the determination of V4
from superallowed beta decays (C) and Vs from kaon decays (A and B), whereas by
employing the extra quarks forming the weak isodoublet (¢',b') all the tensions between
the independent determinations A, B and C can in principle be explained.

However, large mixings with SM families induce flavour changing phenomena which can
be in potential conflict with stringent experimental limits. In this work we give a detailed
study of the effects on relevant flavour changing processes and electroweak observables
and constrain the parameter space for each scenario (extra weak isosinglets of up-type or
down-type or weak isodoublets).

As we will show, there still remains some available parameter space which can satisfy
these stringent constraints but it is very limited and can be excluded with future experi-
mental data. In particular, it can be excluded if the limits on masses of extra vector-like
species will increase up to 3TeV or so or the limits on some relevant flavour changing
phenomena or Z boson physics will further strengthen. Therefore, all these scenarios can
be falsified in close future.

The paper is organized as follows. Since after ref. [1] some new data appeared, in
section 2 we update the analysis of the CKM first row anomalies. As we will show, although
numbers have changed, the anomalies are still there. In section 3 we discuss the generalities
about the role of different types of vectorlike quarks in fixing the problem. In sections 4
and 5 we analyze separately the scenarios with extra weak isosinglet quarks of down-type
(b') and up-type (t'), by providing a detailed study of flavour changing phenomena induced
in this scenarios and determining the available parameter space. In section 6 we perform
the analysis in the case of additional extra weak isodoublet (¢/,’). In section 6.5 we discuss
some combinations in case more families are introduced. At the end, in section 7 we give
our conclusions.

! After ref. [1] the problem of the CKM unitarity anomaly was addressed with different approaches in
several subsequent papers [3—16].



2 Present situation in the determination of |V,,| and |V,4|

As already stated, the precision of recent determinations of |V,s| and |V,4| allows to test the
first row unitarity (1.3) of CKM matrix. Deviation from unitarity can be parameterized as

Vaua® + [Vas|* + Vi = 1 = Soxm (2.1)

Hence, the value dcxnv shows the measure of the unitarity deficit.
The element |V,s| can be directly determined from semileptonic K¢3 decays (Kpu3,
Kre3, K*e3, etc.) which imply [17]:

J+(0)|Vyus| = 0.21654 £ 0.00041 (2.2)

where f4(0) is the vector form factor at zero momentum transfer which can be computed
in the lattice QCD simulations. The average of 4-flavor computations reported by FLAG
2019 is f+(0) = 0.9706(27) [18]. We combine it with the latest 4-flavor result fi(0) =
0.9696(19) [19] (which was not included in FLAG 2019 [18]) getting f4+(0) = 0.9699(15).
In this way, from eq. (2.2) we obtain the value of |V,| (determination A in the following) as:

A: |Vis|a = 0.22326(55) (2.3)

An independent information (determination B in the following) stems from the ratio
of the kaon and pion leptonic decay rates K — pv(y) and m — pv(y) which implies [20]:

Vs /Viual % (fret/frt) = 0.27599 =+ 0.00038 (2.4)

Then, by employing the 4-flavour average for the decay constants ratio fr+ /f+=1.1932(19)
reported in FLAG 2019 [18], we obtain:

B:  |Visl/|Vial = 0.23130(49) (2.5)

As regards the element |V,4|, its most precise determination is obtained from super-
allowed 070" nuclear $-decays, which are pure Fermi transitions sensitive only to the
vector coupling constant Gy = Gp|Vyq|. The master formula reads [21, 22]:

K 0.97142(58
Vil = s

= = 2.6
2G2.Ft(1+ Ag) 1+ Ag (2:6)

where K = 2m3In2/m3 = 8120.2765(3) x 10710 s/GeV*, G = G, = 1.1663787(6) x
107° GeV~2 is the Fermi constant determined from the muon decay [24] and the nucleus
independent value Ft = 3072.24(1.85)s is derived from ft-values of 15 best determined
superallowed 07—07 nuclear transitions by absorbing in the latter all transition-dependent
(so called outer) corrections. This value has been very recently updated in ref. [22]. In
particular, while the Ft central value is almost unchanged, the uncertainty attributed
to the theoretical corrections has increased.? The second source of uncertainty in Vg is

*In our previous work [1] we used Ft = 3072.07(72)s [23], but this value was recently upadated in
ref. [22].



related to the transition independent short-distance (so called inner) radiative correction
Apr which in 2006 was computed by Marciano and Sirlin obtaining Ar = 0.02361(38) [25].

However, a recent calculation with improved hadronic uncertainties brought to a dras-
tically different value Ap = 0.02467(22) [26]. A more conservative approach of ref. [27]
gives a slightly lower result with relatively larger uncertainty, Ar = 0.02426(32). For our
analysis we decided to use the average of these two results, Ap = 0.02454(18).> Then,
using this average, from eq. (2.6) we get the value of |V,q:

070" [Vaa| = 0.97373(29) 74(9)a, = 0.97373(31) (2.7)

The value of |V,4| can be extracted also from the free neutron S-decay:

Vil = K/In?2 _ 5024.46(60) s (2.8)
v T G Furn (14 382) 1+ Ar)  ma(1+3¢%)(1+ Ag) '

where F,, = fn(1+4 %) is the neutron f-value f,, = 1.6887(2) corrected by the long-distance
QED correction 0% = 0.014902(2) [31]. It is somewhat less precise due to limited accuracy
in the experimental determination of the neutron lifetime 7,, and the axial coupling constant
ga = G4/Gy. By combining the recent determination of axial coupling g4 = 1.27625(50)
and the “bottle” lifetime* 72ole = 879.4(0.6) s as in ref. [1], using the average Ap =
0.02454(18), we get:

free neutron: |Vual = 0.97333(33),,(32)g4(9) a5 (6) , = 0.97333(47) (2.9)

(Interestingly, by comparing the determinations of |V,4| from free neutron decays and
superallowed 070" decays, the factor 1 + Apr cancels out and one obtains an accurate
determination of the neutron lifetime 7, = 5172.0(1.1)/(1 + 3¢%) = 878.7(0.6) [33] which
well agrees with 7P°""¢ but is in strong tension with 7P°™ = 888.0(2.0) s [32].)

By averaging the results from superallowed beta decays and free neutron decay (2.7),
(2.9) we get the value of |V,4| (determination C in the following):

C: |Vua| = 0.97362(26) (2.10)

The measurements of 7+ — 7’e*v branching ratio by PIBETA experiment [34] lead to the
independent result |V,,4| = 0.9728(30) which however has about 10 and 6 times larger uncer-
tainties as compared to determinations (2.7) and (2.9). Therefore, we take in consideration
determination C obtained from superallowed 070" transitions and free neutron decay.
The tensions between determinations A, B and C are shown in figure 1, which presents
the fit of the values (2.3), (2.5), (2.10), with V5 and V,,4 considered as independent param-
eters, without imposing unitarity. The unitarity condition (1.3) is shown with the black

30ther more recent studies confirmed the shift of the value of AY [28-30]. By including these results,
the discrepancies in the first row of the CKM matrix would increase, so we are more conservative with
our choice.

4There is an apparent tension (40) between the neutron lifetime measurements using the bottle and
beam experimental methods, 70°*® = 879.4(0.6) s and 7,2°*™ = 888.0(2.0) s, origin of which requires more
profound understanding and perhaps some new physics [32].
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Figure 1. The purple, blue and red bands correspond respectively to the values of |V,4| from
eq. (2.3), |Vus/Vud| from eq. (2.5) and |Vq| = 0.97362(26) from eq. (2.10). The best fit point, 1o,
20 and 30 coverage probability contours are shown (green cross and green circles) for Vs and Vg4
considered as independent parameters, without imposing unitarity. The black curve corresponds to
the unitarity condition (1.3). The dashed black curve corresponds to eq. (2.1) with the deficit of
unitarity dcxm = 1.8 x 1073,

continuous line. The best fit (minimum x?) corresponds to
Vs = 0.22436(36) Via| = 0.97356(26) (2.11)

The unitarity curve is 30 away. The x? value is rather large, x? = 7.1, due to the tension
between the two determinations A and B from kaon decays. Using eq. (2.1) for fitting the
data, the deficit of CKM unitarity results

Scim = 1.8(5) x 1073 (2.12)

The tensions can be manifested also in another way. We can take |V,s|a = 0.22326(55)
from the direct determination A while B and C can be also translated in |V,s| determina-
tions by imposing the unitarity condition (1.3). Namely, the value of |V,,s| obtained in this
way from eq. (2.5) is:

|VuslB = 0.22535(45) (2.13)

which is compatible also with a theoretical result |V,s| = 0.22567(42) from Kpu2 decays
obtained in ref. [35].
From determination C (2.10) we get instead:

[Vis|c = 0.2282(11) (2.14)

For completeness, in table 1 we show the values of |V,,4| and respective “unitarity” values
of |Vys| corresponding to the choices of Ar as reported in original refs. [25-27], indicated
as Cyp, C1 and Cs.



Determination AR |Vl |Vius |

Co [25] 0.02361(38)  0.97420(21)  0.2257(9)
C1 [26] 0.02467(22)  0.97355(27)  0.2284(11)
Oy 27] 0.02426(32)  0.97375(29)  0.2276(12)
C (our choice)  0.02454(18) 0.97362(26) 0.2282(11)

Table 1. Values of Ag reported in original references [26, 27], respectively labeled as C; and Cs,
and corresponding values of |V,4| obtained by averaging eqgs. (2.6) and (2.8). Values of |V,;| are
obtained assuming unitarity (1.3). C represents our average (see text). Cg represents the value
quoted by Particle Data Group (PDG) review 2018 [36].

A: |Vius|=0.22326(55) B: V| =0.23130(49)|Vyq|  Average*
Ci: |Vua| =0.97355(27) 2.3-1073 1.5-1073 1.8-1073
Ca: Vg =0.97375(29) 2.0-1073 1.1-1073 1.5-1073
C: |Via|=0.97362(26) 2.2-1073 1.3-1073 1.7-1073

* Average of the values of V,,s given in the columns A and B.

Table 2. Values of dckym obtained for different choices of the values of |V,s| and |Viq4]-

Figure 2 displays the values |Vys|a (2.3), |Vuslp (2.13) and |Vis|c (2.14) with corre-
sponding error bars (shaded areas). Between determinations obtained from kaon decays,
A and B, there is about 3¢ tension, which maybe could disappear with more accurate
lattice simulations.® Therefore, we conservatively take a democratic average of |Vus|a and
|Vus|p without reducing error bars (with the uncertainty taken as arithmetical average of
two uncertainties):

A+B : |Vus| = 0.22451(50) (2.15)

We see that there is about 40 tension between determination A and C and 2.30 tension
between B and C. The discrepancy between the conservative averages A+B and C results
in 30. Let us notice that if we try to fit the incompatible determinations of Vs A (2.3),
B (2.13), C (2.14), we would get the average value |V,s| = 0.22482 but with a ugly large
x? value, x? = 18.

In table 2 we show the landscape of possible values of the unitarity deficit doxnm. We see
that depending on the choice of the data this value spans from about 1073 to about 2-1073.

In conclusion, the CKM unitarity condition with three families (1.3) is not really
consistent with the present determinations of |V,s| and |V,4|. An immediate solution would
be to introduce a fourth sequential family (¢',’), analogous to the three SM families, with
the LH components forming weak isodoublets and RH components being isosinglets. Then

®These determinations obtained from 3-flavor lattice computations [37] were in fact compatible because
of larger error-bars, see figure 2.
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Figure 2. Shaded areas show the values of |V,;| obtained from determinations A (2.3), B (2.5)
and C (2.10) by assuming CKM unitarity (1.3), while the black line corresponds to the democratic
average of A and B (2.15) (see text). C;p, Cy are the values of |V,;| obtained from the values
of Ap reported by original references, as listed in table 1. For comparison we also show the
values of |V,s| obtained using 3 flavours lattice QCD simulations as reported in FLAG 17 [37] and
adopted in Particle Data Group 2018. These determinations have practically no tension with the
old determination Cy [25]. Hence, this picture demonstrate that the CKM tensions in fact emerged
due to improved precision of 4-flavours computations [18, 19] on one side, and due to the changes
in inner radiative correction Ag [26, 27] on the other side.

the 3 x 3 CKM matrix (1.2) should be extended to a unitary 4 x 4 matrix:

Vud Vus Vub Vub’
Vea Ves Vo Vew

Voku = , 2.16
Via Vis Vo Vi (2.16)

Via Vs Vo View
and correspondingly the first row unitarity condition would be modified to:
’Vud‘z + |Vus|2 + |Vub|2 + |Vub’|2 =1 (2'17)

Comparing this equation with eq. (2.1) we see that the parameter dcky assumes the
meaning of the mixing with the fourth family, dcxy = |Viy|?. Therefore for typical values
of dckm given in table 2 we get |Vyy| ~ 0.04, which is comparable with |Vz| and an
order of magnitude larger than |Vy;| ~ 0.004. It looks not very natural that the mixing
of the first family with the fourth family is much stronger than its mixing with the third
family, but some models admit this possibility [39]. Unfortunately, the existence of a fourth
sequential family is excluded by the limits from electroweak precision data combined with
the LHC data.

However, vector-like quarks can be introduced without any contradiction with SM
precision tests. The LHC limits merely tell that their masses should be above 1 TeV or so.

In the rest of this paper we discuss how the anomalies in the first row of CKM matrix
can be solved by introducing extra vector-like fermions. In particular we will consider the

role of weak isosinglets of down-type or up-type and weak isodoublets.



In fact, two approaches to the problem can be considered. The incompatibility inside
kaon physics may be attributed to some uncertainties which can disappear maybe soon
with more precise determinations, focusing instead on the average of determinations from
kaons. Then the problem consists in solving the lack of unitarity in the first row of Vok.
The insertion of an extra vectorlike weak isosinglet, down-type or up-type, is on this line.

However, the V,s anomaly (discrepancy between V,s determinations from the kaon
semileptonic and leptonic decays) can be considered seriously,® and one has to look for
a solution addressing the whole situation. As it will be shown, a weak isodoublet can in
principle explain all the anomalies.

In these scenarios with extra vector-like families, the unitarity deficit ooy will be
related to the mixing of the extra quarks with the SM families.

3 The SM with extra vector-like fermions

The Standard Model SU(3) x SU(2) x U(1) contains, by definition, three chiral families of
fermions, the LH quarks qr; = (ur,dr); and leptons ¢1; = (vr,er); transforming as SU(2)
isodoublets and the RH components up;, dr;, er; being isosinglets, with ¢ = 1,2, 3 being
the family index. This set of fermions is free of gauge anomalies. Attractive property of the
SM is that these fermions can acquire masses only via the Yukawa couplings with Higgs
doublet ¢:

LN =Y oqrup; + Y o qmidr; + Yo lrier; + he. (3.1)

where Ylfjd . are the Yukawa constant matrices, and ¢ = im¢*. The known species of
quarks and leptons are eigenstates of mass matrices M, 4. = Y, 4.0, Where <<p0> = Uy
is the Higgs VEV. In other words, in the SM the quark and lepton masses are induced
only after the electroweak symmetry breaking, and their values are proportional to the
electroweak scale vy,.

The quark mass matrices can be diagonalized by bi-unitary transformations

VLTUMUVRU = ]T/fu = diag(my, me, my), VLTdeVRd = Md = diag(mg, ms, mp) (3.2)

and the weak eigenstates in terms of mass eigenstates are:

Uur1 ur, dr1 dr,
ure | =Viu | cr | dr2 | =Via | se (3.3)
ur3 tr drs br,

The CKM mixing matrix in W boson charged current couplings (1.1) emerges as a com-
bination of the ‘left’ unitary transformations, Voxm = VguVLd, and thus it should be
unitary. As for the ‘right’ matrices Vg, and Vg4, in the SM frames they have no physi-
cal significance. Without loss of generality, one can choose a fermion basis in which one

®In fact, a recent high precision determination of K¢3 radiative corretions [38] indicates that the SM
electroweak effects are not large enough to account for Vs anomaly.



of the Yukawa matrices Y, or Yy is diagonal in which cases we would have respectively
Vexkm = Via or Vekm = Vgu-

The SM exhibits a remarkable feature of natural suppression of flavor-changing neu-
tral currents (FCNC) [40-42]: no flavor mixing emerges in neutral currents coupled to Z
boson and Higgs boson. In particular, this means that Z boson tree level couplings with
the fermion mass eigenstates remain diagonal after rotations (3.3). On the other hand, the
Yukawa matrices Y, 4. and mass matrices M, 4. are proportional and thus by transforma-
tions (3.2) they are diagonalized simultaneously, so that the Yukawa couplings of the Higgs
boson H with the fermion mass eigenstates are diagonal. Hence, all FCNC phenomena are
suppressed at tree level and emerge exclusively from radiative corrections. At present, the
majority of experimental data on flavor changing and CP violating processes are in good
agreement with the SM predictions.

Clearly, in the SM framework the unitarity of the CKM matrix as well as the natural
flavor conservation in neutral currents are direct consequences following from the fact that
the three families are in identical representations of SU(3) x SU(2) x U(1).

However, in addition to three chiral families of quarks and leptons, there can exist
extra vector-like species, with the LH and RH in the same representations of the SM.
In particular, one can consider the extra fermion species in the same representations of
SU(3)xSU(2) x U(1) as standard quarks and leptons, namely in the form of weak isosinglets
of down quark type Dy, g, up quark type Ur g and charged lepton type Er, g, and weak
isodoublets Qg = (U,D)r g and Ly r = (N,E)L r of quark and lepton types.” (Extra
vector-like fermions can be introduced also in other representations as e.g. SU(2) isotriplets
which can contain quark or lepton type fragments but also some fragments with exotic
electric charges but here we do not address these cases.) The mass terms of these species
are not protected by the SM gauge symmetries and hence their masses can be (or must be)
considerably larger than the electroweak scale.

In the following we shall concentrate on the quark sector. Namely, we consider a theory
which, besides the three chiral families of standard quarks ug;, dr; and qr; = (ur,dr);
(i = 1,2, 3), includes some extra vector-like quark species Uy, g, D, r and Qr.r = (U, D)L R
which in principle can be introduced in different amounts. Therefore, along with the
standard Yukawa terms for the three chiral families:®

Ly = Yug5 qLUR + Yd@ﬁdR + h.c. (3.4)

the most general Lagrangian of this system must include the mixed Yukawa terms between
the standard and extra species:

LY = hy@GrUp + hpe@EDR + hup Qrur + hpp Qrdr + h.c. (3.5)

"Such vector-like species are predicted in some extensions of the Standard Model. For example, D and L
type species emerge (per each family) in the context of minimal Fg [43, 44] or SU(6) [45] grand unifications.
In addition, the specifics of the latter model in which Higgs emerges as pseudo-Goldstone particle, requires
at least one copy of @, U and E type species for inducing the fermion masses and in particular the top
quark mass [46, 47].

8Hereafter indices i = 1,2,3 of normal families as well as indices of extra species are suppressed.



and the mass terms

Linass = MyULUg + MpD D + MoQrQr + puUrur + paDrdr + pq@rQr + h.c.
(3.6)

where hy p and hy, g in the Yukawa terms (3.5) and My p g and fi, 44 in mass terms (3.6)
are the matrices of proper dimensions depending on the amounts of extra species. One
could introduce also the Yukawa couplings between extra species:

LY = \p@ QLUR + Mup QrUL + App QLDr + App QrDy, + h.c. (3.7)

However, they play no relevant role in further discussions and for simplicity we neglect
them.

The vector-like quarks are key players in models with horizontal inter-family symme-
tries [48-55], in some models of the axion [56-60] as well as in axionless (Nelson-Barr type)
models for solving the strong CP problem via spontaneous CP or P violation [61-65]. In
these models the values My p g and fi, 44 in mass terms (3.6) are related to the breaking
scales of respective symmetries, and in some models e.g. [63, 65, 66] they can be as low as
few TeV.

Interestingly, some of these symmetries (e.g. flavor symmetry or Peccei-Quinn sym-
metry) may forbid the direct Yukawa terms (3.4) but allow the mixed ones (3.5) while
mass terms p and M in (3.5) can be originated from some physical scales.” Nevertheless,
despite that the original constants Y, 4 in (3.4) are vanishing, the SM Yukawa terms (3.1)
for normal fermions will be induced after integrating out the heavy states. In particular,
provided that mixing mass terms i, 44 are smaller than My p ¢, we obtain

Yu ~ hu My + pgMg b, Yo~ hpMp'pa + pgMg hp (3.8)

In other words, the non-zero quark masses are induced via the mixings with the extra
vector-like species. Such a scenario known as ‘universal’ seesaw mechanism [48, 67-69] is
commonly used in predictive model building for fermion masses and mixings as e.g. [48, 69—
76]. In the context of supersymmetric models with flavor symmetry this mechanism can
give a natural realization of the minimal flavor violation scenario via the alignment of soft
supersymmetry breaking terms with the Yukawa terms [77-79].

In the following we are not interested in the model details and in possible dynamical
effects of the underlying symmetries broken at higher scales, but only in the effects of the
mixing between the three normal (chiral) and extra (vector-like) quarks. Therefore, we can
conveniently redefine the fermion basis. Namely, the species ug and Ug, dg and Dg, and
qr, and Qp, are in the identical representations of SU(3) x SU(2) x U(1). Thus, by redefining
these species, one can eliminate mixed mass terms j,, puq and pg in (3.6) by ‘absorbing’
them respectively in the mass terms My, Mp and Mg (this means that e.g. from 3 +n
RH species with quantum numbers of dg we can always select n their combinations which

9E.g. in the ‘seesaw’ model of ref. [48] the values of p, 4 and My,p are respectively determined by the
breaking scales of left-right symmetry and family symmetry, i.e. by the VEV of the ‘right’ Higgs doublet
and VEVs of flavon scalars which break the horizontal symmetry.
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‘marry’ n species of LH fermions Dy, via mass terms while the remaining 3 combinations
have no mass terms). In addition, without losing generality, the ‘heavy’ mass matrices My,
Mp and Mg can be taken to be diagonal and real.

In this basis the total mass matrices of up type (u, U,U)r g and down type (d, D, D) r
quarks, after substituting the Higgs VEV (¢) = v,,, read:

Y, 0w hyvy O Y v hpvy O
Myp = 0 My O , Maown = 0 Mp O (3.9)
hz,{’l)w 0 MQ hDUw 0 MQ

where the blocks Y, 4 are matrices of dimensions 3 x 3. Assuming that the numbers of extra
species U, D and @ are respectively p, n and m, then blocks My, Mp and Mg should be
correspondingly of dimensions p X p, n x n and m x m. Thus, M, and Mgown respectively
are (3+p+m) x (3+p+m) and (34 n+ m) x (3 +n + m) matrices.

The mass matrices (3.9) can be brought to the diagonal forms via bi-unitary transfor-
mations (pr)TMupvlﬁ) = Mup and (VI VT Maown VR = Maown. In this way, the initial
states of e.g. down-type quarks are related to their physical states (mass eigenstates) as

L.,R y,L,R y,;L.R
d d Vi Vap Vi d
_ yZwL,R ’ _ L,R y;L,R v,L,R /
D — Ydown D - Vlzd}/% VDLD}é Vlz% D (3.10)
/ ; ’ > /
D L,R D L,R VDd/ VDD’ VDD’ D L.R

Here d = (dy,dy,d3)T are initial states and d’ = (d,s,b)” are the mass eigenstates, and
similarly for heavy species D and D. Analogously, unitary matrices VfI;R connect the initial
up-quark type states u, U,U with their mass eigenstates v/, U’,U’, where u = (uy,us, uz)?
and v’ = (u,c,t).

Since we have M(Qiown = (Vc%own)Jr MdOWﬂMgown thown = (Vé%own)]L M:riownMdOWH Vé%own?
unitary matrices Vc%own and V(ﬁwn can be determined by considering the hermitian squares

of Mdown:

'UIQUYdY; + v,?uhDhTD vwhpMp ,U’LQIJYdh:I-D

MaownMl = vwMpht, M2, 0 ,
v2hpY) 0 MZ+vihphl,
Y Yy +02hhhp 02V hp  wehlh Mg
M(TiownMdOWH = U?yhTDYd M% + 'U?Uh}rth 0 . (311)
UwMQhD 0 MC%

The off-diagonal entries of these matrices are fixed by the value v,,, so that the elements
of the off-diagonal blocks Vyp/, Vypr ete. in (3.10) are determined by the ratio of the
electroweak scale to the masses of extra quark species. In the limit when the latter are
very heavy they decouple and their mixings with light quarks become negligibly small.
Thus, in this limit 3 x 3 block Vg4 becomes unitary. The same is true for analogous V.
block in up quark mixing. However, if the extra quarks are not that heavy and off-diagonal
blocks are not negligible, then Vyp and Vs blocks are no more unitary.
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The present experimental limits on the extra quark masses are My p g > (1+1.5) TeV,
depending on their type and decay modes [20]. Therefore, the ratios €, = v,/ My, €q =
vw/Mp and €; = v, /Mg can be considered as small parameters, €,44 < 0.1 or so. By
inspecting the matrices (3.11), one can estimate the elements of the off-diagonal blocks in
Vioy™ and V¥, as

|VdLD/’ ~ €d, \% U/\ ~ Cu, ‘VdD’| \% u/| ~ 62
2 (3.12)

R R
\Vapr | [ Vager| ~ €qs |VdD" ~ Eda | uU’| ~ €

modulo the Yukawa constants which are assumed to be < 1 for perturbativity. Therefore,
the deviation from unitarity of the “left” matrices Vd%, and V , blocks are ~ 6 g <107 2,
E.g. the first row unitarity of the matrix V% implies |V14|? + |V13|2 Vip|? =1— |V1D/|2
Vipr |2 = 1— 4. Taking into account the above estimations, we see that the deviation can
be as large as §q ~ 63 ~ 1072, Let us recall that the CKM unitarity deficit dcixn estimated
in previous section is about (1 +2) x 1073, see table 2. Thus, for accounting for the above
values of ok, one would need eg = 0.03 — 0.05. As for €* ~ 10~ contributions, they are
irrelevant and so order €2 mixings as Vips etc. can be safely neglected.

Let us assume, for simplicity, that each of U, D and @ type species is present in one
copy, i.e. p = m = n = 1 (our discussion can be extended in a straightforward way for
arbitrary number of extra species). In this case the off-diagonal blocks proportional to
vy in 5 x 5 matrices (3.9) become columns as e.g. hp = (hip, hap, hsp)? or rows as e.g.
hp = (hpl,hpg,h'pg) The Yukawa couplings Y, a4 can be presented in the form Y,
VLuY VRU and Yy = VLdeVRd where Yu 4 are diagonal 3 x 3 matrices, Yu = dlag(yu, Ye, yt)
and Yd = dlag(yd, Ys,Yp). Let us denote also hy = Viuhu, hp = Vighp, hy = huVRu and
hp = hDVRd.

Then for 5 x 5 unitary matrix of ‘left’ rotations we obtain, with the precision up to €2

Vig 00\ (\/1-SpSL,  Sp 0\ [\ /1-SpSL0  Sp

L
Vdown: 010 —STD \/ 1—STDSD 0 0 1 0

001 0 0o 1 —SL 04/1-555p

terms:

Via [1—%SDSTD—%SDS{)+...} V5aSp V5aSp
= -Sh 1-185Sp+...  O(eac?) (3.13)
—S 0 1-1858p+...

where the column Sp = edﬁp describes the light quark (d,s,b) mixings with the extra
isosinglet species D. As for their mixings with D C @ from extra isodoublet, Sp = 62)701%%,
it can be neglected since, apart of €2 suppression, these are proportional to the small Yukawa
constants yg, Ys, Yp in Yy Clearly, the unitarity conditions for rows and columns of this
matrix is fulfilled with the precision up to ~ ed terms. The matrix VL can be presented
in an analogous form.

Let us discuss now charged current interactions. Considering that g7, and @, are SU(2)
doublets while Uy, and Dy, are singlets, the LH charged current interacting with W boson
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in terms of initial states and mass eigenstates reads:

dr, d

T Wi u Up Up)y* I | Dy | ==2-Wi G U7 )y (- v | o' | (3.14)
V2 2v2 ,
Dy D

where Jg, = diag(1,1,1,0,1) and VX = (V)T J Vv or explicitly
‘ (1= 3A0)V(L - 54p) (1= 3A0)VSp O() N
pmix SLV(1—1Ap) Sivsp  o®) |, V=V Vi (3.15)
O(e?) O(e?) 1

where Ay = SUST = efﬁU?LL and Ap = S’DSJr = e?l?LD%TD as far as O(eg) contributions
SMSL and SDSTD can be neglected.
We are interested in its 3 x 3 block which describes the transitions between the quark

mass eigenstates v’ = (u, ¢, t) and d’ = (d, s,b) in charged current:

1 1 Vud Vus Vub
Vokm = (1 - QAU> Vv (1 - QAD) = Vea Vs Va (3.16)
Via Vis Vi

While V = VLTUVLd is unitary 3 x 3 matrix, the ‘corrected’” matrix Vo is not. In par-
ticular, deviation from the unitarity for its rows or columns read, up to order € terms,

respectively as'”

VCKMVCTKM =1- GiﬁUTLJ{] — eflVEDETDVT,
Vi Verum = 1 — é2hpht, — €Vhghl, V1 (3.17)
In particular, the unitarity deficit for first row (2.1) we obtain dcxy = 1— |Via|? + |Vus|? +
V|2 ~ €2|hy |2 + 63|ED1’2, which can fall in the range of (1 +2) x 1073 provided that €,
and/or €4 are ~ 0.1 and the Yukawa constants EUl and h p1 are large enough.
Let us discuss the RH sector. Considering that Qg is an SU(2) doublet while ug, dg,

Ugr and Dp are singlets, the RH charged current interacting with W boson in terms of
initial states and mass eigenstates reads:

dp &
LW ur U Up)v" Jr | Dr | = =2=W} W U7 )y (1+4°) Ve | D' | (3.18)
V2 D 2v/2 o

R

where Jr = diag(0,0,0,0,1) and VEX = (VEP)TJpVE"2 Thus, presenting matrices Viow®
down

which diagonalizes M:riownMdOWH (3.11) in the form similar to V{°"" (3.13), and analogously
doing for and Vi, we get up to O(e?) terms:

. S.Sh 0 —S.(1-181sy)
pmix — 0 0 0 (3.19)
—(1—-1sis,)8h 0 1-1sls,—1sts,

00bviously, the ‘large’ mixing matrix V* is not unitary in itself because of the non-unitary factor Jz

‘sandwiched’ between the unitary matrices V;* and Vio™™.
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where S; = quTD and S, = €q?LL. Thus, we see that the mixing with the weak isodoublet
Q-type species induces RH charged current interactions between the quark mass eigenstates
u' = (u,c,t) and d' = (d, s,b), given by the (non-unitary) 3 x 3 matrix:

Avud Aus Ayp hihg hihs hihy
A= Au A Ay | = SuSh = Ehlha =€ | hihg hihs hihy (3.20)
Ag Ars Ap hihg hihs hihy

where we denote the elements of row vectors ﬁup in the light quark mass basis as
hy = (hy, he, he) and hp = (hg, hs, hy). Therefore, mixing with Q-type fermions violates
pure V — A character of the quark interactions with W boson, and vector and axial couplings
for each transition are not equal anymore but have a difference O(eg).

In fact, instead of purely V' — A couplings (1.1), now we have

d
=W (u c t)[y"(Vexm + A) = ¥9°(Vexm — A)] | s (3:21)

2[ 4
The presence of RH couplings has a direct implications for our problem. In particular,
determination C from purely Fermi 07 — 07 transitions now fixes the vector coupling
constant Gy = Gp|Vyg + Augl, instead of Gp|V,4|. Analogously, determination A from
semileptonic decays K¢3, transforms in the determination of the vector coupling |Vys+Ays|,
instead of |V,s|. On the other hand, since the leptonic decays K p2 and 72 are contributed
only by axial current, determination B instead of the ratio |V,s/V 4| fixes the combination

|Vius — Aus|/|Vua — Audl|. Therefore, instead of (2.10), (2.3) and (2.5), now we have:

C: [Vid + Aval = [Vial |1 + 6uq| = 0.97376(16) (3.22)

A Vs + Aus| = [Vis| |1 4 0us| = 0.22326(55) (3.23)
Vus - Aus Vus 1- 5

B: —_— | = = 0.23130(49 3.24
Vud - Aud V 1- 5ud ( ) ( )

where 0yg = Ayi/Vua = 62 hihg/Viug and 6ys = Ays/Vus = eg hihs/Vyus are in general
complex numbers. Hence, Q-type extra fermion can have interesting implications and
potentially it can resolve all tensions between A, B and C determinations.!'!

However, mixing with extra vector-like species (with non-standard isosipin content)
affects the natural flavor conservation of the SM. Namely, by integrating out the heavy
isosinglet states D and U one induces the following effective operators for the quark cou-

plings with Z-boson

- ) thhD (p ©
cos oy qriv” | (T — Qsin 03,)0;; — TgTé qriZu
— - . hUihTU«p %)
cos Oy aoiy" | (T5 — Qsin 0124/)5@']‘ — T3 Mé a2y, (3.25)

n principle, one can obtain the RH weak currents also from left-right symmetric models. However,
strong limits on Wr mass imply that the mixing W-Wg is too small to give the RH contributions needed
to explain the anomalies.
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Figure 3. Anomolous flavour non-diagonal couplings of Z-boson with SM families, contributing
to flavour changing processes at tree level.

as it is shown in figure 3, where T3 is the weak isospin and Q the electric charge, while
mixing with the extra doublet ) induces anomalous isospin violating couplings with the
RH states

1hlhgete 1 —
g [_ AL R sin@%[/(sij] driv"dr; Z,,

cos Oy 2 Mé 3
T rn st
g 1h huj@'e 2 . ., e
cos By [2 MJ\Z% B §Sm‘9W5ij R urj Zy. (3.26)

Thus, such anomalous couplings, flavor-non-diagonal between the mass eigenstates, after

substitution of the VEV (¢) = v, contribute at tree level in the flavor changing phenomena
0 -0 .. . . . .

as K — K~ mixing etc. inducing four-fermion effective operators

hDihTDthkhTD U2 . - hUihTUfLUkhTU U2
- " (d iy d ;) (A yudim — i m
Iy (driv"dri)(dokyudim), M

urY ururEY unm
(3.27)
and analogously for RH states. These operators parametrically are order G g (vy,/M)* ~

v2 /M*. On the other hand, box diagrams shown in the upper-left part of figure 4 (and
analogously for up-type quarks) induce operators which parametrically are order 1/M?:

hpihy;hprhl
12872 M3,

huihls ok,
12872 M2

= (driv"dr;)(doeypdom), uLiY ' ururEy urm  (3.28)

but are suppressed by a loop factor. Regarding the RH sector, as in the upper-right part
of figure 4 we have:

hbhaghby ham
64m2 M2

Bhiftug i

6477 M2 URiY R URKY URm  (3.29)

(driv"drj)(dREYudRm),
In the presence of all type of fermions, also left-right operators can be induced, as shown
in figure 4 (bottom).

In addition, extra vector-like leptons induce analogous contributions in lepton sector.
However, in the following, for brevity, we shall concentrate only on quark sector, and study
one by one implications of D-type, U-type and Q-type extra fermions.
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qrj qLm dR] drm  4Lj dRrm

4L k. dp; dpr 4L dpr

Figure 4. Box diagrams induced by the presence of vector-like quarks.

Namely, in each of these cases we put limits that emerge from flavour changing phe-
nomena (K%-K° D°-D° BO-BY flavour changing meson decays) and flavour conserving
observables (Z-boson physics, low energy observables). Our aim is to understand if pa-
rameter space remains for vector-like fermions to contribute at the level needed for fixing
the Cabibbo anomalies. Our strategy is to consider each process separately and see the
parameter space left available, in order to make clear how much constraining each process
is. Then, it can be inferred for each process the needed level of progress in accuracy and
sensitivity which can possibly show this new physics. Moreover, since our theoretical knowl-
edge is different depending on the process, in this way we can separate limits obtained from
golden modes, which do not suffer from large long distance contributions and are theoret-
ically clean. Since we made rather conservative choices for the bounds, we present results
so that limits can be rescaled according to increasing accuracy or different assumptions.
For down-type weak singlets these limits were first discussed in ref. [80]. However in that
work contributions of box diagrams involving heavy states were not discussed, whereas,
as we will show, these diagrams become dominant if heavy vector-like quarks have masses
larger than ~ 3 TeV. The whole of these operators was considered in ref. [81].

4 Extra down-type isosinglet

Let us examine in details the implications of the addition of a down-type vector-like weak
isosinglet (D-type) couple of quarks Dy = dy4 and Dr = dp4 involved in the mixing with
the SM three families qr; = (uri,dri)’, ug; and dg;, i = 1,2,3. New Yukawa terms and
Dirac mass terms should be added to the Lagrangian density besides the standard Yukawa
terms: hyoqridy,; + midrady; + h.c.. Since the four species of right-handed singlets d'g;
have identical quantum numbers, a unitary transformation can be applied on the four
components d,; so that m; = 0 for j = 1,2,3 and dpy is identified with the combination
making the Dirac mass term with the left handed singlet d;4. Thus the Yukawa Lagrangian

of this system can be written as:

Yi;PALivRs + y%wEde + hajpqr;dra + Magdradra + h.c. (4.1)
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where, without losing generality, the mass term My, can be taken real and positive. Then
the down-type quarks mass matrix looks like:

Tumgj)de + h.c. =

hdl'Uw de
o (d)
= (i1, dra,dr,dpa) | V3™ azt @Rz + h.c. (4.2)
hagvw drs3

0 0 O] My dRra

where v,, = 174GeV is the SM Higgs vacuum expectation value (VEV) (for a conve-
nience, we use this normalization of the Higgs VEV instead of the “standard” normalization
(@) =v/V/2, ie. v =12vy) and ygdx)g is the 3 x 3 matrix of Yukawa couplings. The mass
matrix m@ can be diagonalized with positive eigenvalues by a biunitary transformation:

VL(d)Tm(d)V]gd) = m((fil;g = diag(yYqvw, YsVuw, YoVw, My ) (4.3)
(d)

diag
Md,sb = Yd,s,b0w and My ~ Myy. Weak eigenstates in terms of mass eigenstates are:

where Vj—fdj)% are two unitary 4 x 4 matrices. my."  is the diagonal matrix of mass eigenvalues

dry dr, Viia Viis Vi Vi
dro @ | sc (d) Vi2a Vies Viaw Vioy

-V 7 Ve — 4.4
drs Lot L Visd Viss Visy Visy (4.4
dr4 by Viead Vias Viay Viay

As for up-type quarks, the up-quark Yukawa matrix can be taken diagonal, y* = diag(yy,
Ye,Yt), so that also the mass matrix m, = diag(my, me,my) = diag(yu, Ye, Yt) X Uy 18
diagonal, and w1, us,us correspond to the mass eigenstates u,c,t. Since only the three
down-type quarks dr1,dre,drs couple with W-bosons, the Lagrangian for the charged
weak interactions expressed in terms of mass eigenstates become:

dr1
Loc = \% (wzt w2 w5 ) v | dia | Wi + e =
dr3
dr,
— I (e T )T 5 +
= \/5 (’U,L CIL, tL) Y*VoxMm by WH + h.c. (45)
by,
where
) o Viia Vs Vi Vi Vi Viud Vus Vuy Vu
VCKM:VL( Y= | Vioa Vias Viow Vioy | = | Vexu |Viy | = Via Vis Vo Vi (4.6)
Visa Vizs Vise Visy Viy Via Vis Ve Viy

is the 3 x 4 submatrix of VL(d) in eq. (4.4), obtained by cutting the last row. Obviously,
Ve is not unitary anymore. More precisely, although the unitarity condition is violated
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Figure 5. Determinations of |V,;| obtained using eq. (4.7) with |V,| = 0.043, with the dataset in
egs. (2.3), (2.5), (2.14), to be compared with figure 2.

Determination  |Vys| value  |Vi| = 0.043
A 0.22326(55)  0.22326(55)
B 0.22535(45)  0.22515(45)
C 0.2282(11)  0.2241(11)

A+B 0.22451(35)  0.22439(35)
A+B+C 0.22482(33)  0.22436(33)

Table 3. Values of V,,, obtained from the dataset in egs. (2.3), (2.5), (2.14). In the first column
the SM unitarity of CKM matrix is used, while in the second column the extended unitarity (4.7)
is used with |Vir| = 0.043.

for columns, it still holds for rows: VL(d)VL(d)T = 133, with 1343 being the 3 x 3 identity

matrix. In particular, the first row unitarity condition of CKM matrix is modified to
’Vud‘z + ‘Vu5|2 + |Vub|2 + |Vub”2 =1 (4.7)

which is the extended unitarity condition for the first row. The elements of the fourth
column of Voxy determine the strength of the violation of SM CKM unitarity.

The dataset A, B, C from egs. (2.3), (2.5), (2.10) can be fitted in this scenario by
using the extended unitarity (4.7). The best fit point (x3.,; = 7.1) is obtained in |V =
0.22436(36), with:

[V |? = 1.83(55) x 1073, [V | = 0.043(7) (4.8)

At 95% C.L. the needed additional mixing is |Viy| = 0.0437001L. In figure 5 it is shown
how the present situation would look like by choosing V| = 0.043. The data are listed
in table 3. Determinations B and C are shifted with respect to the ones in figure 2, while
A remains unchanged. Determination C, which is obtained from V,4 from beta decays,
becomes aligned with the average of the determinations of V5 obtained from kaon decays,
because of the extended unitarity relation (4.7). The x? is rather large x? = 7.1, because
of the remaining tension between the determinations of Vs from kaon physics (A and B).
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However, the mixing VL(d) induces non-standard couplings of Z-boson with the LH
down quarks, since the normal families dy;, ¢ = 1,2, 3 reside in doublets while dr4 is a
weak singlet (the mixing V]gd) of the RH quarks does not give the same effect since all RH
states dp; are in identical representations of the SM). In fact, Z-boson couples to a fermion
species f (LH or RH) as Z, f(T5 + Qsin® Oy ) f, where T3 is the weak isospin projection
and @ the electric charge. Therefore, ()-dependent couplings remain diagonal between the
mass eigenstates d, s,b,b’, while the T3 dependent part gets non-diagonal couplings. The
weak neutral current Lagrangian for down quarks reads:

dr1
e I _— -
Lne = I -3 (dLl dro dL3> A | dro | + = sin? Oy (dLy“dL + de“dR) Z, =
cos Oy 2 p 3
L L3
- 5
__ 9 L\ upa) | SE 1. — —
~ cosfy | 2 ( L 5L bL L)7 Vie b + 3 o Ow (dL7 dy +dgy dR) Zy,
! T
VD = v diag(1,1,1,0)v(" = 7T (49)

where d is the column vector of the four down-type quarks d, s,b,b’. As comes out from
eq. (4.9), the non-unitarity of Véd) is at the origin of non-diagonal couplings with Z boson,
which means flavor changing neutral currents (FCNC) at tree level. Explicitly, the weak
isospin dependent part of the Z coupling is given by:

VD = Vi¥idiag(1,1,1,0)V{@ =

nc

1000 —|Veaal*  =VigVias —VigViw ~ViwaViay
_ {0100 “VisVeaa  —Viasl® Vi Vi Vi Viaw
10010 —ViwViaa —VigVias —|Viawl? —ViaViay
0000 Vi Viaa —ViwVias —Vig Ve Vi P+ Vi |+ Viay[?

(4.10)

VL(d) can be parameterized by 6 angles and 10 phases. However, four phases can be elimi-

nated by phase transformations of d, s, b, b’ states, so that VL(d) can be presented as:

Viia Vs Vi Vi

VL(d) _ | Veod Vias Vi Viaw | Vg(g) () _
Visa Viss Visy Visy
Viad Vias Via Viay
0\/(10 0 O 100 0 4 00 -3,
| v ofjor o o 0cd,0-8, ] 010 0
0l[00cd, =34, 1[0 01 0 001 0
0 0 01/\0035% i, 03% 0 ¢4, 5% 00 i,
» 0 4, 0 0 -3
~ 0 _§d gd* _§d>k gd Cd _§d '
L3°L1 L2°L3 ~L3 L3
0001 st st 875 cliclacts
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c‘]fi are cosines and EdLi are complex sines of angles in the 14, 24, 34 family planes param-

eterizing the mixing of the first three families with the vector-like quark:

d

4. 6% . d d d d d
Li —= SLiel Li | Cri = COSGL,L'4, 6LZ.7 = 5Li — 6Lj (412)

and corresponding to the elements of the last row:
Vi ~ 811, Vias ~ 5%, Vi = 575 (4.13)

Since it is the relative phase of the elements which will come into play, we also defined

. . )
the relative phase of the elements in eq. (4.12). Vi

diagonalizes the 3 x 3 Yukawa matrix ygc% in eq. (4.2). Since the elements in ‘/3(3) are
small, hg; = VL(?j)iLdj ~ hg;. Equation (4.11) is true at order O(\hdi\(yi)2%+|hdj|glhdi|]\1}—g§),
4 4

i?j = 172737 Y; = yd757b, Wlth

contains 3 angles and 3 phases; it

1 hai
~tan(20¢,,) ~ il , 6, = arg(hg;) — (4.14)
2 M,/

that is:

§d -~ _hdivw
Li Mb/

Because of small mixing angles, ‘/})(5)3 is practically equal to the 3 x 3 submatrix of VL(

(4.15)

d)

in (4.4). In fact, for example in the chosen parameterization (4.11), the main corrections
regard the elements: Vigg ~ V3x33q4 — §dL1§dL3, Viod = Vaxs3od — §dL1§dL2, Viss =~ V3x33s —
§dL2§dL3, Viid =~ Vaxs1d C%l. However, it will be shown that, in order to have del ~ |Viaa| =
V| = 0.03, it should be that at most s¢; = [Vig| < 7.4 x 1072 and s¢, ~ V4| <
5.0 x 10~%. Then:

d d
Vi =~ Vilis (4.16)

As regards charged currents, Vo in (4.6) can be described by 6 moduli and 9 phases,
6 of which can be absorbed into the quark fields. For the submatrix Vogy in (4.6), it
holds that:

3 3
w)* 1 -(d u)*y -(d
[Vekmlap = Z VIE Z())z VL(zza = Z VL(ZL V3(><)3i5 (4.17)
i=1 i=1

Then, after rephasing the quark fields, Voxwm can be in the usual parameterization with
3 angles and one phase. Also another phase can be absorbed, so we can always choose
64, = 0 without loss of generality. From (4.17), for the elements of the fourth column of
Vokw in (4.6) it holds that:

Vub/ ~ —VE4qud — VEZLSVUS — Vik4qub ~ _Vi/k4d (418)
Vo = =ViggVed = VigsVes — Vi Ve (4.19)
Vi = =V74aVid — ViasVis — ViVio = = Vi (4.20)

where the last approximations come from the mentioned constraints on the mixings.
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It should be noted that also the couplings of quarks with the real Higgs are not diagonal
if the vector-like species are added. In fact, the matrix of Yukawa couplings and the mass
matrix (4.2) are not proportional anymore, and then they are not diagonalized by the
same transformation. In particular, left-handed light quarks are coupled with b/, with
coupling constants which can be in principle of order O(1). In fact, the Higgs couplings
with quarks are:

hdl de
(d) 7 0
T 5 5 5 Y33 |ha2 dro | H
dri,dr2,drs,drg — 4+ hec ~
( ) drs | V2
dRa4
ya 0 0 hg dr
— T 0 ys 0 hgo o | sr | H
~ (dg,sg, by, b )LD R 4+ he
( e 0 0 yp has br | V2
000 0 A
diya 3Bhar 3%5ha hat dr
sdx* d* 0
— _ — 1~ | SBihae  ys  Sm3hae ha2 SR
~ (dr,sz,br,by) | ~H! i ~— +he (421
( L) 5% has 3%5has b has br | V2 (4.21)
—5Mya —8%5ys —5%5us 0o (—5F5hai) br

where L@ is defined in (4.11) and R is analogously defined. Then in principle FC
couplings between light quarks emerge at tree level. However the mixing angles of the
SM right-handed quarks with b, are much smaller than angles in the left-handed sector,

Nh |02
st ~ %, where s%, is defined in the same way as s¢, in eqs. (4.11), (4.12).

It should also be noticed that, because of the large mixing with the first family, the
extra quark b would mainly decay into u or d quark via the couplings with W, Z, H.
The CMS experiment put lower limits on the mass of vector-like quarks coupling to light
quarks, which in our scenario imply My 2 700 GeV [82]. It should be noticed that, with
this constraint, |V,| ~ 0.03 can be obtained if |hg1| 2 0.1, much larger than the Yukawa
constant of the bottom quark y,. In turn, by taking |Vy| > 0.03 in My = |hg1|vw/|Vay |,
and assuming (for the perturbativity) |hgi| < 1, there is an upper limit on the extra quark
mass, My < 6TeV.

In the following sections experimental limits from FCNC and electroweak observables
are examined. The results are summarized in section 4.5, in table 6 and figures 11, 12.

In table 4 well determined basic quantities and SM parameters employed in the com-
putations are collected. Values are taken from Particle Data Group (PDG) [20].

4.1 Limits from rare kaon decays
411 Kt - ntvp

The decay K™ — 7w is one of the golden modes for testing the SM, since long-distance
contributions are negligibly small. The effective Lagrangian comes from a combination of
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Quantity Value Quantity Value
Vel 0.221(4) M;[GeV] 172.76(30)
Vel 0.0410(14) m[GeV] 125.10(14)
|Vis| 0.0388(11) me(me)[GeV] 1.27(2)
Vil 0.0080(3)  mp(myp)[GeV] 4.18(3)
Vaus| 0.00382(24) m o[ MeV] 497.611(13)
|Ves| 0.987(11) T, [8] 5.116(21) - 1078
A 0.22653(48) T [5] 8.954(4) - 10711
p 0.123(32) M+ [MeV] 493.677(16)
A 0.799(28) Tr+ 8] 1.2380(20) - 108
n 0.382(29) Tp+[s] 1.040(7) - 10~ 12
as(Mg) 0.1185(16) Mp+[MeV] 1869.65(5)
a(My)™t 127.952(9) Tpols] 4.101(15) - 10713
sin? Oy (Mz) 0.23121(4) mpo[MeV] 1864.83(5)
Gr[GeV™2]  1.1663787(6) - 107° Tpols] 1.519(4) - 10712
my [GeV] 80.379(12) Mpo[MeV] 5279.65(12)
myz|GeV] 91.1876(21) 7o [s] 1.620(7) - 10712
m,, [MeV] 105.6583745(24) M po[MeV] 5366.88(14)

Table 4. The central values are employed in the computations. All values are taken from Particle
Data Group (PDG) [20].

Z-penguin and box-diagram and it is given by [83]:

4Gp  a(My) . ¢ I — __
L‘SM - _Wm KZZ [Vcs‘/CdX (xc) + ‘/tthdX (xt)](SL'YudLMVZL'YuVEL) + h.c.

67M7T

(4.22)

X (x4) are the Inami-Lim function including QCD and electroweak corrections, with z, =
m2/M2,, a = c,t. The index ¢ denotes the lepton flavor. The dependence on the charged
lepton mass is negligible for the top contribution due to m; > my, X% (z¢) = X(x¢),
whereas, being m, comparable with m,, for the c-quark contribution the box with ¢ = 7
gives somewhat different contribution from ¢ = e, pu [83], X¢(x.) = X*(z.) # X7 (2.).
3 (X%(ze) + XH(xc) + X7 (2c)) is used. Then the effec-

tive Lagrangian (4.22) can also be written as:

Therefore, an averaged value X =

Lsm = —ZL\C;:—FK(SL’YMdL) e%;(ﬁwl/u)
a(Mz)
21 sin2 GW
= —Mﬁ <A2(1 —p—in)X(z) + (1 - 2) PC(X)) (4.23)

27 sin? Oy

Fi = (ViaViaX () + (Vi Vea) X ()
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ViusViaa

S Vg

Figure 6. Tree level contribution to the rare kaon decays KT — ntvi, K® — 7% arising from
the mixing of the SM families with the extra downtype vectorlike quark.

where P.(X) = %)_( , and we used the Wolfenstein parameterization:

)\2 )\2
Re(ViVia) =~ (1—2> » Re(ViVia) = - (1—2) AN (1=p), Tm(ViVia) = A2N70.

(4.24)

The top contribution gives X (x;) = 1.481 [84] (central value). For the charm contribution,
using the values in table 4, from the formula in ref. [85] we obtain P.(X) ~ 0.351. By using
p = 0.126, n = 0.392 and the central values in table 4 we have Fx =~ (3.7 +i1.2) x 1076,
| Fr| ~ 3.9x1075. The predicted SM contribution for the branching ratio can be written as:
_ GETie My, J2(0)T7
B 6473

where f1(0) = 0.9699(15) is the form factor, Z; = 0.15269 is the phase space integral [86]
and we have used the values in table 4 for the kaon mass and mean life. In this way, we

Br(K™ — ntud)sm ~ kg+ | Fx |, kg+ ~ 543  (4.25)

obtain our benchmark value Br(K+ — 7t vi)gy &~ 0.82 - 10719 which is within the range
of the estimate reported by PDG Br(K+ — ntvi)gy = (0.8540.05) - 10719 [20]. The SM
expectation is compatible with the experimental branching ratio [87]:

Br(K'T = mud)exp < 1.78 x 10719 (90% C.L.) (4.26)

With future experimental precision, any deviation from the SM prediction of this golden
mode branching ratio would indicate towards new physics.

In our BSM scenario with extra vectorlike b’ quark, the non-diagonal couplings of
Z-boson with light quarks in eqgs. (4.9) induce at tree level the operator with the same
structure as the SM one (4.22), as shown in the diagram in figure 6:

AGp1 - _
Loew = —T2F§VL4SVL4¢1(SLV“dL) > (Tiyuven) (4.27)
€H,T

Thus, the new operator (4.27) contributes to the decay K+ — 77 vi, in interference with
the SM (4.22). The total branching ratio becomes:

2 lv* Vv
_ L4d
=Br(KT — ntun)gy | 2242

1
Br(KT — 77 vd)ior = ket | = ViusViaa + Fi
2 FK

+1‘

(4.28)
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By using the experimental upper limit (4.26) we have:

Ly *
Ly v,
Br(K" — 1t ub)ger < 1.78 x 10710 %M
K

+1| <15 (4.29)

Figure 11 shows the constraint (4.29) in terms of the modulus and phase of the ele-
ments VL4d7 VL45, using VE45VL4d = |VL*4SVL4d’6i6%21, (5%21 = (5%2 — 5%1, from egs. (4.12)
and (4.13). Depending on the unknown relative phase, the limit results in the constraint
on the modulus:

Vi Viaal < (0.4 +1.9) x 107° (4.30)

As can be seen, in the most conservative case of destructive interference, the new amplitude
can be up to 2.5 times the SM amplitude:

51V Viadl

<A =25 4.31

In this case we can express the experimental limit in terms of the ratio Ag+:

* 5 [Ag+ |‘FK|
\ViasViaal $1.9-10 5[ 2% } [3_9,10_6] (4.32)

4.1.2 K — 7vw

The second golden mode is the decay K1, — 7v. In the Standard Model it is described
by the same Lagrangian as in (4.23). However this decay proceeds almost entirely through
direct CP violation, hence it is completely dominated by short-distance loop diagrams with
top quark exchanges and the charm contribution can be neglected [88]. In fact, with the
phase convention C|K°) = |K?) (or CP|K®) = —|K")) we have:

(7°)(ds)v-alK®) = —(7°|(5d)v_a| K°) (4.33)

1 _
Ky =—[1+¢K’+(1-¢K° 4.34
L ﬁ[( ) (1-e)K7] (4.34)
However, the terms of indirect (AS = 2) CP violation (proportional to €) can be ne-
glected in this decay and the dominant contribution comes from the imaginary part of the
operator (4.23):

K%+ K° 4GF i 2lmFk
(mov7| Lom] )=— (m°|(5z7*dr) | K°) Tiyuve)  (4.35)
ﬂ ﬂ \/E E%/:A,T g
The SM predicted branching ratio can be written as:
G? M2, f2(0)ZE
Br(Kp — n'vi)sm & ki, | Fr |, ki, = LS 6fo3f+( 2 (4.36)
™

where Z;} = 0.16043(31) is the phase space integral [86]. Putting the values of kaon mass
and lifetime (see table 4) we obtain Br(K+ — 7T vi)gy ~ 3.5 x 10711 which practically
agrees with the estimate reported by PDG Br(Ky, — n%v)sy = (3.0 4 0.2) x 10711 [20].
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On the other hand, the experimental limit on this decay is [20]:
Br(Kp, — 00 exp < 3.0 x 1077 (90% C.L.) (4.37)

which is two orders of magnitude larger than the SM expectation. Therefore, there is still
much room for new physics.

In our BSM scenario with extra vectorlike b’ quark, the new contribution comes from
the imaginary part of the Lagrangian in eq. (4.27) Since the interference term with the SM
contribution can be neglected, the experimental limit can be directly applied to the new
contribution:

_ 1 2
Br(Ky, — 700 pew ~ kKLZ(Im(Vg“de)) < Brexp (4.38)
So in the given parameterization (4.12), (4.13) we have:

1
Brexp ] 2

(V4 Viaa)| = [ViasViaal| sin(675,)] < 2.2 x 107° [3.0><10—9

(4.39)
This condition is shown in figure 11. Then, the present experimental limit allows the new
contribution to be one order of magnitude larger than the SM contribution:

Tm(V7 1 Viaa)l

1

Brexp ] 2

4.40

2|ImF| ( )

93 |z
< [3.0 -1079

So the discovery of the decay Kj — nv& with branching ratio larger than the SM expec-
tation can be a signal for BSM physics.

4.1.3 K — mY%te™

The decay K1, — mVete™ contains a direct CP violating contribution, indirect CP vio-
lating contribution, interference between them, and also a small CP conserving contri-
bution [20]. The CP conserving contribution to the amplitude is dominated by a two
photon exchange K; — 7%yy — 7%%e™, with both an absorptive and a dispersive
part. Using the decay Kj — w9y, it is estimated that the CP-conserving branch-
ing ratio is of order ~ O(107!3) [20]. The indirectly CP violating amplitude also de-
rives from the coupling of leptons to photons, it is given by the long-distance dominated
Ks — mleTe™ amplitude times the CP parameter ex [83]. The complete CP-violating
contribution to the rate assuming a positive sign for the interference term is estimated
to be Br(Ky, — mete”)opv =~ (3.1 +£0.9) x 107!, where the three contributions from
indirect, interference and direct CP violation are (1.76, 0.9, 0.45) x 10~ respectively [20].

Only the direct CP-violating amplitude can be calculated in detail within the SM,
since it is short distance dominated. The relevant operator contains the vector part of the
hadronic current and both axial and vector component of the leptonic current, and it is
given by:

Gra(M N _ o o
Lsmsp = —F\@(Qﬁ‘/}s%d(swd) (yv(ev“e) + yA(ev’W%)) +h.c. (4.41)
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Figure 7. Tree level contribution to the rare kaon decays K° — 7%*¢= K° — utu= (£ = e, p)
arising from the mixing of the SM families with the extra downtype vector-like quark.

where gy, 4 are a combination of Inami-Lim functions of box and Z and v penguin diagrams,
as defined in ref. [89]. The direct CP-violating branching ratio in the SM can be written as:

_ Gra(Mo)\? (2ImViVig\2 5,
Br(K - w'ee Jswsn = ke (RO ) (V) gy )
1 M}oTr, f3(0)Ze
Fie =3 19273 (4.43)

where Z, = 0.16043(31) [86] is the phase space integral.

The new effective Lagrangian contributing to this decay (as shown in figure 7) is:

G
Lyew = — \/gVE4SVL4d(§’y“d) [gveyue + gaevy,yse] + h.c. (4.44)
where g4 = %, gy = —% +2sin? Oy ~ —0.038. The experimental limit on this decay is [20]:
Br(Kp, — mete )exp < 2.8 x 10710 (90% C.L.) (4.45)

which is one order of magnitude bigger than the SM expectation. Then, we can consider
the SM contribution as negligible and let the new contribution to be the dominant one,
imposing a limit directly on the new contribution:

Br(Ky, — et e new = keGP [Im(ViasVigg))? [g% + gi] < Brexp (4.46)

In the given parameterization (4.12), (4.13) then:
B 1
2
Texp } (4.47)

I (ViasViaa)| = ViasVisallsin(ho)| < 17 x 1070 [ Do

where the central values of all the quantities have been used. Also the decay Kj — 7%utpu~
gives a comparable constraint, being the experimental limit Br(Ky, — Wolﬁ/f)exp < 3.8 %
10719 (90% C.L.), to be compared with the SM expectation Br(Ky, — m'u*p~) = (1.5 &
0.3) x 107! (assuming positive interference between the direct- and indirect-CP violating
components) [20].
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414 Ky — ptp~

The rare decay Ki, — pu"p~ is a CP conserving decay. Its short-distance part is given
by Z-penguins and box diagrams. However, this decay is dominated by a long-distance
contribution from a two-photon intermediate state. In fact, the full branching ratio can be
written as [83]:

Br(Ky, — utp”) = |[ReA|? + [ImA|?, ReA = Agp + Arp (4.48)

with ReA and ImA denoting the dispersive and absorptive contributions, respectively. The
absorptive (imaginary) part of the long-distance component is determined by the measured
rate for K7, — 77 to be Braps(Kr — ptp~) = (6.64+0.07)-10~? and it almost completely
saturates the observed rate Br(Ky, — put ™ )exp = (6.84 0.11) - 1072 [20]. The real part
of the long-distance amplitude cannot be derived directly from experiment. However in
ref. [90] it is estimated an upper bound on the short distance contribution:

Br(Ky, — ppu )sp < 2.5-107° (4.49)

As shown below, the SM prediction for the short distance contribution results: Br(Kp, —
pT e )spsm & 0.9 - 1072 [89]. Then the condition (4.49) provides a constraint on new
physics scenarios.

Since only the axial component of both hadronic and lepton current contributes to the
decay, the effective Lagrangian describing the short distance contribution to the decay in
the SM can be written as [83]:

Gr_o(My)
\/§ 21w sin2 HW

Gr _ _
= ﬁﬁz(sv“%d)(mww) + h.c. (4.50)

Lsmsp = (VasVeaY (ze) 4+ VisViaY (21)) (37" 5d) (ryuys i) + hee. =

Y (24), T = m2/MZ,, are the Inami-Lim functions including QCD and electroweak cor-
rections, whose leading order term is a linear combination of the axial components of
Z-penguins and box-diagrams. Numerically Y (z.) ~ 3.3 x 1074, Y(2;) ~ 0.97 [83]. In
eq. (4.50) we defined the constant Fro ~ (—2.14140.78) x 1076,

In the scenario with extra isosinglet quark, the non-diagonal couplings of Z-boson with
SM families due to the mixing of light quarks with the b'-quark leads to the Lagrangian
analogous to (4.44), contributing to the decay K1, — putu~ at tree level (figure 7):

Gr. . _ 1,
Liew = ﬁVL4SVL4d(S’YMY5d)5(#7”75#) +h.c. (4.51)

By using again the phase convention C|K°) = +|K°) we have:
(0]dv,v55| K°) = +(0]57,75d| K°) (4.52)
and neglecting indirect CP violation:

Kp~ Ky = —(K°+ K" (4.53)

Sl
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Then we get:

(utp~|Lsmsp|KL) = \G/gme(\/g—m)(0|8%ﬁ5d|K0>[u(p(”))Vu%v(p(“))] (4.54)
(1 | Lnew| K1) = \G/gRe(V%%VLM)<0|Sw75dlK°>[U(p(“))v"%v(p(“))] (4.55)
Then we can define the branching ratio given by the amplitude of the short distance
contribution:
Br(K+ 5 p 1) 70, Mo 1—4&“50

Br(Ky, — ptu)sp = k[Re(2F 2+ Vi Viaa)* . k=

2
m2
F(K+) Myes (1— M,;+> Vo2
K
(4.56)

where we have used (0|5v,75d|K°) = ip,fx, Br(KT — ptv,) = 0.6356(11) and |Vys| =
0.2252. In absence of new physics, the short distance contribution coincides with the SM
expectation Br(Kp, — ™ )sp sm-

By using the upper bound in eq. (4.49) on the branching ratio (4.56) we have:

|Re(2F L2 + Vi Viad)| < 6.9 x 107° (4.57)

This constraint is shown in figure 11 in terms of the modulus |V} Vi44| and relative
phase §%,,, as parameterized in (4.12), (4.13). In terms of the ratio between the new
amplitude (4.51) and the SM amplitude (4.50), eq. (4.57) implies:

Re(Vi4sVE4d) [Re(ViysViaa)|
14 SV s VA | 7 g 7 o O VIAd]L o o 4.58
i 2Re(FL2) 2|ReF | (4.58)
or, by using Re(V}y, Viad) = |Vi4sVrad| cos 6%y, we have:
—0.28 x 107° < |V}4Viaa| cos 699, < 1.11 x 1075, (4.59)

where we used the Wolfenstein parameterization (4.24).

4.1.5 Ks— ptp~
The effective Lagrangian (4.50) gives the short distance contribution to the decay
Ks — putp:

Br(Ks — p 7 )spsm = 4kkg [Tm(Fr2)) (4.60)

where kg, is the same as k in eq. (4.56) with the change 7, — Tr,. It is obtained
Br(Kg — ptp)sp ~ 0.2-107!2. There are also long distance contributions arising from the
two photon intermediate state which result in the rate Br(Kg — p™u™)p ~ 5.1-10712 [91].
The experimental upper limit for this decay was found by the LHCb collaboration [92]:

Br(Ks — p i )exp < 2.1 x 10710 (90% C.L.) (4.61)
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d

Figure 8. Box diagram for the transition K° — K in the SM, qa, qg = u,c,t.

Then, an extra contribution is allowed to be higher than both the short and long-distance
contributions to the decay, so we can impose an upper limit on the new contribution arising
in the scenario with the extra isosinglet. The new decay channel is described by the effective
Lagrangian (4.51) and gives the rate:

Br(Ks — p 1 Jnew = ks [Im(V74Viad)]? < Brexp (4.62)
We have:
o od -5 Brexp 12
|Im(VE4SVL4d)| = ‘VE4SVL4dH S1n 5L21| < 48 X 10 |:211010:| (463)

where we used the parameterization in eqs. (4.12), (4.13).

4.2 Limits from neutral mesons systems
4.2.1 KO- K° mixing

In the SM the short-distance contribution to the transition K°(ds) <+ K°(ds) arises from
weak box diagrams (figure 8). The effective Lagrangian describing this contribution is

given by:
SM G%m%v 2 2 N2
LAg=0 = — 42 [)\050(%) + A So(xt) + 2A S0 (e, l‘t)] (3zyMdL)” +he.  (4.64)

where g, = Vi Voq, x4 = ::—23 and Sp(z;) are the Inami-Lim functions [93]:
w

4 — 11z + 22 3x2lnz ) (4.65)

SO(x)Zx( A1-2)2  20-=z)?

1 3 3 ) log =

So(xj,xk) = T;Tg [<4 — 2(xj 1) - 4($j — 1)2 z; —$k+

(1 3 3 ) log xy,
4 Q(xk — 1) 4(1‘k — 1)2 T — Ty

3
4wy — 1) (xp — 1)] (4.66)
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The weak short-distance contribution to the mass splitting Amyg = mg, — mg, and

S
the CP-violating parameter ex are described by the off-diagonal term M;js of the mass

matrix of neutral kaons, which is given by:

1 _
Mg = ———(K°|LAg_s|K° 4.67
12 2mKO< |Las=2|K”) (4.67)
In the SM it reads [96]:

G2 m2 * * k| k
MM = 1F2 772W (MAZ2So () + maeA2So () + 203 ANEN So(xe, ) fomgoBr  (4.68)

where fr is the kaon decay constant, which can be estimated in lattice QCD to be fx =
155.7(0.7) MeV [18], mo is the neutral kaons mass and we also added the factors 1 =
1.3840.20, o = 0.57+0.01, n3 = 0.47+0.04 which describe short-distance QCD effects [83].
The factor By is the correction to the vacuum insertion approximation (VIA) which is
estimated from lattice QCD calculations, giving Bx = 0.7625(97) [18].

The modulus | M;2| and the imaginary part Im M respectively describe short-distance
contributions in the mass splitting and CP-violation in K© — KO transition. In the SM,
in the standard parameterization of Voxym we have:

G%m? G?
M3~ [ReMy! | & =L 38|\ |So(we) femuo Bie % 1o Esm N me fiemo Bic - (4.69)
SM G%WQ 2
ImMp," = — 67T2WmeKOBK [mRe(Ae)Im(Ae)So(ze)+

+(n2Re(Me) So (@) +m3Re(Ae) So (e, ) ) Im (A | (4.70)
The mass difference between mass eigenstates is given by [83]:
Amyg ~ 2’M12’ + Amip (4.71)

where Ampp is the long-distance contribution. Although efforts are made, the long-
distance contribution is still difficult to evaluate [94, 95]. Nevertheless, the short distance
M

contribution Amy ~ 2|MM| ~ 2.2 - 107'° GeV gives a dominant contribution to the

experimentally measured value [20]:
AMjy = (3.484 £ 0.006) x 1071° GeV (4.72)

The CP violation is parameterized by e, which, with the phase choice CP|K?) = —|K9),
is almost determined by short distance physics [96]:

_ [Im[Mo]|
V2Am

in the standard parameterization of Voxy. From experimental data it is obtained [20]:

lex| (4.73)

lex| = (2.228 £0.011) x 1073 (4.74)

In our BSM scenario with extra vectorlike b’ quark, the non-diagonal couplings of Z and
Higgs bosons with light quarks in egs. (4.9), (4.21) induce the same operator as in (4.64),
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Figure 9. Contributions to K%K transition due to the insertion of the additional vectorlike
down-type weak isosinglet couple b}, by in quark mixing.

both at tree level and loop level, interfering with the SM in the transition K° < KO, as
shown in figure 9.
The new tree level contribution translates into the effective Lagrangian:

G _
LRS 5 = — —=(ViaVias)*(dzy"sp)? + hec. (4.75)

\f

However if M is of order few TeV, the loop contribution to K%-K° mixing becomes
important. In particular, for My = 3.1 TeV the effective operator for the box diagram
with Higgs and Z bosons exchange in figure 9 gives the same contribution as the effective
operator of the tree level diagram. Moreover the box diagram contribution grows as oc M. b2’
In fact, the effective Lagrangian for the loop contribution is:

sy~ - il G e (4.76)

AS=2~ 7 Jogma2 o '
where hg; are the Yukawa couplings defined in eq. (4.1). However, we are interested in
fixing a value for the elements of the mixing matrix rather than setting the Yukawas hg;.
Then, it is convenient to express the Lagrangian explicitly in terms of the mixing elements.

From eqgs. (4.13), (4.15), we have:

My My
b hao ~ —Vi —2 (4.77)

w w

har = —Vig

Then, using Gg/v/2 = 1/4v2, the Lagrangian can be written as:
G Mp —
[/2051(:2 ~ _W(VL4dVL4s) (dL’)/'uSL)2 + h.c. (478)

Hence, the complete new contribution is:

new __ ptree
Ny = LA% o + L%, ~

G GpM2\ —
~ — \/g(VL4dVL45) < 8\% l;) (dL’y“sL)2 +h.c. =
G -
S \/g(VMdVMS) F(My)(dpy*sp)? + hec. (4.79)
JR— Mb, 2
F(My) =1+ (3.1TeV) (4.80)
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where we defined the function f(My) of the mass of the extra quark ¢’. From the La-

grangian (4.79), there is an additive contribution M5

" to the mixing mass Mo (see
eq. (4.67)), participating both in the mass splitting and CP-violating effects. Then, the
new contribution is constrained by both CP-conserving and CP-violating observables.
Regarding the CP-conserving part, which originates the mass splitting Ampg, we can
confront the moduli of the two components of the mixing mass and impose that the new

M|:

¢¥| is less than a fraction A of the short-distance SM contribution | M3

contribution | M7
MIS™| < M| Ak (4.81)

where we defined real and positive Ag. This is analogous to comparing the modulus of the

coefficients of the effective operators in eqs. (4.64) and (4.79). We evaluate the constraint

at leading order of both SM and new physics contributions, neglecting QCD corrections.

Hence, eq. (4.81) corresponds to:
Gp

ZE (M) Vi Vs <
\/if( b) |ViaaVLas|

eq. (4.81) can also be translated into a constraint on the scale of the new contribution:

2
. 1 1.9 - 10 TeV
(VL4dVL4s)2’ < Az Ag = (Ads ) (4.83)

2 2
Gch

1) Ax (482)

Gr

V2

where we defined the minimum allowed equivalent scale Agd of the new contribution. We

f(My)

€

estimate the constraint with Ax = 1, that is by imposing the condition |M3™| < |M3M|,
meaning that the additional processes contribute to Amy at most as the SM short-distance
contribution. Anyway, we leave Ak as free parameter in next equations so to allow to
reevaluate the results with a different constraint. Then, using eqs. (4.12), (4.13), from the
condition (4.82) we have:

L [FAT) g
ViwaVias| < 1.7 x 1074 [ Ag 4.84
’ L4d 5| f(Mb’) [ ] ( )
where we evaluated the constraint for the benchmark value My = 1 TeV.
Regarding the contribution to the CP-violating parameter eg, the imaginary part of
new

the new contribution to the mixing mass ImM{5™ can be constrained to be a fraction A,
of the SM contribution:

ImMES™| < ImMB!| Aeye (4.85)

where we defined real and positive A.,.. At leading order of the new physics contribu-
tion, eq. (4.85) is equivalent to comparing the magnitude of the imaginary part of opera-
tors (4.64) and (4.79):

G . G2m?
(M) I [(VigVias) )| < =5 5%

V2
+(n2Re(Ae)So(x1) +n3Re(Ae)So(we, 24) ) Im(Ar)| Aee  (4.86)

2 ’ane()‘c)Im()‘c)SO ($c>+
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eq. (4.86) can also be translated into a constraint on the scale of the new contribution:

Gr
ﬁf(Mb’)

where we defined the minimum allowed equivalent scale Agd m Of the new contribution.

2
. 1 1.6 - 10 TeV
Im[(VL4dVL4s)2]’ < ATa AeK = (A) (4.87)
sd,Im ds,Im

The numerical value is obtained by using the Wolfenstein parameterization as in eq. (4.24),
with Im (V% V.q) = —A2X%n. We make an estimation choosing A, = 0.4, corresponding to
Adsim = 2.5- 101 TeV. Using eqgs. (4.12) and (4.13), from the condition (4.86) we have:

1TeV) 12 1A, 12
ViVl lsnf200,)] < 13- 107 [LE0EON [ (1.89

where we evaluated the constraint for the benchmark value My = 1TeV. The constraints

are also shown in figure 11 for My = 1TeV, in terms of the modulus and relative phase of
the elements V;'y;Vi4s.

Let us elaborate a little more about the two contributions to £X§_, from the tree
and box diagrams. The tree level operator (4.79) can be written in terms of the Yukawa
constants hg;, in order to be compared with the operator (4.76). Using Gr/v2 = 1/4v2
and eq. (4.77), we have:

* )2 2
LR, = —(hdlzﬁ) %(E’y“sL)Q + h.c. (4.89)
¥
which parametrically is a factor v2, /M7 less than the box operator (4.76). That is why, after
compensating the loop factor, for My > 3.1 TeV the box contribution becomes comparable
or more important than the tree level contribution.

4.2.2 Bg’S-Bg’S mixing
In the SM the dominant contribution to BY(bd)-BY(db) and BY(bs)-BY(5b) mixings comes
from box-diagrams with internal top-quark, while the charm quark and the mixed top-

charm contributions are entirely negligible. The effective Lagrangians for Bfi S—Bg, , mixings
are [83]:

G

—mm%vso(a%)(V{zk;th)Q(E’)’MCZL)2 +h.c. (4.90)

ﬁsAl\é(d):Q =

where Sp(x) is the Inami-Lim function (4.65), and analogously for B system with the
substitution d — s. Then, analogously to the kaons system,

d,s)* 5
2Mpy My™" = (BY| = Lap(s=2|BY.) (4.91)
AMg, = 2|M5")| (4.92)
In the SM:
SM G%’m%/V 2 2
AMgs = = 5, MBa. BB |(VViass) In850(21) (4.93)

— 33 —



where np is the QCD factor, np = 0.551 [83], and the factors Bp, , are the corrective fac-
tors to the vacuum insertion approximation. From lattice QCD calculations: fp,\/Bp, =
225(9) MeV, fp,\/Bp, = 274(8) MeV [18]. In contrast to Amy, long distance contribu-
tions are estimated to be very small in neutral B meson systems, and AMjg, is very well
approximated by the relevant box diagrams [83]. The experimental results are [20]:

AMyexp = (3.334 £ 0.013) - 1073 GeV (4.94)
AM;exp = (1.1683 + 0.0013) - 10711 GeV (4.95)

In our BSM scenario with extra vectorlike ' quark, the non-diagonal couplings of Z-
boson and Higgs boson with light quarks in eqs. (4.9), (4.21) induce the operator with the
same structure as in (4.90), interfering with the SM in the transition Bd s & Bg’s. The
new contributions at tree level and loop level are analogous to the operators giving K°
mixing (4.75), (4.78), with diagrams analogous to the ones in figure 9. Then, analogously
to the neutral kaons system, the new contribution to neutral B-mesons mixing is:

new G 7

AB(d)=2 ~ \/g(VL4dVL4b) F(My)(dpy*br)? + hec. (4.96)
G

o=z & — = (VigsViay)* f(My) (577"br)? + hec. (4.97)

V2

where f(My) is defined in eq. (4.80). From the Lagrangians (4.96), (4.97), there is an
additive contribution M{5" to the mixing mass ]\41(2 ) (4.91), and thus to the mass dif-
ference AMgs (4.92). We can constrain the new contribution to be less than a fraction
Ap,,, of the SM contribution AMC?I;/I = 2]M(ds SM| given in eq. (4.93). This is analogous
to comparing the coefficients of the effective operators in eqs. (4.96), (4.97) with the SM
ones (4.90):

Gr G2 1
FM) Vi, Vi Viass2S(z) - A 4.98
7 F(My)| Vg Vial® < mw! wafs)>S (@) - Ay, = N (4.98)

where we evaluate the constraint at leading order of both SM and new physics contributions,
neglecting QCD corrections. We use A B, =03 asa benchmark value, corresponding to
the scales Apg = 1.0 - 10° TeV, Apy = 2.1 - 102 TeV. Then we obtain:

_ f(lTeV)]1/2 {AB ]1/2
y 3x1071 4 4.
ViuaVial <33 107 | D) o8 (4.99)
_ f(lTeV)]1/2 [AB T/?
: 1.6 x 1073 : 4.1
ViuViul < 16107 | L |28 (4.100)

4.2.3 DY-D° mixing

In the SM DO(cut)-D°(cu) mixing receives contributions from box diagrams, dipenguin
diagrams and from long-distance effects [96]. In box diagrams only the internal strange
and down quarks contribute effectively. Differently from the case of kaons and B-mesons,
the masses of s and d are small compared to the mass of the external ¢ quarks, which then
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Figure 10. New contribution to D° — DO mixing, ¢ = d, s, b,b’.

cannot be neglected and an extra operator appears in the effective Lagrangian. In VIA
approximation, the box contribution results [Mja| ~ 1071710710 GeV [96]. Also dipenguin
diagrams can give a contribution not much smaller than box diagrams [97]. Long-distance
effects are expected to be large [98]. However, since their contribution is non-perturbative
and difficult to compute, there is room for new physics, which in principle can be the
dominant contribution to the mass difference Amp in DY system. In fact, a nonzero mass
difference in the DY meson system was recently observed by the LHCb collaboration [99]:

AMpexp = (6.440.9) x 1071°GeV (4.101)

which allows values two orders of magnitude bigger than the SM short-distance expectation.
In the scenario with extra down-type quark, the additional box diagrams with internal
b’ quarks contribute to D mesons mixing, as shown in figure 10. The corresponding effective

Lagrangian is:

G2m? . -
Ay A — 7271_2”/ (Vub/VCb/)ZSo(a:bf)(uL’y“cL)z +h.c. (4.102)
M2
with zy = m—zb’ (taking My ~ 1TeV, the two mixed contributions would be competitive
w

only if [V V| < 2-1077, but we are considering scenarios with larger mixings). Since
the new effective operator (4.102) originates from charged currents, this process involves
directly the elements V,y, Vuy of the enlarged CKM matrix Vogwm (4.6). This operator
gives an additional contribution M3, .., to the mixing mass and thus contributes to the
mass difference Amp:

G%m?

AMppew = 2|Mlg new| = %(Vub’nz’)250(xb’)f%mDo (4103)
where fp =212.04+0.7 MeV [18] is the decay constant. Since we do not know long distance
contributions, the new contribution can be regarded as the dominant one, and we can think
that the new operator can account up to the entire mass difference in D-mesons system.
Then, a rough estimate can be made by imposing on Ampnew to stay within twice the

error-bar of the experimental value (4.101):

AMppew < 8.2 x 10715 GeV (4.104)
Am 1211 Tev
* —4 D exp
‘Vub’ cb" <3.9x10 |:82 ] 10_15:| |: Mb/ :| (4105)

The last scaling in eq. (4.105) holds since So(zy) ~ zy for My > 2TeV.
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4.3 Limits from rare B mesons decays
4.3.1 By, — ptp”

The decays 3275 — (Y0, { = e, pu, T, are dominated by the Z-penguin and box diagrams
involving top quark exchanges. The charm contributions are fully negligible here and the
effective Lagrangian in the SM is [89]:

GEmiy T HAB (T,
Lsm = 55 Vi ViaY (2) (07774) (Cyus¢) (4.106)

with ¢ = d, s. Y (z;) is the Inami-Lim function, including QCD and electroweak corrections,
which at leading order is a linear combination of Z-penguin and box diagrams, the same
as in eq. (4.50). Here we use Y (x;) = 0.935 from ref. [100], inserting the values in table 4.

The non-diagonal couplings of Z-boson with SM families lead to the same extra tree
level contributions as in eqs. (4.120), (4.121). In this case only the axial part of both quark
and leptons is involved:

Grl
/22

for ¢ = d, s. Considering the case ¢ = u, the branching ratios of the decays BS’ s ptuT

Loew = Vi Viag (07" q) (CruvsL) (4.107)

would be:

G% o 2

* 1 *
5 Y (@t)VigViass + 5ViaViaays

BI‘(Bg/S — /~L+ﬂ_)tot = kd/s (4108)

2 sin2 9W

where B, is the flavour eigenstate (bq), fp, = 230.3(1.3) MeV, fp, = 190.0(1.3) MeV [18]
are the decay constants defined by (0|Eyuy5q\Bg(p)> = ipufB,, and:

1 1
Fa = Tpyo— fompMpo, 1 —4m2 /Mgg o ks =70, o fB.meMpoy /1 —4m2 /Mo
(4.109)

In absence of new physics, the branching ratios (4.108) give the SM expectations:
Br(BY — pTu)sm ~ 8.6 x 10711, Br(BY — putu~)sm &~ 3.2 x 107Y, obtained using the
central values of the quantities in table 4.

The experimental branching ratio of the decay BY — pu*u~ is [20]:

Br(B? =yt exp = (294 0.4) x 107° (4.110)

which is in agreement with the SM expectation. Regarding the decay Bg — ptu~, the
experimental limit is [101]:

Br(BY — T exp < 2.1 x 10719 95% C.L. (4.111)

Then, we should set a limit on the decay rates (4.108), in order to not contradict
experimental results. At 95% C.L. we can take:

Br(BY — ut ot < 2.1 x 10710 (4.112)
2.1 x 1072 < Br(B? — " p )iy < 3.7 x 1079 (4.113)
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Depending on the relative unknown phase of the mixing elements Vi, Visays (5%32 and
5%31 in terms of the parameterization (4.12), (4.13)), the above upper limits correspond to:

\ViwViaal < (0.4 +2.2) x 1074 (4.114)
\ViwVias| < (0.3 +8.1) x 1074 (4.115)

We can express the limits (4.112), (4.113) in terms of comparison between the two effective
operators (4.106) and (4.107). By defining:
a

fBO_

9= my(ﬂ%)vtb‘/iq (4.116)

the constraint can be written as:

21V Vil

<A 4.117
|J—_-B8’ Bg ( )
Then, in the case of destructive interference, the limits (4.114), (4.115) correspond to:
ABO .FBO
g 2.2 x 1074 | -1 d 4.11
ViaViaal <2:2>10 l 2.7] [4.1 » 105] (4.118)
ABO ABO .FBO
<1 7.1x107* y 1x 107 | =2 { : } 4.11
[ 1.8 ] L0 < Vi Vias] <8110 [ 2.1 ] 2.0 x 10— (4.119)

A
or |V} Vias| <0.7x1074 [ Oig ] in the second case, for 6¢,, = 2.72 and 6¢,, = 7 respectively.

4.3.2 Rare semileptonic B decays

Results on rare B-decays can constrain mixings of the extra vector-like quark with SM
families because of the new contributions to FCNC processes involving b — s(d) originated
at tree level by non-diagonal couplings of Z-boson with SM quarks.

The new effective Lagrangian contributing to b — s(d)¢*¢~ decays are:

4G L 1. _ . _

['new = _T;VL4dVL4b(bL7MdL) [(—2+sm2 Qw) (ELyﬂﬂL)—ksm? (gwwR’y#eR)] (4.120)
AGr ., _ 1 _ , _

['new = _T;VLszVLZlS(bLquSL) [(—2—1—51112 9W> (ELWBL)—Fst 0W(£R'Yy£R>:| (4.121)

giving both exclusive decays, such as B — m¢/*¢~ and B — K/7/¢~, and inclusive decays
B — Xy 0*t0~, where X4 stands for anything with a s(d) quark.

As regards exclusive decays b — s/~ experimental branching fractions are below
SM predictions [20]. The decays BY — K%¢*¢~ and BT — K¢/~ are the best studied
and tensions with SM were found related to the quantity P and to lepton universality
test [20] (and references therein). As regards inclusive decays, experimental measurements
of B — X (T¢~ were made by both Belle [102] and BaBar [103]. Their data are consistent
with SM expectations at 95% C.L. [104]. In order to estimate the constraint on the mix-
ings |ViaaVipl, [ViasViy,|, we can consider the total branching fraction averaged between
electrons and muons, which experimentally results [20]:

Br(B — Xl )exp = (5.8 £ 1.3) x 1076 (4.122)
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SM calculations predict Br(B — X707 )gm = (4.6 £0.8) x 107% [105]. Let us define the
branching ratio which would be given only by the new contribution:

|f4new|2 = BT(B — Xs€+€_)new o~
‘VL*4bVL4s’2[(_%+Sin2 Hw)2—|—sin4 QW]

~Br(B— X/ Tv) Vol
Ci

<Br(B — Xl ) max

(4.123)

Br(B — X010 )max is defined here as the maximal allowed value for the branching ratio
associated to the amplitude of the new contribution alone and we use the experimen-
tal branching ratio Br(B — X.(tv,) = 0.1065(16) [20]. Similarly |Asy|? = Br(B —
XlT0 )sp. In order to have a rough indication of the constraint on the mixings, we can
limit the new prediction with twice the error-bars of the experimental result:

3.25 x 1075 < |Apew + Agu|? < 8.35 x 1076 (4.124)

Then, we can obtain the least stringent constraint from destructive interference:

1
Br(B — Xolt 0 )max | 2
2.5 x 105

Vi Vias| < 1.8 x 1073 (4.125)

and, for this case of destructive interference, |V}, Vias| > 1.4 x 1073,
As regards b — d¢T ¢~ transitions, the LHCb collaboration measured the branching
ratio for the decay BT — 7 putu™ [20, 106]:

Br(BY — 7yt i )exp = (1.78 £0.23) x 1078 (4.126)
which agrees with SM predictions, for example Br(BT — 7tutu)sy = 1.887037 x
1078 [107], Br(B* — atputu)sm = (2.04 £ 0.21) x 1078 [108]. Other than that, up-
per limits on exclusive decays include Belle constraint Br(B* — 7nt/t¢7) < 4.9-1078
(90% C.L.) [109] and BaBar result [110]:

Br(BY = 1% 0 )exp < 5.3-107%  90% C.L. (4.127)

= e or y. The SM expectation for the B® decay can be obtained from the predictions of Bt

branching ratios by multiplying by the factor (750 /75+)/2, where 7o /7p+ = 1.076(4) [20].
Let us define as before the decay rate which would arise only from the new contribution:

|ARY | sopep | = Br(BTY = 75000 ) e = kg0 |[Viaa Vi | (4.128)

Then we should have:

13x 1078 < A%y 0 + AR L, P <22x1078 (4.129)
| AR opep— + AN opep- | < 531078 (4.130)
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where we defined |Agy|? = Brgy. We used the 20 interval of the experimental result (4.126)
and the upper limit (4.127). In order to have the least stringent constraint, we can consider
the case of destructive interference between the new contribution and the SM one:

1
4 | Br(BE — 7500 ) pax | 2
\ViaaVig| < 2.5 x 1074 l ( 1% 107 ) ] (4.131)
1
. 4 | Br(BY = 7% ) pax | 2
\ViaaVig| < 4.2 x 1074 [ ( T 1= Juma ] (4.132)

where Bry,y is defined as in eq. (4.123) as the maximal allowed value for the branching
ratio induced by the amplitude of the new contribution alone, and we used

Bl“(Bi — 7T0€+l/g)[(—% + sin? Hw)Q + sin* Qw]

kgt = 4.133

B ’Vub‘Z ( )

oo — ;Br(B0 — 7T_£+I/g)[(’—v% —i‘—Qsin2 Ow)? + sin Oyy/] (4.134)
ub

with Br(B® — 7= ¢Tv,) = (1.50 £ 0.06) x 1074, Br(B* — 7%*v,) = (7.80 £ 0.27) x 1072,
¢ = e or u [20]. Regarding the measured decay BT — 7F¢* /¢~ in this case we also obtain
\ViwViaa) > 2.2 x 1074

4.4 Limits from Z-boson physics

The presence of additional vector-like quarks also affects the diagonal couplings of Z-boson
with standard quarks, changing the prediction of many observables related to the Z-boson
physics e.g. the Z total width I'z, the partial decay width into hadrons I'(Z — had),
the partial decay widths R, = I'(c¢)/T'(Z — had), R, = I'(bb)/T'(Z — had), I'(Z — qq),
q = u,d,s,c, b, etc. Constraints obtained from these quantities are analized in this sec-
tion. Experimental values and SM predictions are taken from Particle Data Group [20], as
reported in table 5.

The predicted partial decay width of Z-boson decaying into bb is T'(Z — bb)gy ~
375.75 F 0.18 MeV, which should be compared to the experimental value I'(Z — bE)exp ~
377.3 F 1.2MeV, (using data from PDG [20], as reported in table 5). The SM prediction
of the partial decay rate of Z — bb at tree level is given by:

- M3 1 1 2 n 2
['(Z — bb)gum = G%WZ [(—2 +3 sin’ 9W> + <3sin2 ew) ] (4.135)

In order to compare with the experimental result, we should include QCD corrections,

which are given by a multiplicative factor ~ 1.021 [20]. By inserting the vector-like isosin-
glet down-quark, the decay rate at tree level changes in:

- GpM} 1 o 1 .o )2 (1_2 )2
[(Z — bb) = Jon [( 5(1 |VLap| )—i-gsm Ow | + 3 sin Ow (4.136)

which means:

- - GepM3 (1 1 9
I(Z — bb) —T'(Z — bb)sm ~ NG 5 + 3 sin“ Oy ) Vo] <0 (4.137)
T
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Quantity Experimental value  SM prediction

ry 2.4952 + 0.0023 GeV  2.4942 + 0.0009 GeV
I'(had) 1.7444 + 0.0020 GeV  1.7411 + 0.0008 GeV
Ry 0.21629 + 0.00066  0.21581 = 0.00002
R. 0.1721 + 0.0030 0.17221 = 0.00003
A0D 0.0992 + 0.0016 0.1030 4 0.0002
A9 0.0707 + 0.0035 0.0736 + 0.0002
AL 0.0976 4+ 0.0114 0.1031 4 0.0002

Ay 0.923 + 0.020 0.9347

A, 0.670 + 0.027 0.6677 + 0.0001

A, 0.895 = 0.091 0.9356

95 —0.1888

9, 0.3419

Qw(Cs)  —T72.8240.42 —73.23+0.01

Qw (T¢) ~116.4+ 3.6 —116.87 + 0.02
9%, —0.0356 +0.0023  —0.0357

9% 0.4927 =+ 0.0031 0.4950

2%, — gt —0.7165+0.0068  —0.7195

Table 5. Values of interest from Particle Data Group [20].

So the prediction for the decay rate is lowered, not going towards the direction of a better
agreement with the experimental value. Then, the extra contribution to the rate should
be constrained:

D(Z — bb) = T(Z = bb)su| < ATz, (4.138)

We may choose AT 7, so that T'(Z — bb)io; lays in the 95% C.L. interval of the experimental

value, which implies:
’F(Z S bb) —T(Z — bB)SM‘ < 86x1074GeV (4.139)

AT zpp 1/2
8.6 x 1074 GeV

[Viaw| < 3.2-1072 [ (4.140)

The SM predictions for the Z decay rate and partial decay rate into hadrons are [20]:

T(Z)sm = 2.4942 £ 0.0009GeV,  I'(Z — hadr)gy = 1.7411 £ 0.0008 GeV  (4.141)
to be compared with the experimental results [20]:
T(Z)exp = 24952 £ 0.0023GeV,  I'(Z — hadr)exp = 1.7444 £ 0.0020 GeV  (4.142)

In this BSM scenario, the deviation from the SM expectation of the new predicted Z partial
decay rate into hadrons I'(Z — had) (which also corresponds to the deviation of the total
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Z decay rate I'(Z) if there are not additional leptons) is:
I'(Z — had) = T'(Z — had)sy = T'(Z) = T(Z)sm =
GrM3 ( 1., )2
= 3| -5+ 5sin0 A
V2r ij=d,s,b 23 v

GpM3 (1 1 ) , ,
~ —p s ) (V) Vi V) 0 4.143
2 < 5+ 3sin W) (| Tad|” + |\ Vias|” + Vil ) < ( )

QED+QCD corrections should also be included, which amount to a multiplicative factor

3 2

1 . 1.
—5 Z VLk‘iVij + g Sln2 9[/{/62]
k=1

~ 1.041 for d, s-quarks and ~ 1.021 for b-quark (there is additional correction for the bottom
quark due to a loop with the W boson and the top quark) [20]. As shown in eq. (4.143),
the prediction for the decay rate is lowered with respect to the SM expectation I'(Z —
hadr)gy. Then, since the SM expectation (4.141) is below the experimental result (4.142),
the contribution of the extra quarks is not leading towards a better agreement. Therefore,
in order to set a constraint on the new expected decay rate, we can impose that the
new expectation I'(Z — had) should be in the 95% C.L. interval of the experimental value
I'(Z — had)exp, using in eq. (4.143) the limit value for the SM prediction I'(Z — had)gy =
1.7419 GeV. That gives:

I'(Z — had)sy — T'(Z — had) < ATy
ATy
1.4 x 1073 GeV

With [V744] = 0.03, the constraint means |V4s|? + |Vzap|? < 0.0008, which is satisfied for
example if both ’VL43’, ’VL4b’ < 0.02. If V545 = Vi = 0, this constraint implies:

Viaal? + [Vias|* + [Via* < 1.7 x 1073 (4.144)

|Vigal? < 1.7 x 1073, |Viaa| < 0.041 (4.145)

which is extremely close to the value needed to solve the CKM unitarity problem (for
example, at 95% C.L. [V4q| = 0.0437051% (4.8) using our conservative averages for Vg
and Vs values (2.10), (2.14)). This means that an extra weak singlet could not completely
explain the CKM unitarity anomaly with more extreme values of the determinations of
CKM elements, as can be seen for example by comparing eq. (4.145) to the needed values
\Vzad|? = dcxm displayed in table 2.

Constraints are expected also from Z-pole asymmetry analyses of ete™ — ff pro-
cesses. In particular, left-right asymmetries Ay g, forward-backward asymmetries Appg and
left-right forward-backward asymmetries Aprpp [111] were measured at LEP. Cross sec-
tions for Z-boson exchange are usually written in terms of the asymmetry parameters Ay,
f=eu1,b,c s, q, which contain final-state couplings. For example, they are related as
Ag}g) = %AeAf, A(LO]’Q B= %Af (where the superscript 0 indicates the quantity corrected
for radiative effects). The presence of an additional isosinglet changes the couplings of
quarks with the Z boson as in eq. (4.9). Consequently the predictions for the asymmetries
are also changed:

(1 — [Veag|*)® — 41Qq|55(1 — [Viagl*)

A, = — -
T (1= [Viagl?)? — 4]Qq[52(1 — |Viagl?) + 8Q25)

(4.146)
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where 5? are the effective weak angles which take into account EW radiative corrections.
Then, the mixing |V74,| with the isosinglet quark makes the prediction for A, lower than
the SM one. The most precise result for quarks regards the asymmetry for b-quark final
state. Taking the data from Particle Data Group [20] (also listed in table 5), in principle
the mixing |V 45| modifies the couplings in the “good” direction with respect to the exper-
imental determinations of both A and A;gé’). However, considering the other constraints
from Z decays, a mixing V4| < 0.03 (4.140) would only give a relative change to A; at

most of ~ 0.016%, two orders of magnitude less than the relative experimental error.

4.5 Summary of experimental limits

As illustrated in section 2, the analysis of the latest determinations of Vs obtained from
kaon decays and the ones of V4 from beta decays results in a deviation from unitarity in
the first row of the CKM matrix. The SM unitarity relation (1.3) can be modified into
the relation in eq. (4.7) if an extra vector-like down-type quark dr4, dr4 participates in the
mixing with SM families. In section 4 it was shown that a quite large mixing with the first
family, |Viy| = |Viad| = 0.043(7) (4.8), is needed in order to explain the data (see also
table 2, where in this case dcxm = |Vi|?). Then, we need to verify if such large mixing
is compatible with experimental constraints from flavour changing decays and electroweak
observables.

In table 6 the relevant constraints extracted in this section are listed.

Limits from each flavour changing kaon process are shown in figure 11, where V744 and
V545 are elements of the mixing matrix V]Ed) (4.4). In order to not contradict any bound,
depending on the relative phase, the product |Vz4qV7,,| cannot exceed the limit:

[ViaaVigs < (0.3 +1.7) x107° (4.147)

taking My = 1TeV. Using the parameterization in eqgs. (4.12), (4.13), the maximum and
minimum values are obtained for (5%21 ~ 1.6mr and 5%21 = 7 respectively. Taking into
account the needed values to recover the unitarity of the CKM matrix in eq. (4.8), we use
|Vup' | = |VLaa| = 0.03 as a conservative benchmark value. Then, from eq. (4.147) we have:

0.03
Vias| < (0.9 +5.0) x 107* { ]

4.148

Constraints on the value of |Vyy| &~ |Vp4| are obtained from flavour changing B-mesons
decays. The present most stringent bound is given by the decay B — putu~ (4.114):

(4.149)

0.03
Vi Viad| < (0.4 +2.2) x 1074, |Via| < (1.4 +7.4) x 1073 [ }

|Vub’ |

depending on the relative phase 5%31, where the maximum and minimum value are obtained
respectively for (5%31 =2.72 and (5%31 = —0.42.
Then, taking into account that (4.13), (4.15):

hay Vw hiagVw Vi ~ hasVw
- — L4b = —
My ' My ' b My

Viaa =~ (4.150)
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Process Constraint
K+ —rtvr Vi Vil < 1.9 x 1075 Vias| < 6.4 x 104 [‘ 03 }
KL =70 |V Vial|sindd,,| < 2.2 x 1075 Viaol < Tl [ 903
. _ 4
Ky — m0%ete™  |Viy,Viaal|sin6dy, | < 1.7 x 1075 Viao| < 2210 | 003
4
Ki = ptp= =03 x 1070 < Vi), Vigal cos 0y < 11 x 107 [Vig| < 210 [ }
. _ 3
Ks — M+/.L_ |Vg43VL4dH Sin (5%21| <4.8x%x107° |VL4s| < |1S(1):51321| |: V :|
KO-KK0 Vi, Vi) < 1.7 x 10~ [Viss| < 5.8 x 1073 [ }
* : -5 . -4 .
Vs Viaaly/|sin(264,,)] < 1.3 x 10 Ve < A0 | 5
B°-BY Ve Vil <3.3x1074 [Via| < 1.1x 1072 | 322
BY — 700te= ViVl < 4.2 x 1074 |Viap| < 1.4 x 1072 _‘?;uojl_
BE = a0 Vi Vil < 2.5 x 1074 |Vig| < 8.4 x 1073 _\?/ffﬂ_
B — utp \Viap Vil <22 x 1074 |Vig| < 7.4 x 1073 ‘9,;03'
BY-BY [Via Vi < 1.6 x 1073
B — X0~ |VigVi, ] <18 x 1073
BS — /J,+/.L_ |VL4bVL*4s| <81x1074
DO-DO Vi Vi3 | < 3.9 x 1074 [ﬁ—v] V| < 1.3 x 1072 [lgjﬂ
Z — bb |Vias| < 3.2-1072
Iz, Z — hadr |V < 0.041

Table 6. Limits on the mixing of the SM three families with a fourth down-type vector-like
isosinglet. As in eq. (4.12), (6%, — 5,‘%3-) = 5?&7" Regarding the elements of CKM matrix, Vp, ~
Vi Var & =ViaVea — VigVes — ViwVer, Vi = —V}y, as in egs. (4.18), (4.19), (4.20). For
details see the text.

where hg; are the Yukawa couplings defined in eq. (4.1), from egs. (4.148), (4.149) it follows
that the Yukawa couplings hgo and hg3 should be respectively at least 50 times and 4 times
smaller than the coupling of the first family hg;.

As regards the new column of the enlarged CKM matrix (4.6), we have |Vyy| =~ |Viadl,
|Vir| = |Viap| and, from eq. (4.19):

Ve | = | = ViggVea — VigsVes — Vi Var| =

sd ;sd
= || Veal [Vaar| = [Viasle™Eor — [Vl [Viap|eEn

~ | Ved| [Vur | (4.151)

where in the last step we have taken into account the constraints (4.148), (4.149). In fact,
in order to have the needed value |Vy| &~ 0.043, there is no much room in the parameter
space to accommodate the relation (4.151) without contradicting experimental constraints
from D° mixing and flavour changing kaon decays, as shown in figure 12. There, the blue
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Figure 11. Upper limits obtained from kaon decays and neutral kaon mixing on the product
|V 4sVLaal of the elements of the mixing matrix VIEd) (4.4), as a function of their relative phase 6¢,,.

area is excluded by flavour changing processes involving K-mesons (4.148). We use the
indicative upper limit obtained for 5%21 = Arg(V} Viaa) = 0, V74 Viaal < 1.1 x 1075,
which is allowed by every single process for —3/27 < §%,, < 0.37 (for other choices the
constraint should be more stringent, see figure 11). The green region is excluded by the
relation in eq. (4.151), for any value of the relative phase 5%31 and for the considered values
of the relative phase 5%21 (other values of 5%21 only allow a slightly larger opening angle of
the allowed “cone” on the upper side, which does not widen the allowed range of values of
Ve, because the constraint from kaon physics is more stringent for those other values of the
phase 0¢,,). The red area is excluded by the constraints on |V | from DO systems (4.105)

with My = 1TeV:

Am 12 11 Tev
* —4 D exp
‘Vub/‘/cb/‘ <3.9x10 |:82 ] 10_15:| |: Mb/ :| (4152)
which, together with eq. (4.151) (and flavour changing kaon processes), implies:
Ampexp |74 [1TeV ]2
/1 <0.042 i 4.1
Vurr| £ 0.0 {8.2-1015] [ My } (4.153)

which already excludes the more extreme values needed to explain the Cabibbo angle
anomaly (for example, at 95% C.L. |Vi4q| = 0.0437013 (4.8) using our conservative average
for Vg (2.10), or see also the needed values |V74q|? = dcxm displayed in table 2). As
discussed in section 4.2.3, the constraint is obtained by allowing the new contribution to
the mass difference in D? mesons system to account for the experimental value Amp exp> i
the 20 interval. The red dashed lines indicate the boundary of the excluded area under more
stringent assumptions. In particular, the new contribution to D-mesons mass difference
is limited to be equal to the central experimental value (4.101) (left) and one third of
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Figure 12. Constraints on |V | and |Vigs|. On the left, |V | & [Viga| = 0.04. The red area is
excluded by the constraints on |V | from DY systems, with M, = 1TeV, as reported in table 6.
The red lines show where the boundary shifts if the mass of the extra quark is taken as M, = 1.5.
The red dashed line indicate the boundary of the excluded area if the new contribution to D-mesons
mass difference is equal to the central experimental value (4.101). The blue area is excluded by
flavour changing processes involving K-mesons, using the result |Vz4s| < 3.7 - 1074, from figure 11,
eq. (4.148), which is allowed by every single process for —3/27 < §¢,, < 0.37. The green region
is excluded by the relation in eq. (4.151), for the considered values of the relative phase 6¢,,. On
the right, the same constraints are shown setting |V | =~ |Viaq| = 0.03. The constraint on |Vo|
from D-mesons mixing (red area) is lowered to the red lines taking the mass of the extra quark as
My = 1.5TeV, My = 2.5TeV. The red dashed line indicate the boundary of the excluded area
under more stringent assumptions. In particular, the new contribution to D-mesons mass difference
is limited as one third of the experimental value (4.101).

the experimental value (right). This means that a deeper knowledge of the long distance
contribution (and corresponding sign) can exclude this possibility if it will saturate the
experimental value or, viceversa, the extra singlet quark can be thought as a way to explain
the value of the mass difference in neutral D-mesons system in case of deviation between
experimental and expected value. A narrow allowed region (including Vi4s = 0) can be
found for values V,;y < 0.042. However, in any case, the mass of the extra quark cannot
exceed few TeV. In fact, with larger values of My the constraint from D° mixing becomes
more stringent. For example, as shown in figure 12, the allowed region vanishes if My =
1.5 TeV for |V,p| = 0.04, and even with a conservative choice |Vyy| = 0.03 the allowed area
disappear with ' mass less than M, = 2.5 TeV. Also the constraint from flavour changing
processes of kaons shifts towards lower values with larger values of the extra quark mass.

In addition to that, results on Z-boson decay rate into hadrons imply that (4.145):
Viaal? < 1.7 x 1073, [V | = [Viag| < 0.041 (4.154)
which is also in the range of values needed to solve the CKM unitarity problem (for example,
at 95% C.L. |Vi4a| = 0.04370011). This means that also precision measurements of Z

boson decays can exclude down-type weak singlet as a good solution of the CKM unitarity
problem.
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We can also notice that the mixings of b’ with c-quark and t-quark |Vyy|, |[Viy| should
be at least four times smaller than the mixing with the u-quark. Moreover, V| ~ 0.03
is comparable to |V;| and ten times larger than |V,;|. However, although it may seem
unnatural to expect a larger mixing of the 4th state with the lightest family than with the
heavier ones, it cannot be excluded. Moreover, with |V,| = 0.03, My < 6 TeV would be
needed for the perturbativity, assuming |hqq1| < 1.

5 Extra up-type isosinglet

The case of the addition of a vector-like up-type isosinglet couple of quarks (u4r,usr) is
examined in this section. Analogously to the case of the extra down-type quark, there is
an additional piece in the Yukawa Lagrangian:

Yi;PALiuR) + y%‘@@dl%j + hyiPqrivprs + Mayurauprs + h.c. (5.1)

with 4,5 = 1,2,3 and ¢ = imp*. Then, the up-type quarks mass matrix looks in a way
analogous to the mass matrix in eq. (4.2) (with substitution d — u), and it is similarly
diagonalized by two unitary 4 x 4 matrices with positive eigenvalues myci = Yu,ctVw
and My. Weak and mass eigenstates and the unitary matrices Vé% can be defined as in
eq. (4.4). Since only the three up-type quarks urpi,ura,urs couple with W-bosons, the
Lagrangian for the charged current interaction is:

where

Vud Vus Vub
~ =~ (u)f Vea Ves Ve
Ve =V = 5.3
crM L Via Vis Vi (5:3)
Viea Vs Viry
(u)

is a 4 X 3 matrix, VLu is the 3 x 4 submatrix of VL(U) without the last row and the unitary

3 x 3 matrix diagonalizing the down-type quark mass matrix from the left, VL(d), is taken

diagonal. Again Veogy is not unitary:
VCKMV(];KM = V/’Eu)fvéu) 71 (5.4)
In particular, for the first row it holds that

|Vud|2 + |Vus|2 + |Vub’2 = [VCKMVCTKM]U = [Véu)TvLu)]ll =1- |VL4u|2 (5.5)

— 46 —



which is the same extended unitarity condition as in egs. (2.1) and (4.7), where dcxm =
|Viau|? and |V74,| has the same effect on the unitarity of the first row as |Vyy|. Then, the
analysis of the determinations of V5 obtained from leptonic and semileptonic kaon decays
and of V4 from beta decays gives the same result as in section 4, leading to the best fit
point in eq. (4.8):

Vigul? = 1.83(55) x 1072, Vigu| = 0.043(7) (5.6)

which shifts the values of Vs obtained from the three determinations as shown in figure 5.
The mixing matrix VL(U) induces non-standard couplings of Z-boson with the LH up
quarks because of different weak isospin couplings, as also described in section 4. Then,

the weak neutral current Lagrangian for up quarks reads:

ur,
_ 9 Ly o\ i | cr 2 o, _
ﬁnc—cosgw §(UL T Lt/L)'YMVL Vi iy | 3 Ow (WY ur + gy ug)| Z,
tl
L

(5.7)

where u is the column vector of the four up-type quarks u,c,t,t’. Then, as shown in

eq. (5.7), the non-unitarity of VL(U)

is at the origin of non-diagonal couplings with Z boson,
which means flavor changing neutral currents (FCNC) at tree level. The weak isospin
dependent Z couplings are the same as in eq. (4.10) with substitutions d — u, s — ¢,
b—t. VL(U) can be parameterized analogously to egs. (4.11), (4.12). As it will be shown,
in order to have V4, ~ 0.03, it should be |Vis.| < 4.2 x 1073, |Vip| < 8.5 x 1072. Then,

as regards the elements of the fourth row of Voxy = VLU T, it holds that:

Vira = — Vi
Vvt’s ~ _VL4uVus - VL4cV::s - VL4t‘/ts (58)

Viy = —Via

with:
* * *
VL4 — _gu ~ h’ulvw VL4 ~ _§u ~ huQUw VL4t ~ _g,u ~ hu3Uw
U L1 Mt/ ) C L2 Mt/ 9 L3 Mt/
. . s SU s SU
54, =sinf%,,ePii = s e (5.9)

where 5%, are complex sines of angles in the 14, 24, 34 family planes parameterizing the
mixing of the first three families with the vector-like quark, as in (4.11), (4.12), and we
can choose 0}, = 0 without loss of generality.

Since the matrix of Yukawa couplings and the mass matrix are not proportional, also
the couplings of quarks with the real Higgs are not diagonal. In particular, left-handed
SM quarks are coupled with ¢, with coupling constants which can be in principle of order
O(1), as shown in eq. (4.21) (with the replacements hg; — hyi, d, s,b — u,c,t).

Let us also notice that, because of the large mixing with the first family, the extra
quark ¢ would mainly decay into u or d quark via the couplings with W, Z, H. The CMS
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experiment put a lower limit My 2 685 GeV [82], which implies that |Vi4| ~ 0.03 can be
obtained if |hy1| 2 0.1, much larger than the Yukawa constant of the bottom quark. In
turn, by taking |Via,| > 0.03 in My = |hy1|vw/|Vial, and assuming (for the perturbativity)
hy1 < 1, there is an upper limit on the extra quark mass, My < 6 TeV.

In the following sections experimental limits from FCNC and electroweak observables
are examined. The results are summarized in section 5.4, in table 7 and figures 14, 16.

5.1 Limits from rare D mesons decays

D-mesons rare decays can limit mixings of the standard quarks with the additional vector-
like singlet up-quark #'. In fact, the non-diagonal couplings of Z-boson with light quarks
in eqs. (5.7) induce at tree level flavour changing leptonic and semileptonic decays of

D-mesons:
4GF % _ 1 ) v 2 N
EneW:WV[AuVIAC(uL'YHCL) —5—{—5111 Ow ) (Lryulr)+sinOw (Lryulr)| +h.c.  (5.10)

The most stringent constraint from semileptonic decays comes from the experimental

limit [20]:
Br(D" — 7 T Yexp < 7.3-107%  90% C.L. (5.11)
Neglecting the SM contribution, we can impose the experimental limit on the new
contribution:
2|V Viae[(— 4 + sin? Oy)? + sin Oy ]
|Veal?

<7.3-1078 (5.12)

Br(D" — 77T 1 pew = Br(D' — 7%uty,)

from which

1
Vi Viae| < 2.0-1073 [ (5.13)

where we take advantage of the experimental branching ratio Br(D* — 7%u*v,) = (3.50+
0.15)-1073 [20]. Brpay is defined as in eq. (4.123) as the maximum allowed branching ratio
induced by the beyond SM amplitude alone.

The experimental constraint on the leptonic decay D° — putpu~ is [20]:

Br(D° = " p Jexp < 6.2-1077  90% C.L. (5.14)
Neglecting the SM short- and long- distance contribution, the limit on the new contribution:
2
(D) Mpo /1 — 4~ 5
1 M ;
Br(D° = p* i Jnew = Br(DT — /ﬁl/“)i D 5 |VL‘4;;V|L24C| <6.2-107°
2
(D) Mps (1_1\212;4 ) ed
Dt
(5.15)
It is obtained that:
1
Br 2
-3 max
ViaVial < 200107 | i (5.16)

using the values in table 4, with Br(DT — uTv,) = (3.74 £ 0.17) - 107,
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5.2 Limits from neutral mesons systems
5.2.1 DY%-D° mixing

As described in section 4.2.3, the experimental result (4.101) for the mass difference in the
DY system allows values which can be two orders of magnitude higher than the SM short-
distance expectation, while long-distance effects cannot be computed reliably. Then, new
physics scenarios can in principle account for the experimental mass difference Amp exp in
eq. (4.101).

The non-diagonal couplings of Higgs and Z bosons with quarks bring additional con-
tributions to the transition D? <» DY, both at tree level and loop level. Analogously to
eq. (4.79), the corresponding effective Lagrangian reads:

Gr .. GpM?
AC=2 ~ —Tl;(VMuVLzLC)Q (1 + 8\F/§7rt2> (wpy*cr)? + hc. =
G * —
= _7;(VL4uVL4C)2f(Mt’)(UL’Y“CL)Q +h.c. (5.17)
My \?
f(My) =1+ <3.1TeV> (5.18)

Then, the new operator (5.17) can generate the mass difference:
T 34V2

We can think that Amppew is the dominant contribution to the mass difference. Then,

ATnDIleVV ~ 2|M1D2new| f(Mt/)|VE4uVL4C|2f%mDO (519)

as in section 4.2.3, we can set an indicative limit by using the experimental result (4.101)
within two error bars, Amppew < 8.2 x 10715 GeV, as in (4.104):

fa Tevq V2 [ AMDmax ] (5.20)

8.2-10-15

ViViael < 1.3 x 1074 {
ViV 7(0dy)

5.2.2 K% K° mixing

In the SM, the short-distance contribution to the transition K°(ds) «» K°(ds) arises from
weak box diagrams (figure 8), which corresponds to the effective Lagrangian in eq. (4.64).

In the scenario with extra up-type quark, the mixing of the SM quarks with the #'-
quark in the charged current in eq. (5.2) gives additional contributions to the K° mixing,
in interference with the SM. In fact, the same operator as in (4.64) is originated by box
diagrams with internal ¢-quark running in the loop, as shown in figure 13:

G%‘m%v 2
Ko = — LT (V7 Va8 (w0) + 2(V7Vira) (Vi Vea) S s o) +

+ 2V Vo) (VisVia)S (v, a) ) (ST di) (ST7"dy) + e, (5.21)
where z, = 7%3 and Sp(z,y) are the Inami-Lim functions [93] in egs. (4.65), (4.66).
w

We constrain the modulus and imaginary part of the BSM contribution (5.21) to the
mixing mass following section 4.2.1. The mixing mass in the SM MM is given in eq. (4.68).
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Figure 13. New contribution to K — K9 mixing, ¢ = u, ¢, t,t'.

Regarding the CP-conserving part, in order to estimate the constraint on the new mixing
elements we can impose:

M| < | M| Ax (5.22)

where Ak is real and positive. As an indicative estimate, we will evaluate for Ax = 1, as
in section 4.2.1. This is analogous to comparing the coefficients of the effective operators in
egs. (4.64) and (5.21). In this case the upper bound is basically determined by constraining
the contribution of the box diagram with ¢’ running in the loop:

Vi Viral*So(er) < So(ae) (Vs Vea)? Axc
1T
Vi Vgl <5.2x1074 []we\/} [Ag]'/? (5.23)

t/

The scaling with ¢’ mass in eq. (5.23) holds since Sp(zy) ~ %xt/ for My 2 2TeV.
Regarding the contribution to the CP-violating parameter ¢y, we can estimate the up-

per bound on the new operator by constraining the imaginary part of the new contribution

to the mixing mass [ImM7{5%| to be a fraction A, of the SM contribution, as in eq. (4.85):

Im MY < [ImMP| A, (5.24)

At leading order of the new physics contribution, eq. (5.24) is equivalent to comparing the
magnitude of the imaginary part of operators (4.64) and (5.21), in the standard parame-
terization of CKM matrix:

[T (V7 Viea) S ) + 2(Vii Vira) (Ve Vea) Soles )+
+2(ViViea) (Vi Via) So(we ) )| < Tm(Con)| Acye (5.25)
with
Csnt = 11 (Vs Vea)* So(e) + n2(ViVia)* So () + 203(VisVea) (VisVia) So (e, 1) (5.26)

The constraint depends on the mass of the extra quark, since the first term of eq. (5.21)
scales as Sp(xy) ~ %ME, /m3, for My 2> 2TeV, while the second and third components
are logarithmically growing with ¢ mass. We make an estimation choosing A, = 0.4,
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Figure 14. Upper limits on the product |V;/,Viq| from neutral kaon mixing, obtained from the
constraint in egs. (5.22), (5.24) with Ax = 1, A.,, = 0.4, as a function of the relative phase
d4s = arg(V . Via). The blue and orange lines indicate where the upper limit shifts for My = 5 TeV.

corresponding to an equivalent scale of the new operator Agg 1m = 2.5-10% TeV, as defined in
eq. (4.87). The upper bounds on the product V;;, Vi obtained with Ag =1, A, = 0.4 are
shown in figure 14, where 04, = arg(V;7,Vir4). The excluded region is shown for My = 1TeV,
while the lines show the shift of the upper limit for My = 5 TeV.

5.2.3 B ,-B?, mixing

As illustrated in section 4.2.2, in the SM the dominant contribution to BY(bd)-BY(db) and
BY(bs)-BY(5b) mixings comes from box-diagrams with internal top-quark, with effective
Lagrangian in eq. (4.90).

In the scenario with extra up-type quark, the mixing of the SM quarks with the t’-quark
in the charged current in eq. (5.2) contribute to neutral B-mesons mixing, in interference
with the SM. In fact, the same operator as in (4.90) is originated by box diagrams with
internal ¢ and ¢, t’-quarks:

G m * * * 7
K=z = —— 3 (Vi Vea)*Solee) + 20V Vea) (VigVia) Solar, 2v)) (Bry*di)? + huc.
(5.27)
new _ GFmW * 2 * * T M 2
K=z = —— g (ViVis)Solwe) + 20V Vies) (ViiVes) So(ae, ) ) (Bry¥si)? + hc.
(5.28)

where z, = ;LT% and S(x,) are the Inami-Lim functions [93] given in egs. (4.65), (4.66).
The c-quark contribution is negligible.
We can constrain the new contribution to be less than a fraction A Ba.s) of the SM

contribution AM;I;/I = 2|M1(g’S)SM| given in eq. (4.93), as

iy | < My A, (5.29)
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Figure 15. Upper limits on the products of the mixing elements |V}, Vyal, |V, Vira| from neutral
B-mesons mixing, obtained from the constraint in egs. egs. (5.30) with Ap, , = 0.3, as a function
of the relative phases 04, = arg(V,5, Vira), 0sp = arg(V,r, Vivs), evaluated for the values of extra quark
masses My = 1.5, 2, 3, 6 TeV (blue, purple, orange and black curves respectively).

This is analogous to comparing the coefficients of the effective operators in egs. (5.27), (5.28)
with the SM ones (4.90):

‘(Wb‘/;t'd/s)ZSO(xt’) + 2(ViyVirass) VisViass) So(@e, o) | < S(2e)|VigViass® Ap,,  (5.30)

where we evaluate the constraint at leading order of both SM and new physics contributions.
As in section 4.2.2, we use AB(d,s) =0.3 as a benchmark value. Then, by taking My =1TeV,

we obtain:

Vi Vira| < 0.4 +2.6 x 1073 (5.31)
Vi Virs| < 0.2 +1.2 x 1072 (5.32)

depending on the relative phases g4, = arg(VViva), ds = arg(V5 V). The constraints
become more stringent for higher values of ¢’ mass. The contribution from the mixed box
diagrams with ¢,# grows logarithmically with My, but the contribution from the box-
diagram with ¢’ increases linearly with the mass for My > 2TeV. Then, for My > 3 TeV
the upper limits start to decrease as Mt71. The upper bound on the mixing elements
\Vi5 Viral, |V, Vieal as a function of the relative phase of the elements is shown in figure 15
for increasing values of the extra quark ¢’ mass.

5.3 Limits from Z-boson physics

The presence of vector-like quarks affect both off-diagonal couplings and diagonal couplings
of Z-boson with quarks, changing the prediction of the observables related to the Z boson
physics. In this BSM scenario, the partial decay rate into hadrons I'(Z — had) (which also
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corresponds to the deviation of the total Z decay rate I'(Z), since there are not additional
leptons) would be changed with respect to the SM expectation by:

2
M 2 1 2 2
- GF Z Z Z ViriVikj — 3 sin? Owdij| —2 (2 —3 sin? 9W> } =
i, J=u,c
_ GrMj 2 2 1 1 2 2
F — [Vi0agl?) — % sin® GW) + Vi Viae)® — 2 ( — Zgin? 9W> ~
4= uc 3 2 2 3
GFM% 1 2 5 9 )
~ -4 = 0 . . ‘
NG < B + 3 Sm W) <|VL4 I“ + | VLael ) <0 (5.33)

where QED and QCD corrections factor &~ 1.050 should be included. Asshown in eq. (5.33),
the prediction for the decay rate is lowered with respect to the SM one. Since the SM
expectation (4.141) is below the experimental result (4.142), following section 4.4, we can
choose to use the limit value of the SM prediction I'(Z — had)sm = 1.7419 GeV. Then
we can impose that I'(Z — had) should stay in the 95% C.L. interval of the experimental
value I'(Z — had)exp, which means:

Al'y

Vigul? + 1Vigel> <2.0-1073
Veal™ + [Viael” < 1.4 x 103 GeV

(5.34)

where AI'z is defined by I'(Z — had) — I'(Z — had)sm < AI'z as in eq. (4.143). The
constraint is satisfied if both |Vi4y| < 0.032. With Vi4. = 0, the constraint implies:

Vigul? < 2.0-1073, |Viau| < 0.044 (5.35)

which is extremely close to the value needed to solve the CKM unitarity problem (for exam-
ple, at 95% C.L. |Vi4u| = 0.04370:011 (4.8) using our conservative average for V,,4 (2.10)).

The presence of the additional up-type isosinglet changes the predictions for the asym-
metries as in eq. (4.146). However, the expected value of A. remains in the 95% C.L.
interval of the experimental determination A. = 0.670 &£ 0.027 with V4. < 0.24, and it is
within one errorbar of the A, value extracted from A%Og) with Vi4. < 0.28.

5.4 Summary of experimental limits

As illustrated in section 2, the analysis of the latest determinations of Vs obtained from
kaon decays and of V4 from beta decays results in a deviation from unitarity of the first
row of the CKM matrix. The SM unitarity relation (1.3) can be modified into the relation
in eq. (5.5) if an extra vector-like up-type quark wuy4, upy participates in the mixing of the
SM families. A quite large mixing with the first family, |Vy4| &= [Via,| = 0.043(7) (5.6), is
needed in order to explain the data, see eq. (5.6) (see also table 2, where in this scenario
ScxM = |Viaw|?). In this way, the values of Vs obtained from the three determinations can
be shifted as shown in figure 5, where |Vy4| & |Vi4,| plays the same role as |Vy|. Then,
we need to verify if such large mixing is compatible with experimental constraints from
flavour changing decays and electroweak observables.
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In table 7 constraints obtained in this section on the mixing of the new up-type vector-
like quark with the SM families are summarized (|Vyg4| ~ |[Viau| = 0.03 is used as a
conservative benchmark value).

In figure 16 the allowed area in the parameter space of |V | and |Vi4| is shown, using
|Virgl = 0.04 and |Vy4| = 0.03 as benchmark values.

The blue area is excluded by constraints on neutral K-mesons system, as obtained
in section 5.2.2 and summarized in figure 14. Since the constraint on the CP violating
contribution can be avoided for specific values of the phase dqs = arg(V,/,Vizq), in figure 16
we conservatively use the bound on the contribution to the mass difference Amg (5.23)
for My = 1TeV, which gives:

1TeV}

Vi Vira) <5.2x 1074 [ i

Vial < 17-10-2 [ 0.03 } [1TeV}

\Viau|l | My

The red area is excluded by the constraints on |Vz4.| from D systems, for My = 1TeV,

(5.36)

as reported in eq. (5.20):

L[ TeV)T/Q L [ 0.03 }
V*uVC<1.3><104{ : Viae| < 4.2-10
ViauViae f(My) Videl IVLdul

where f(My) is defined in eq. (5.18). As discussed in section 5.2.1, the constraint is obtained
by allowing the new contribution to the mass difference in D° mesons system to account

(5.37)

for the experimental value Amp cxp, in the 20 interval. Then, also in this case, knowledge
of the long distance contribution (and corresponding sign) can exclude this possibility if it
will saturate the experimental value or, viceversa, the extra singlet quark can be thought
as a way to explain the value of the mass difference in neutral D-mesons system in case
of deviation between experimental and expected value. We can also notice that, taking
into account the relations (5.9) Vi, &~ —hlvw/My, Vige &= —hiqvy, /My, where hy; are
the Yukawa couplings defined in eq. (5.1), from eq. (5.37) follows that the coupling of the
4th species with the 2nd family hgo should be one order of magnitude smaller than the
coupling with the first one hg;.
From eq. (5.8) we have:

‘V;f’s| ~ |V;t’qus - VL4c‘/;s + V;f’b‘/ts| ~
~ ’|V;f’d|vus + 6i§%21|VL4c‘chs - 6_Mdb|‘/t"b||‘/ts|

(5.38)

where we used the parameterization in eqgs. (5.9), and arg(Viq) =~ 0%, —0ap = arg(VanVy5;)
~ 0fs, = 0} — 0}, and we can choose 67, = 0 without loss of generality. The green region
is excluded by the relation (5.38) for any value of the relative phases, using the values for
Virp allowed by the limit from the B-mesons system in eq. (5.31), figure 15:

0.03]
|Vial

Vi Vial < 26 x 1073, [Vig| < 8.5 x 1072 [ (5.39)

The conditions on Vs and Vi, also satisfy the constraint on the product V7, Virs (5.32)

for the relative phase needed in order to have the upper bounds (5.36), (5.39), ds =
Arg(Vt’fbws) = 6db — (5,15 ~ 2.77.
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Process Constraint

DY > rtutu™ Vi Vi, <2.0x1073 |Viae| <6.7x1072 %
DY —mlete™ Vg Vi, <3.3x1072

DO — ptpu~ ViaeVigl <2.0x1073 |Vige| <6.8%x 1072 %
DO-DO° ViacVig <1.3x1074 |Vige| <4.2x1073 %
KO-K0 Vi, Vira| < (0.1+5.8) x 10~ Virs| <1.9% 1072 Lgﬁzl}
BO-BO V5, Viral < (0.4+2.6) x 103 Virg| < 8.5 x 1072 [l{};ﬁl}
BY-B? Vi, Virs| < (0.2+1.2) x 1072

Iz, T —hadr  |Vigu|?+|Viae|? <2.0-1073, |Vp4u| < 0.044

Table 7. Limits on the mixing of the SM three families with a vector-like up-type isosinglet ¢'. The
upper bounds obtained from neutral mesons mixing depend on the relative phases of the mixing
elements and on the extra quark mass. Here the limits are computed for My =1 TeV (see the text for
details). Regarding the elements of CKM matrix, Virg = — Vi, Virs ® = ViawVas — ViacVes — Viar Vis
and Vi &~ —Vp4, as in eq. (4.18).
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Figure 16. Constraints on |Vys| and |Vise|. On the left, |[Vig| & |Vigw| = 0.04. The red area is
excluded by the constraints on |V74.| from D systems with M = 1TeV, as reported in eq. (5.20).
The red line shows where the boundary is shifted if the mass of the extra quark is taken as My =
2.5TeV. The blue area is excluded by neutral kaons mass difference, using the result |Vig| <
1.4-1072 from eq. (5.23). The blue line indicates where the forbidden region expands if the mass of
the extra quark is taken as My = 2.5 TeV. The green region is excluded by the relation in eq. (5.38),
using the values for Vy;, allowed by the limit from the B-mesons system in eq. (5.31), figure 15. On
the right, the same constraints are shown setting |V 4| & |Vi4.| = 0.03 as a conservative benchmark
value. The red and blue continuous (dotted) lines show where the boundaries from D-mesons and
K-mesons shift if the mass of the extra quark is taken as My = 5TeV (My = 2.5 TeV). The dashed
lines in both figures indicate the boundaries of the excluded area under more stringent assumptions.
In particular, Ag = 0.1 is chosen in eq. (5.22) and the new contribution to D-mesons mass difference
is limited as one third of the experimental value (4.101).
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However, in order to have the needed value |Vi4,| = 0.043, there is no much room
to accommodate the relation in eq. (5.38) without contradicting experimental constraints
from neutral mesons mixing. Some allowed region can be found for values Vi4, < 0.057
with My = 1TeV. In any case, the mass of the extra quark cannot exceed few TeV.
In fact, with larger values of My constraints from neutral mesons mixing become more
stringent (5.36), (5.37). In particular, as shown in figure 16 (left), for |Vi4,| ~ 0.04 the
mass of the extra quark should not exceed ~ 2.5TeV. Moreover, the constraint from
K-mesons mixing in eq. (5.36) requires specific values of the phase d4s in order to avoid
constraints from CP violation.

For |Vi4,| = 0.03 (figure 16 right) the mass of the extra quark cannot exceed ~ 5TeV
in order to leave allowed values in the parameter space. If My ~ 5TeV, it should be that
[Virs| ~ 3.8-1073, |Virp| ~ 5.7- 1073, meaning that in this case the mixing of ¢ with the
second and third families is respectively eight times and five times smaller than the mixing
with the d-quark. Moreover |Vy4| ~ 0.03 is comparable to |V;| and ten times larger than
|Vup|. This situation may seem unnatural, but it cannot be excluded.

The allowed parameter space can also be considerably reduced under more stringent
assumptions. For example, dashed lines in figure 16 indicate the boundaries of the excluded
area if Ag = 0.1 is chosen in eq. (5.22) and the new contribution to D-mesons mass
difference is limited as one third of the experimental value (4.101). This means that precise
knowledge could define the allowed area.

In addition to flavour changing constraints, the result for Z-boson decay rate into
hadrons implies that (5.35):

Viau|> < 2.0-1073, |Viau| < 0.044 (5.40)

which is in the range of values needed to solve the CKM unitarity problem (for example,
at 95% C.L. |Vigy| = 0.0437501% (4.8) using our conservative average for Vg (2.10)). This
means that also precision measurements of Z boson decay can exclude up-type weak singlet
as a good solution of the CKM unitarity problem.

In any case, it should be My < 5.8 TeV with |Vyg| = 0.03 and My < 4.4TeV with

|Virg| = 0.04 assuming for perturbativity |h, 1| < 1.

6 Extra weak isodoublet

Weak isosinglets can be investigated in order to solve the problem of lack of unitarity in
Vexkm when V4 is extracted from superallowed beta decays and Vs from kaon decays.
However, between the results from kaon physics there is inconsistency. In particular, it
can be noticed that the lack of compatibility lies between vector and axial-vector couplings
in weak charged currents. In fact, determination B (2.13) is extracted from the axial-
vector coupling of leptonic kaon decays while determination A (2.3) results from the vector
coupling of semileptonic kaon decays. Besides, determination C' (2.14) is obtained from
the vector coupling of beta decays. As displayed in figure 2, determination A and C are
deviated from the axial-vector determination in opposite directions. In fact, there is 2.3¢0
discrepancy between determination B (2.13) and C' (2.14) and 3¢ discrepancy between
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determinations A (2.3) and B. As it will be shown, the insertion of an extra vector-like
isodoublet generates weak right currents which modify vector and axial-vector couplings
thus offering the possibility to explain both the gaps. However, also in this case FCNC
emerge at tree level and predictions for electroweak processes are modified, so experimental
limits must be checked.

Let us introduce the additional vector-like SU(2)-doublet family:

Ur4 UR4
= = 6.1
qr4 (dL4> > qR4 <d 4) ( )

New Yukawa couplings and mass terms should appear in the Lagrangian: yi“j’@@’ URj +
y%{go@’de + miqri qra + h.c. with i = 1,2,3,4, 7 = 1,2,3. As regards the mass terms
m;q},;qra + h.c., since the four species of right-handed singlets ¢}, have identical quantum
numbers, a unitary transformation can be applied on the four components ¢}, so that
m; = 0 for i = 1,2,3. Then the Yukawa couplings and the extra mass term are:

4
SO [viEariun; + vieaiidn;| + Migriars + hec. (6.2)
i=1j=1
The down quark mass matrix looks like:

Tumgj)de 4+ h.c. =

0 dR1
— g R 0 || dre

= (dm dro dr3 dL4) 0 drs +h.c. (6.3)
Yhvw Yhve Yizvw Myg dRa

where v,, = 174 GeV and ygdx)?, is the 3 x 3 matrix of Yukawa couplings, and similarly for
the up-type quarks. The mass matrices can be diagonalized with positive eigenvalues by
biunitary transformations, as in (4.3) with mass eigenvalues mq s = Yd s sV and my et =
Yu,e,tVw and My ~ Myq. VL(flj%u) are unitary 4 x 4 matrices, as in (4.4) and analogously for
up-type quarks The charged-current Lagrangian is changed in:

Z (@pytdri)W, +%U4R’Y dapWy+h.c.=

dL dR
I (e T 7 ) SL |ty 9 (e e 7= 7\ ok SR | v+
=z (UL cr tr tL)’Y Vekm,L by W, +\/§ (u CR IR )7 Vekmr b w,
3 R
+h.c. (6.4)

where Ve, = VL(U)TV,—Sd) is a 4 X 4 unitary matrix:

VCTKM,LVCKM,L = VCKM,LVCTKML =1 (6-5)

VL ud VL us VL ub VL ub’

i d | Veed Voes Voew View
Vo =V, V= 6.6
FALL Lk Vit Vies Viw Viw (6.6)

Viva Vivs Vs Vivw
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In addition to that, in this case, as shown in eq. (6.4), the charged current Lagrangian
L. also involves non-diagonal right weak charged currents originated by the mixing of the
vector-like family with the SM families, with mixing matrix Voxwm r:

Vexar = Vi Tdiag(0,0,0, 1)V =

Vi aVRad Vi VRas Vi VR Vi, VRay VRud VRus VRub VRup

ViacVrad ViacVRas ViaVrRaw ViaVRav
ViaVrad ViuVras ViaVrRao Vi VRav
Vi VRad Vi VRas Vi VRab Vi gy VRav

VRed VRes VReb VRew (6.7)
Veta Vrts Vet VRw

Vevd VrRes VeRew VR

where Vg4, are the elements of the fourth row of the matrices Vlgd), Vlgu) and we defined

the elements Vg,g. Clearly, Voxm g is not unitary.

Regarding the LH particles, the matrices Véd), VL(u) can be parameterized with the

same parameterization as in eq. (4.11). However, in this scenario mixings in the left-handed
sector are much smaller and indeed negligible:
J yu,dyu,d*vg
~U, 7 41 w
Sy m T (6.8)
(2 Mq
where y¢ = Yasp, Y* = Yuer, and V];(;?d)yzjid = y;‘fi’d. As regards the right-handed sector,
without loss of generality, the basis can be chosen in which the mixing between the SM

three families has been diagonalized and Vlgd) can be parameterized as:

Vr1d VrR1s VR1b VR1p hy 0 0 —3%

V}gd) _ | Vr2d Vr2s Vrao VRay _%%Qi% i‘l%sz 3 _%2%2 (6.9)
Vr3d VrR3s VrR3v VRay —SR3SR1 —SR2SR3 CR3  —SR3
Vrad VRas VrRav VRav 5% Sty B chichochs

where Cﬁl«zi are cosines and §‘}_—ii are complex sines of angles in the 14, 24, 34 family planes

parameterizing the mixing of the first three families with the vector-like doublet, defined
as in (4.12), and similarly for V}EEU)- As it can be seen by comparing the mass matrix in
eq. (6.3) with the matrix in eq. (4.2), in this case the angles parameterizing the mixing of
the first three families with the fourth family in the right-handed sector are analogous in
magnitude to the ones of the left-handed sector in the previous sections. The moduli of
elements of the last row (and also of the last column) in V}(zd) and V}gu) correspond to the
mixing angles of the SM families with the vector-like one:
yz(ilQUw
M, ’

d
Y4V
)
M,

and anagolously for up-type.

d
zd¥ _y43vw (610)

~ xd¥ ~ dx _
VRaa = g1 = VRas = Spo = — Viap = 8R3 =~ i
q

Let us focus on the piece of the charged current Lagrangian L. in eq. (6.4) determining
the couplings of u-quark with down type quarks (which in the SM would correspond with
the determination of the first row of CKM matrix):

i(@’Y”VLuddL + URVRudY'dr) Wy + i(W’Y“VLusé’L + URrVRusY"'sr) Wy + hoc. =

V2 V2

_1gA7,u 57.ud 1gA7u 57.us
—55 ud WY (1_’YkA)qu+§EVusU’Y (1—7 k’A)SWM (6.11)
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where, from eq. (6.7):
Viud = ViauVRad Vius = VR VRas (6.12)

and similarly for the mixing with the bottom quark. The vector and axial-vector couplings
are respectively: Vua = Viuwa + VRua and kﬁaVua = Viuwa — VRua, With a@ = d, s,b. The
most precise determination of SM V,,4 comes from superallowed beta decays. Superallowed
07-0T beta decays are Fermi transitions, that is they uniquely depend on the vector part
of the hadronic weak interaction Gy = GgV,4. This means that the determination of the
weak coupling in superallowed beta decays gives |Vud\ appearing in (6.11). Regarding |V,s/,
it is determined both from semileptonic kaon decays (K¢3) and from the ratio of leptonic
kaon decays (K pu2) and leptonic pion decays. It is assumed that only the vector current
contributes to semileptonic kaon decays, that is the coupling is given by Vs in (6.11).
Leptonic decays instead depend on the axial-vector coupling, which corresponds to k:ff/us
in (6.11). Then, in this scenario, the determinations of Vs obtained from egs. (2.3), (2.5),
and (2.10) correspond to the following observables:

A |Vius + VRrus| = 0.22326(55) (6.13)
‘VLus - VRus|

B : — " =1.23130(49 6.14
\Viud — VRudl (49) (6.14)

C: |Viud + VRua| = 0.97362(26) (6.15)

As already stated (6.5), Voxwm 1, is a unitary matrix, so for the first row it holds that:

Viwd* + Vius|® + Vo> = 1 — Vo[> ~ 1 (6.16)

In fact, Vi ~ —3%, 4 5%, ~ O(y"yii®2 /M?) is totally negligible, and also |Vz.3| has

almost no influence and the value of |V,;| as exctracted in the SM can be used. Hence, |V74]
can be determined from |V,s| by using the unitarity relation (6.16). Then, the system of
the three different determinations A, B, C is exactly solved by three real parameters Vi,
VRuds VRus. Using the dataset (6.13), (6.14), (6.15), the solution gives:

Vius = VaaVras = —1.17(37) x 1073, Vi = ViaVRaa = —0.87(27) x 1073 (6.17)

with Vi,s = 0.22443(35) and Vp,q = 0.97448(8). Figure 17 basically shows the interpreta-
tion of the determinations of V,,; obtained from the three different processes in the scenario
with the extra isodoublet of quarks, as given in egs. (6.13), (6.14), (6.15). The element
of the unitary matrix Voxkm,1, Vius lies in between determinations A and B, and the gap
among the two is explained by the splitting due to +Vg,s (the shift of determination B
is dominated by Vgys). On the other hand, Vg,q explains the apparent lack of unitarity.
In fact, the values of Vi, and V.4 are linked by the unitarity of Vox 1, but the vector
coupling giving determination C includes the additional coupling Vgygq.

By substituting determination C with the determinations C; or Cy (see table 1),
the needed value of Vg,s remains almost the same. Using determination Cp: |V4| =
0.97355(27) with the dataset (6.13), (6.14), the result would be Vg,s = —1.18(37) x 1073,
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Figure 17. Explanation of the anomalies of Vs determinations in the SM extension with
an extra vector-like isodoublet (b',#'). The three different determinations V2, V.2 and V.S in

us?

eqs. (2.3), (2.13), (2.14) are obtained from the experimental results in egs. (2.3), (2.5), (2.10) using
CKM unitarity in the context of the SM. However, in presence of an extra isodoublet mixing with
SM families, the three observables would correspond to the couplings in egs. (6.13), (6.14), (6.15).

Viud = —0.93(27) x 1073 with Vi, = 0.22444(35), while using determination Cy: |Vyg| =
0.97375(29), the solution is Vgus = —1.16(37) x 1073, Viuq = —0.74(29) - 1073 with
Vius = 0.22441(35).

However also in this scenario flavour changing neutral currents appear at tree level.
The neutral current interactions in terms of the mass eigenstates are described by the
Lagrangian:

__ 4 _ 8
Lue = = s (g%qaL'mqaL + g% QaR’V,uQﬂR) (6.18)
with ¢o = u,c,t,t',d, s,b, b, and:

g% = T§ — Qu sin’ Oy 9% =TS9V 10 Viag — Qa sin? Oy 64 (6.19)

where T3' is the weak isospin and (), is the charge in units of e. Clearly, FCNC arise from:

1 g _ —— g « _
Lsene =5 cos o Z" (WRayuuRrs — dRaYudRra) = P ZFTS V3o VRagGarudsr - (6.20)
Explicitly:
UR
I AT QR o W (A T () | CR
[’fcnc = §mz (UR R UR tR) Yy VR dlag(0,0,0, 1)VR tR +
t/
R
dr
1 g — (@)t 5. @ | sr
— = M d ! VAN 0,0,0,1)V. 6.21
2 cos Oy (RRRR)’Y R la‘g(aav)R b ( )
R
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where

Veaul> Vi Vrac Vi Vrat Vi VRar
* 2 * * ,
V],(z“)Tdiag(O, 0,0, 1)VI§“) = V§4CVR4U |I/R4C| VR4cVR24t VR*4CVR4t
VR 4t VR 4u VR 4t VR4e ’ VRat | VR 4t VR ay
Vi VRau Viay VRae Vi Vea Vel
Veradl®> Vi aVras ViaaVeaw ViVeay
* 2 * *
Véd)leag(O, 0’ 07 1)V]gd) — V};{(4SVR4d |I/R4S| VR45VR2412 VE45VR41)
ViwVRad ViawVras |[VeRwl® VigVray
Vi Viad Vi VRas Vi Ve Ve |?

(6.22)

where, again, Vg4, are the elements of the fourth row of the matrices v ]%u).

Y

6.1 Limits from flavour changing neutral currents

The new operators in eq. (6.21), due to the mixing of the extra vector-like quark isodoublet
with SM families, give flavour changing processes at tree level. Therefore, they should
be compared with experimental constraints. In particular, the hadronic vector current
contribute to semileptonic mesons decays, while the hadronic axial-vector current gives
leptonic mesons decays. By comparing the Lagrangian in eq. (6.21) and the matrices
in eq. (6.22) with Lagrangians in egs. (4.9), (5.7) and the matrix in eq. (4.10) (and the
analogous for up-type), it can be noticed that the same effective operators are generated,
with the substitution in the hadronic vector coupling:

— ViuaViag = ViaaVras (6.23)
and in the axial-vector coupling:
Vi4aVias = ViraaVRas (6.24)

It follows that there is a new contribution at tree level to the same flavour changing neutral
current processes examined in the previous sections and the same analysis can be applied
to the mixing elements of the matrices V]%u) and V}gd). In fact, aside from the substitution
L — R, only the sign of the interference in semileptonic decays is modified, that is only
the phase dependence of the constraints from flavour changing semileptonic decays. In
particular, upper limits from flavour changing kaon decays are summarized in figure 18
(which is the analogous to figure 11). In order to not contradict any bound, it results that:

VR Vi) S (0.3 +1.3) x 107° (6.25)

depending on the relative phase 0%, = Arg(VriaVi,,)-
Concerning K mixing, the new contribution from RH weak currents is:

GrpM;
2

ri G . _
EA%hiz ~ _J(VR4dVR4S)2 <1 + ) (dR'y“SR)2 +h.c. =

V2 427
GF 2 q 2l I 2
= _%(VR4dVR4S) ]. + 2 QTEV (dR’Y SR) + h‘C' (626)
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Figure 18. Upper limits on the product |V}},,Vraq| from flavour changing kaon decays and neutral
kaon mixing, as a function of the relative phase (5?%21, for the mass of the extra quarks M, = 1TeV.

However, in this case also mixed L-R contributions can in principle be relevant. In fact,

the new contribution to the mixing mass term includes:
1 Gr
M5 ~  fiemgo Bk —= (VisgaVias)*+
12 3fK KO K\/i( R4d R4S)
2
G# [1

+ 5 |5 My (ViaaVias)® — 275 miby f (g, 20) ViiaaViasViaVes (6.27)

where z, = MqQ/mI%V, zy = m?/mé,, and f(zq,2¢) ~ 5 for M, = 1TeV. Then, applying
the constraints |MIsV| < |MPM|, [ImMSY| < 0.4 [ImMPM| (4.81), (4.85), for M, = 1 TeV,
as shown in figure 18, it is obtained:

Vi Viras| < (1.3 x 107%) + (2.2 x 107%) (6.28)

depending on the relative phase of the elements. Together with the bounds from flavour
changing kaon decays, in order to not contradict any limit:

VR Vi) S (1.3 +5.1) x 1079 (6.29)

We can consider that, if eq. (6.17) should be satisfied, the product V3, ,Vra4s should be real
and positive (as can be seen by multiplying side by side the first equation with the complex
conjugate of the second). Then the constraint from flavour changing processes of kaons

would be:
|ViiaVRas| < 3.2 1076 (6.30)
for M, = 1TeV.
The contribution to D° mesons system is:
w GF s My, \?|, __
rfC’:Q ~ - %(VR4UVR4C)2 1+ (22;6\/) ‘| (UR’)’#CR)2 +h.c. (631)
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giving the condition analogous to the results in egs. (5.20), (4.105):

1/2
4 | f¢(1TeV) [ AM pmax ]
Vi Vaael < 1.3 x 1074 |2 —2 —_omax 6.32
’ R4u YV R4 | < X l fq(Mq) 892.10-15 ( )
where
M 2
fo(Mg) =1+ (2'2;&) (6.33)

6.2 Limits from Z-boson physics
In this model the deviation of the Z decay rate from the SM prediction is:

I'(Z — had) — T(Z — had)sy = I'(Z) — T(Z)su ~

CGEME T 2 2 2y 1 .. 9 2 2 2
~ = o —= sin” Oy <|VR4u| + [VRacl )_ 3 s Ow (|VR4d| + [VRas|” + [Vl )] <0

3
(6.34)

We can impose that this deviation is less than a chosen quantity AT z:

GrpM3
V2r

2 . 1.
= sin” Oy (|VR4u|2 + |VR4c|2) +3 sin” Oy <|VR4d|2 + |VRas|* + |VR4b\2)] < ATy

3
(6.35)

where QED+QCD corrections should also be included, that is a factor 1.050 for w, c-quarks,
1.041 for d, s-quarks and 1.021 for b-quark (there is additional correction for the bottom
quark due to a loop with the W boson and the top quark) [20]. As shown in eq. (6.34)
the prediction for the decay rate is lower than the SM expectation I'(Z — hadr)gy. Then,
since the SM expectation (4.141) is below the experimental result (4.142), we can choose to
use the limit value of the SM prediction I'(Z — had)gy = 1.7419 GeV in eq. (6.35). Then,
at 95% C.L. of the experimental result we can impose:

ATy
1.4 x 103 GeV
(6.36)

Vrau® + [VRael* + 0.5 (|VR4d|2 + |VRas |2 + |VR4b’2> <4.4x107° [

This condition is compatible with the needed solution (6.17). However let us notice that,
even setting Vrae = Vrap = 0, this limit alone would rule out the possibility to explain the
CKM anomalies with the extra weak doublet with a reduction of a factor less than 2 of
the experimental error if the central values do not change. On the other hand, if the weak
isodoublet is the solution to the CKM anomalies, anomolous Z-boson couplings with light
fermions (in the “right” direction) should be detected if the error-bars are reduced by a
factor 2 5.

As regards the couplings of b and ¢ quarks, we can confront the new prediction with the
experimental partial rates for the decays Z — bb and Z — c¢ using data from PDG [20],
as reported in table 5. At 95% C.L. they give the limits: |Vgzap| < 0.074, |Vg4e| < 0.18.
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As in previous sections, constraints are expected also from Z-pole asymmetry analyses
of ete™ — ff. processes. The presence of an additional isodoublet changes the couplings of
quarks with Z boson and consequently the predictions for the asymmetries are changed as:

1—

o= 352(1 — |Vra|?) — |Vrw|
b — 71— (

53
14 |Vea|?) + 555 + [Vaw|*

c =

1—2

852(1 — [VRael®) = [VRae*
35 52(1

+ |VRac|?) + %2521 + |VRacl*
(6.37)

1—
8 =
1 —3s

where 530 are the effective weak angles which take into account EW radiative corrections.
Taking the data from Particle Data Group [20], also reported in table 5, regarding b-quark
final state, the mixing of the extra-doublet increases the prediction of Ay, thus not going to
the “right” direction with respect to the experimental determinations of A; and especially
of A%)). However, with Vg < 0.19 the expected value of Ap remains in the 95% C.L.
interval of the experimental result A; = 0.923 + 0.020.

Similarly, as regards c-quark final state, the prediction for A, is increased by the mixing
of the extra-doublet. However, the expected value of A, remains in the 95% C.L. interval
of the experimental determination A. = 0.670 4= 0.027 with Vg4 < 0.18. and it also stands
in the 95% C.L. interval of the determination A, = 0.628 4 0.032 (which can be obtained
from A% = 0.0707 4+ 0.0035 using A, = 0.1501 + 0.0016) with Vise < 0.11.

Constraints from Z-boson physics are summarized in table 8.

6.3 Limits from low energy electroweak observables

The insertion of the extra isodoublet also changes the diagonal couplings of weak neutral-
current interactions, as follows from eqgs. (6.18) and (6.19). Then, predictions on low energy
electroweak precision observables are modified. At low momentum transfer (Q? < M%),
the parity violating part of four-fermion Lagrangian corresponding to e-hadron processes
with Z-boson exchange is written as [20]:

F _ _ _
=52 |95 1" eara + giaeruedr V| (6.38)
q
where in this case:
eu 1 2 4 . 2 ed 1 2 2 . 2
QAV:—§(1+\VR4u\ )+§Sm Ow gAV:§(1+|VR4d’ )—gsm Ow (6.39)

o . 1
gita= (5 +2s%0w ) (1= Vi) gith == (~5+25in0w ) (1=[VieaP’)  (6:40)

The weak charge of the proton, Q¥,, is proportional to g%, = 2954 + ¢/, @y =
—2g%y- In the SM we have g g\ = —0.0357 (where, after including higher orders cor-
rections, g4i, g = —0.1888, gZdWSM = 0.3419 [20]). Experimentally, the weak charge of
the proton can be extracted from the parity violating right-left asymmetry in e™p — e™p
scattering, from which it is obtained the constraint [20]:

9% exp = 205 + g%y = 0.0356 £ 0.0023 (6.41)
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which is in agreement with the SM expectation. After considering the existence of the
extra isodoublet, the expected weak charge changes. In order to stay in the 95% C.L. of
the experimental value, it should be:

. 1
IAGH | = | — |VRaw|* + 5|vR4d|2\ < 0.0045 (6.42)

where Ag%}, is the additional contribution to g%, ;. Nuclear weak charges le}N can be
extracted from measurements of atomic parity violation. They are defined as [20]:

Q&N = —2[Z(g%, 4 0.00005) + N (g5 + 0.00006)] <1 — ;‘) (6.43)
T

where Z and N are the numbers of protons and neutrons in the nucleus, g%, = 29%{/—%92‘1‘/,
99 = 95y + QQidV, and « is the fine structure constant, o' ~ 137.036. The most precise
measurement of atomic parity violation is in Cesium [20]:

Q™ (C8)exp = —T72.82 + 0.42 (6.44)

corresponding to the constraint 55¢%, + 78¢%i, = 36.45 £ 0.21, while the SM prediction
is Q%‘E}’R(CS)SM = —73.23+£0.01 (55¢%; + 78¢%i, = 36.65). The contribution of the extra
isodoublet to the weak charge of cesium is:

AQY™(Cs) = QU™ (Cs)ior — Qi (C8)sm = —2 [~ 94| Vrau|? + 105.5|Viaal?]  (6.45)

At 95% C.L. we have the condition:
|AQw (Cs)|

AQw (C's)
— 0.0022 W —1.12 2 <0. AR A A4
0.00 [ v }<\VR4\ Vil <00066[ v } (6.46)
Other neutral current parameters include [20]:
(g% + 2953 )exp = 0.4927 + 0.0031 (6.47)
(205 — g% )exp = —0.7165 + 0.0068 (6.48)

to be compared with the SM expectations g%, + 295{{/ = 0.4950, 299y — gildv = —0.7195.
Regarding the quantity g7 + Qgif{/, the mixing with the extra doublet brings an extra
contribution —%|Vzau|? + [Vgaal?. Then, at 95% C.L. we obtain the constraint:

1
—0.0084 < —§|VR4U|2 + |VRaa|? < 0.0038 (6.49)

As regards the quantity 2¢%; — gf}ldv, the prediction is lowered with the extra doublet by
—|VRau|? — %\VRMP‘ Then, in the 20 interval we have:

1
|VR4u‘2 + §’VR4d‘2 < 0.010 (6_5())

Constraints from low energy electroweak observables are summarized in table 8.
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Process Constraint

Z — hadrons, Tz |Veau|? + [VRac|? + 0.5 (|Vraa|* + |VRras|* + |[Vra|?) < 4.4 x 1073
Qw(Cs) —0.0022 < |VRau|? — 1.12|VR4q|? < 0.0066

Qw (p) |~ [Visal? + 3| Vaal2| < 0.0045

9% + 29, —0.0084 < —[Viau|* + |VRaal?* < 0.0038

2054, — g% \Vrau|® + 3|VRaal? < 0.010

Table 8. Limits on the mixing of the first three families with an extra vector-like isodoublet from
low energy electroweak observables and Z physics. For details see the text.

6.4 Summary of experimental limits

In this section we analyzed the scenario in which an extra vector-like weak doublet of quarks
(u4,ds)r, r is mixing with the SM families, with mixing matrices Vlgd’u) (6.9). Although
the presence of this extra species can in principle address the whole problem of CKM
anomalies, it is not possible to obtain an acceptable solution satisfying both eq. (6.17)
and the experimental constraints from kaons flavour changing processes (figure 18) and
electroweak observables (table 8) by introducing one extra isodoublet of quarks.

In order to show this, we can focus on the elements Vgy, VRrad, VRras of the mixing
matrices V}(%d’u), which are the elements affecting the first row of CKM and consequently
CKM anomalies (for our concern the other mixing elements can also be zero). Summarizing
all the results, the mixings of the fourth doublet of quarks with SM families should be large
enough in order to justify the anomalies between the different determinations of Vs, as

found in eq. (6.17):
Veud| = Vi Viraal = 0.87(27) x 1072, |Vius| = |V Vias| = 1.17(37) x 1073 (6.51)

but at the same time they should not contradict the constraints from FCNC in kaon decays
and mixing in eq. (6.29) and from low energy electroweak quantities and Z-boson physics
in table 8:

[VRau|® + 0.50 (\VR4d|2 + |VR45|2> <44 %107, [VgaaVissl S (1.3+5.1) x 107° (6.52)

where the first constraint comes from the decay rate of Z-boson into hadrons. Let us
underline that flavour changing conditions are obtained for the extra quarks mass M, =
1TeV and they become more stringent for larger masses. Figure 19 shows the excluded area
in Vgaw, VRag parameter space, after adopting some conservative choices. In particular, as
it will be described below, it is shown that even by choosing the very conservative condition
V4. VRas| = 0.8 x 1073 and an indicative bound |Vg4aVj,,| < 1.0- 1077, there remains no
allowed area in the parameter space.

The black curve shows the condition (6.17) |Vrua| = |Vjiy,Vraal = 0.87(27) x 1073,
obtained as solution of the dataset (6.13), (6.14), (6.15).

The orange area is excluded by each bound from low energy electroweak quantities,
as reported in table 8. Then, we should consider the strong restrictions coming from
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Figure 19. Excluded area in the |Vgz4q4| and |Vg4,| parameter space. The orange area is excluded
by the following low energy electroweak quantities: Z-boson decay rate (blue contour), Qw (p)
(magenta), Qu (Cs) (cyan), the couplings g%4, +2g5%, (green) and 2¢5% — g2, (yellow). The black
curve is the needed solution |Vgyd| = [Vj4,Vrad| = 0.87(27) x 1073 in eq. (6.17). A conservative
value |Vrys| = |Vi4,VRas| = 0.8 x 1073 is used in order to satisfy the second relation of the solution
in eq. (6.17). Using this value, the blue area is excluded by the experimental determination of Z
decay rate, and the gray area is excluded by the constraint from flavour changing kaon processes,
using the indicative bound |Vgz4qVjs| < 1.0 - 1075 for the mass of the extra quark M, = 1TeV.

flavor changing kaon decays. As obtained in eq. (6.25), the result is that the product
|VRaaV}54s| cannot exceed the limit |VgaaVj,s| < 107°, which is obtained for specific values
of the relative phase 0%, = Arg(VraaV},s), and the condition would be more stringent
considering constraints from neutral kaon mixing. On the other hand, the condition Vg,s =
Vi Vras = —1.17(37) x 1073 is needed in order to explain the discrepancy between the
determinations of Vs from leptonic and semileptonic kaon decays. In figure 19 we show
the excluded area (gray) adopting the conservative choices:

Vi VRis = —0.8 x 1073 (6.53)
\VRraaVisssl S 1.0 x 107°
These conservative choices also imply |Vrau| = |VRudVRus|/|VR4dVRas| 2 0.2, which is

a limit value for perturbativity considering that (6.10) Vg4, ~ —y‘ﬁ\zw, M, =z 700 GeV.
However, such a value largely contradicts Z decay experimental results. In fact, with the
same conservative choice for Vs, the blue area in figure 19 is excluded in order to have a
solution not contradicting experimental measurements of hadronic Z decay rate:

Vi, Veis = —0.8 x 1073
{ fedu "I (6.54)

[Viaul® + 0.50 (|Vraal? + |Vras|?) < 4.4 x 1073

It is clear that the values needed as solutions are unachievable without contradiction with

flavor changing experimental limits.
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Namely, by performing a fit of the values in egs. (2.3), (2.5), (2.10), with real param-
eters Vius, Vrads VRas, VRau, but constraining them with experimental limits from flavour
changing kaon decays and Z decay into hadrons, the best fit point (x? = 9) is obtained in
Vius = 0.22464 with:

VR4 = 6.6 x 1072 Viad = —1.1 x 1072 VRas = —0.98 x 1073 (6.55)
and consequently
Vius = Visgy Vias = —0.65 - 1074 Viud = Vg Viaa = —0.71-1073 (6.56)

In any case, in order to not violate FC constraints only one of the two discrepancies,
between determination B (2.13) and determination A (2.3) or between determination B
and determination C (2.14), can be solved.

Moreover, the LHC limit on extra vector-like quarks coupling to light quarks M, =
700 GeV [82] implies that |Vg4y| >~ 0.066 can be obtained if |yf;| ~ 0.27, much larger than
the Yukawa constant of the bottom quark. Further, with |Vg4,| ~ 0.066, assuming (for the
perturbativity) |y4;| < 1, there is an upper limit on the extra doublet mass, M, < 3 TeV.

6.5 Possible extensions

Looking at the results of previous sections, we can conclude that the presence of one
single extra species cannot explain all the CKM anomalies without contradicting other
experimental constraints, in particular from flavour changing processes of kaons and 7
decay rate into hadrons. Then, in order to explain the Cabibbo angle anomalies, it can
be considered the case in which for example there exist two or more vector-like doublets
mixing with SM families. The Yukawa couplings and the mass terms can be written in the
following basis:

5 3
SN v ey + yleanidrg] + Migiagns + Msqrsqrs + e, (657)
i=1j=1

Then, in order to avoid flavour changing effects, not all the couplings yfj’d should be non-
zero. Let us suppose that there can be a pattern of couplings, so that the first doublet has
negligible coupling with the second down-type flavour: y$; # 0, y4 = 0, y% # 0, while
the second doublet has negligible coupling with the first down quark: ygl =0, ygl2 # 0,

y¥ # 0. For simplicity, we also take yfs,y%; = 0 and y%,y% = 0 for i # 1. Then Vj—Ed 0
diagonalizing the mass matrices are unitary 5 x 5 matrices.
The charged—current Lagrangian is changed in:
Lee= fz Ly dr)W,F +\[U4R’Y d4RWu+\/§U5R’Y dsrW,+h.c.=
dL dR
SL, SR
=L wi (77777) YVexmn | br +(@@57F)7“VCKMR br
J2 L'L ; R 'R ; ;
L R
b
+h.c. (6.58)

— 68 —



where Vega g, is unitary and the mixings of the first three famillies with the vector-like
isodoublets are negligibly small, while in this case Vcoxwr is given by:

Veramr = Vi diag(0,0,0, 1,0V + Vi¥diag(0,0,0,0, )V ~

VieaVRad VisuVrss 0 Ve VrRay Vis,Vesyr
0 0 0 0 0
~ 0 0 0 0 0 (6.59)
Vﬁ 4t VR 4d 0 0 Vﬁ 4t VR 4 0
0 ViewVass O 0 Vi Vasy

Then, the condition (6.17) is requiring:
ViisuVrss = —1.17(37) x 1073 ViiauVRaa = —0.87(27) x 1073 (6.60)

The additional terms in the neutral current Lagrangian are:

Lfcne = %COS . Z*(URavpuRra — dRaYud Ra +UR5 Yuurs — AR5 YudRs) =
UR dR
1 g Bl (= 7 o ¢ #7 \ 81/ (@) o T = ha b b\ AR (D) "
:imz ( R CR IR tR tR)’)’ Vnc t,R —(dR SR bR bR R)’)/ Vnc bR
th by
t o
(6.61)

where in this case the matrix Vn(cd ) is:

V@ = v diag(0,0,0,1, 1)V ~

nc

|VR4d|2 0 0 VisaVRav 0
0 [Vass|> 0 0 Viss VRsy
~ 0 0 0 0 0 (6.62)
Vi VRad 0 0 |Vraw|? 0
0 Viesy Viss 0 0 |VRsy|?

Therefore, at first order there are no FCNC between the first two SM families. Then, the
solution explaining the anomalies in the first row of CKM matrix in eq. (6.17), and equiv-
alently in eq. (6.60), can be obtained without contradiction with experimental constraints
on flavour changing phenomena. Regarding flavour conserving observables, the constraint
from Z-boson decay into hadrons gives (6.36):

Vel + |[Vesu|* + 0.50(|Viaal* + |Vass|?) < 4.4 x 1073 (6.63)

which can be satisfied together with the relations in eq. (6.60). However, let us notice that
a reduction of the experimental error by a factor less than 2, with the same central values,
would rule out the possibility to explain all the anomalies with this kind of solution. On
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the other hand, if the weak isodoublets are the solution to the CKM anomalies, anomolous
Z-boson couplings with light fermions (in the “right” direction) should be detected if the
error-bars are reduced by a factor of about 2 4.

Again, the LHC limit on the mass extra vector-like quark mixing with light families
M 2 700 GeV [82] implies that [Viual, [Vass|, [Vrasul ~ 0.03 can be obtained if [ys%] ~
0.12, much larger than the bottom Yukawa coupling. Moreover, in order to have (for
the perturbativity) |yzd| < 1, the mass of the extra quarks should be no more than
M475 ~ 6TeV.

Alternatively it can be imagined that there exist a vector-like isodoublet together with
a down-type or up-type isosinglet, or both of them, assembling a complete vector-like fourth
family with the doublet, mixing with SM families:

u u
qgra={ ), qua=1{""); drs,dRrs; urs , URs (6.64)
dRy4 dra

The Yukawa couplings and the mass terms can be written in the basis:

Y GqLiuR + Y eTnidR; + Y PTiaur; + Y eTradr; + Y PThiurs + yiseTLidrs
=+ quﬂngl + Mt//muR5 + Mb//diLg)ng, + h.c. (665)

with 4,7 = 1,2,3. In this way, the non-zero couplings of the doublet with SM families
yffz,y}fl # 0 can cancel the discrepancy among the determinations of |V,s| obtained from
leptonic and semileptonic kaon decays and the mixing with the first family of a down-type
or up-type singlet (or both of them) yilg),y%g, # 0 would remove the discrepancy between
the determination obtained from beta decays with the determinations from kaon decays.
The anomalies are explained with:

Vi Vias = —0.97(36) x 1073 [Visal? + |[Visal? = 1.78(55) x 1073 (6.66)

with Vs = 0.22423(36). Here, analogously to egs. (4.150), (6.10), we have:

dx U* U d
Y15 0w Y15 Vw Yp1Vw Ya2Vw
5 Mb// ’ U Mt// ’ u Mq ’ s Mq ( )

and similarly for the other elements. Then, also in this case the masses of the extra vector-
like family cannot exceed few TeV in order to mantain perturbativity. In fact, for example
in order to have |Vgay| & |VRas| 2 0.025 it should be that M, < 7TeV to have |yf5u| < 1.

Regarding weak charged currents, both LH and RH states interact with W-boson,
with mixing matrices Voxm,, and Veokwm,r, which are not unitary. Voxwm,r is generated
by the mixing of the first three RH families with the vector-like weak doublets, as in the
previous case. As regards Vekw, i, analogously to eq. (5.8), the fifth row of the enlarged
CKM matrix has mixing elements:

Viva = —Visu, Viws = —VisuVius — ViseVies — VistVies s Viewn = —Vise  (6.68)

generated by the mixing of the first three LH families with the vector-like up-type isosinglet.
As for the elements of the fifth column, analogously to eq. (4.18), (4.19), (4.20), the elements
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Process Constraint

Kt = atve |V, Vraa + Vi Visal < 1.9 x 1075

K, — v T (V3 Vraa + VisVisa)| < 2.2 x 1075

Ky, — mete [Im(V}, VRaa + Vi, Visa)| < 1.7 x 1075

Ky, = ptp~  —0.3x107% < [Re(Vi5,Visa — Vi Vraa)| < 1.1 x 107°
Ks—ptp~  Im(Vi5,Visa) — Vi Vraa)| < 4.8 x 107°

BE — 7 007 Vs Visy + Ve Vil < 2.5 x 1074

BY = utp™  \ViseVisg — VR Vil < 2.2 x 1071

Z — bb |Visp|? +0.18|Vgap|? < 1.0 x 1073

Table 9. Limits on the mixing of the SM three families with the extra vector-like weak doublet
qr4,qR4 and the weak singlets uy5, ugrs, drs, drs. See the text for constraints obtained from neutral
mesons mixing and Z decay into hadrons.

generated by the mixing of the first three LH families with the vector-like down-type
isosinglet are:

Viwr' = —Visa, Vi = =VisaVied — VissVies — VisgView, V= =Vig,  (6.69)

while the mixings Vi oy, Viro with the vector-like isodoublet are negligibly small.

As regards experimental constraints, the upper bounds from flavour changing decays
of mesons are the same as in section 4, 5, 6, applied to vector and axial couplings of
semileptonic and leptonic decays respectively, as shown in table 9. Regarding neutral
mesons mixing, tree level and loop level contributions from both LH and RH currents are
present, including mixed contributions. By taking My = M;» = M, = M for simplicity,
the new additional terms in mixing mass of K° — K9 transition would be:

M5 = 1f%<mKo{GF |(VisaViss)? + (VisaVias)? = 27.5(ViaaViss) (VisaViss) | +
3 V2
Gt
1672

M2 |(VisgVise)? + 2VisaVine? = 549(VizaaVina) (VisaViss )+
2
+ (IVL5u!2VLus + VisuVise + VL*5UVL5tVLts) } } (6.70)

(where we neglected terms growing logarithmically with the mass of the extra quarks) and
for DY mesons system:

1
3

Gr

Mlg new — f%mDO{ [(VE5uVL5C)2 + (V§4UVR4C)2 - 3‘65(VE4uVR4C)(VESUVL5C):| +

V2
G
1672

M2 (Vi Vise)? + 2V Vise)® = T30V Vi) (Vi Vise) +

2
+ (IVL5d|2Vfcd + VisqViss + VE5dVL5bVEcb) ] } (6.71)
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Figure 20. Excluded area in the |Vg4,| and |Vg4s| parameter space. The blue area is excluded
by experimental constraints from Z-boson decay rate into hadrons (6.72) using |Visa|? + |Visul® =
1.2 x 1073, The blue curve indicates where the bound is shifted if the condition |Vi54|* +|Visu|? =
1.78 x 1073 (6.66) is used. The black curve stands for the solution |V},, Vras| = 0.97(36) x 1072 in
eq. (6.66).

and similarly for neutral B-mesons systems. Therefore, in this case there can also be
cancellations. However, also constraints on flavour conserving processes should be taken
into account. The results on Z-boson decay rate into hadrons give the bound (see sec-
tions 4.4, 5.3, 6.2):

Viaul® + |[VRacl® + 0.50(|VRas|® + |VRaa* + [Vew|?)+
+2.72(|Visal® + |[Viss|? + [Viss|?) + 2.24(|Visa|? + [Vise|?) < 4.4 x 1073 (6.72)

Figure 20 shows the parameter space in a simplified case in which y$; = y$: = y¥, =
y%s = 0 in eq. (6.65), corresponding to Vgaq = Viss = Vrae = Vise = 0. The blue area is
excluded by the condition (6.72) using the conservative choice |Vis5q|? +|Visu|? = 1.2 x 1073
for the solution in eq. (6.66). The solution |V}, Vras| = 0.97(36) x 1072 in eq. (6.66) is
indicated by the black curve. In this scenario with Vgsg = Viss = Vrac = Vise = 0, the
constraint from neutral D-mesons mixing would give (4.105):

4 [1TeV 1TeV]1/2
Vi Viar| % Visd Vel < 39 x 107 |2 s <0012 [ S22 oy
Mbll Mb//
Kaon mixing would receive a real contribution at loop level giving the constraint (5.23):
_4 [1TeV
|VLt”dVEt”s‘ ~ “VLE)u’zVLuS + VL5qu5tVLtS < 52 X 10 4 |:]\4b//:| (674)
which together with the constraints from B-mesons decays and mixing (5.31) gives:
1TeV1Y/2
Visa| 50009 | | (6.75)
Mt//

This means that, in order to have |Vpsq|? + |Visu|? > 1.2 x 1073 (6.66), it should be for
example Mb” ~ Mt” < 3.5 TeV.
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7 Conclusion

Present situation of the determination of the CKM matrix elements is very intriguing. From
one side, there is a controversy in the determination of |V,s|. Namely, given the present
experimental accuracy in kaon leptonic and semileptonic decays and present theoretical
precision in the calculation of form factors (lattice QCD), there is about 30 tension between
the |V,s| values extracted from K¢3 (determination A) and K u2 (determination B) decays,
as discussed in section 2. Although the recent high precision calculations in the kaon decays
K3 [38] and K ;12 [35] demonstrate that the radiative corrections should not be responsible
for it, this tension per sé cannot be considered that alarming since still there can be some
theoretical loopholes in the interpretation of the lattice QCD results, or perhaps some
unfixed systematics in the measurements of the kaon decay rates. In this case, the real
value of |V,s| could be near the average A + B between the two above determinations.

On the other side, the recent calculations of the short distance radiative corrections in
the neutron S-decay with improved hadronic uncertainties [26, 27] leads to higher accuracy
in the determination of |V,4| from superallowed 0" — 0" nuclear transitions (determination
C). The obtained |V,4| value, in combination with the determinations of |V,|, indicates
towards a violation of the CKM unitarity at about 3¢ level. Namely, there appears a
significant deficit dckn in the first row unitarity, as given by eq. (2.1).

These anomalies, if confirmed with future high precision data, would indicate towards
some new physics beyond the Standard Model. In ref. [1] we pointed out that the anomalies
could be originated by mixing of ordinary light quarks to some extra vector-like quarks
with masses at the TeV scale. In this paper we gave more detailed study of these sce-
narios, analyzing one by one the implications of vector-like quarks in the weak isosinglet
or isodoublet representations. By introducing a weak isosinglet quark of the up (U-type)
or down (D-type) quarks, one can explain the CKM unitarity anomaly, i.e. deficit of the
first row unitarity (2.1), but the tension between the two determinations of |V,s| cannot be
explained in this case. However, if the latter discrepancy is taken seriously one has to look
for a solution addressing the whole situation. By introducing a weak isodoublet (Q-type)
of quarks one could potentially explain both anomalies.

However, there are strong phenomenological limits on the hypothetical vector-like
quarks: participation of vector-like quark species in the quark mixing induces flavor chang-
ing effects at the tree level as well as via box diagrams involving heavy species. In fact, we
show that the latter give a bigger contribution than the tree level one if the masses of heavy
quarks are larger than 3 TeV or so. However, tree level effects are independently testable
in Z-boson physics since Z-boson acquires small flavor non-diagonal couplings with quarks
while also its flavor-diagonal couplings get weak isospin violating contributions which can
be confronted with the limits on many observables related to Z-boson physics.

Two approaches to the above anomalies can be considered. The incompatibility be-
tween two determinations A and B from kaon physics may be attributed to some uncertain-
ties which perhaps will disappear with more precise calculations. Neglecting this problem,
one can focus instead on the unitarity violation problem, i.e. on the unitarity deficit which
emerges by confronting the average A + B value of |V,s| obtained from kaons, with the
value of |V,4| extracted from superallowed nuclear transitions.
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The just mentioned scenarios involving extra isosinglets quarks are on this line. Namely,
the CKM problem can be solved provided that the first family of quarks has a mixing
|Vup| >~ 0.04 with extra D-type quark ', or alternatively the same size mixing Vyy with
U-type quark ¢’. For this scenario the most severe limits come from the flavor changing phe-
nomena, but comparable limits emerge from the precision data on Z-boson decays. There
still remains some available parameter space, although not very large. In fact, we show that
constraints from K — K and D° — D" systems become more stringent for larger masses
of b or t'. In particular, e.g. for My > 1.5TeV they would exclude the possibility of having
extra mixing as large as V| ~ 0.04 if the unitarity deficit is due to a down-type species or,
in the case of up-type extra quark, My > 2.5 TeV would exclude the possibility of having
the extra mixing |Vyg| ~ 0.04 (see sections 4.5, 5.4). Therefore, we claim that if the CKM
unitarity anomaly is due to the mixing with extra isosinglet (U or D type) quarks, then
“4th family” states b’ or ¢’ should be discovered with a mass below a couple of TeV or so.

As we noted above, both Vs and CKM unitarity anomalies can be solved by intro-
ducing @Q-type extra quarks having substantial mixings with both 1st and 2nd families
of the normal quarks. In fact, kaon semileptonic decays K¢3 measure the quark vector
current coupling to W-boson while leptonic decays K u2 measure the axial current cou-
pling. While both vector and axial couplings should be identical in the SM frames where
W-boson couples solely to LH quarks, their difference can be induced via the mixing with
weak isodoublet @Q-type quarks. The latter in fact induces some small W-boson couplings
with the RH quarks which can be at the origin of the discrepancy between the two de-
terminations A and B of |V,s| element. However, we show that this solution with only
one Q-type species is fully excluded by the flavor changing limits together with Z boson
physics and electroweak low energy observables (section 6.4).

This brings us to conclude that the full solution cannot be achieved by introducing
the only one species of extra @Q-type quarks: it should be complemented by isosinglet
quarks of U or/and D type, or by another isodoublet species. In this case somewhat
larger available parameter space can be found with the present limits on flavor-changing
phenomena and on anomalous Z-couplings. However, these scenarios are testable with the
future experimental limits (section 6.5). In particular, in the scenario with two isodoublets,
flavour changing limits can be softened, and then the masses of the extra quarks would not
be strictly constrained, apart from a perturbativity bound (Yukawa couplings less than 1),
which implies M, < 7TeV or so. However, in this case the main issue would come from
limits in Z-boson physics. In the case of one extra isodoublet with isosinglets (up or/and
down type), also constraints from flavour changing phenomena should be considered. We
conclude that if the CKM anomalies are due to extra vector-like quarks, then “4th family”
quarks should be discovered with masses of few TeV, and anomalous Z-couplings should
be detected by improving the experimental precision.

For the minimality reasons, we did not consider extra vector-like species of leptons.
However, if they also exist at the TeV scale and have the same size mixings with the
electron and muon, then the experimental limits from the flavor changing phenomena
involving leptons or limits on Z-boson flavor-nondiagonal couplings as Zey would be much
more stringent.

74—



Acknowledgments

The work of B.B. was supported by the ERC research grant NEO-NAT no. 669668. The
work of Z.B. was supported in part by Ministero dell’Istruzione, Universita e della Ricerca
(MIUR) under the program PRIN 2017, grant no. 2017X7X85K “The Dark Universe: A
Synergic Multimessenger Approach”, and in part by Shota Rustaveli National Science Foun-
dation (SRNSF) of Georgia, grant DI-18-335 “New Theoretical Models for Dark Matter
Exploration”.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] B. Belfatto, R. Beradze and Z. Berezhiani, The CKM unitarity problem: A trace of new
physics at the TeV scale?, Eur. Phys. J. C' 80 (2020) 149 [arXiv:1906.02714] [NSPIRE].

[2] B. Belfatto and Z. Berezhiani, How light the lepton flavor changing gauge bosons can be,
Eur. Phys. J. C 79 (2019) 202 [arXiv:1812.05414] [INSPIRE].

[3] Y. Grossman, E. Passemar and S. Schacht, On the Statistical Treatment of the Cabibbo
Angle Anomaly, JHEP 07 (2020) 068 [arXiv:1911.07821] [INSPIRE].

[4] F. Giacosa and G. Pagliara, Measurement of the neutron lifetime and inverse quantum Zeno
effect, Phys. Rev. D 101 (2020) 056003 [arXiv:1906.10024] INSPIRE].

[5] A.M. Coutinho, A. Crivellin and C.A. Manzari, Global Fit to Modified Neutrino Couplings
and the Cabibbo-Angle Anomaly, Phys. Rev. Lett. 125 (2020) 071802 [arXiv:1912.08823]
[INSPIRE].

[6] K. Cheung, W.-Y. Keung, C.-T. Lu and P.-Y. Tseng, Vector-like Quark Interpretation for
the CKM Unitarity Violation, Excess in Higgs Signal Strength, and Bottom Quark
Forward-Backward Asymmetry, JHEP 05 (2020) 117 [arXiv:2001.02853] [INSPIRE].

[7] A. Crivellin and M. Hoferichter, 8 Decays as Sensitive Probes of Lepton Flavor
Universality, Phys. Rev. Lett. 125 (2020) 111801 [arXiv:2002.07184] [InSPIRE].

[8] M. Endo and S. Mishima, Muon g — 2 and CKM unitarity in extra lepton models, JHEP 08
(2020) 004 [arXiv:2005.03933] [INSPIRE].

[9] B. Capdevila, A. Crivellin, C.A. Manzari and M. Montull, Ezplaining b — s£T¢~ and the
Cabibbo angle anomaly with a vector triplet, Phys. Rev. D 103 (2021) 015032
[arXiv:2005.13542] [INSPIRE].

[10] A. Crivellin, F. Kirk, C.A. Manzari and M. Montull, Global Electroweak Fit and Vector-Like
Leptons in Light of the Cabibbo Angle Anomaly, JHEP 12 (2020) 166 [arXiv:2008.01113]
[INSPIRE].

[11] M. Kirk, Cabibbo anomaly versus electroweak precision tests: An exploration of extensions
of the Standard Model, Phys. Rev. D 103 (2021) 035004 [arXiv:2008.03261] [INSPIRE].

[12] C.A. Manzari, A.M. Coutinho and A. Crivellin, Modified lepton couplings and the
Cabibbo-angle anomaly, PoS LHCP2020 (2021) 242 [arXiv:2009.03877| [INSPIRE].

— 75 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1140/epjc/s10052-020-7691-6
https://arxiv.org/abs/1906.02714
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.02714
https://doi.org/10.1140/epjc/s10052-019-6724-5
https://arxiv.org/abs/1812.05414
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.05414
https://doi.org/10.1007/JHEP07(2020)068
https://arxiv.org/abs/1911.07821
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.07821
https://doi.org/10.1103/PhysRevD.101.056003
https://arxiv.org/abs/1906.10024
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.10024
https://doi.org/10.1103/PhysRevLett.125.071802
https://arxiv.org/abs/1912.08823
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.08823
https://doi.org/10.1007/JHEP05(2020)117
https://arxiv.org/abs/2001.02853
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.02853
https://doi.org/10.1103/PhysRevLett.125.111801
https://arxiv.org/abs/2002.07184
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.07184
https://doi.org/10.1007/JHEP08(2020)004
https://doi.org/10.1007/JHEP08(2020)004
https://arxiv.org/abs/2005.03933
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.03933
https://doi.org/10.1103/PhysRevD.103.015032
https://arxiv.org/abs/2005.13542
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.13542
https://doi.org/10.1007/JHEP12(2020)166
https://arxiv.org/abs/2008.01113
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.01113
https://doi.org/10.1103/PhysRevD.103.035004
https://arxiv.org/abs/2008.03261
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.03261
https://doi.org/10.22323/1.382.0242
https://arxiv.org/abs/2009.03877
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.03877

[13] A.K. Alok, A. Dighe, S. Gangal and J. Kumar, The role of non-universal Z couplings in
explaining the Vus anomaly, Nucl. Phys. B 971 (2021) 115538 [arXiv:2010.12009]
[INSPIRE].

[14] A. Crivellin, C.A. Manzari, M. Alguero and J. Matias, Combined Explanation of the Z — bb
Forward-Backward Asymmetry, the Cabibbo Angle Anomaly, T — pvv and b — s¢T4~ Data,
Phys. Rev. Lett. 127 (2021) 011801 [arXiv:2010.14504] [INSPIRE].

[15] A. Crivellin, F. Kirk, C.A. Manzari and L. Panizzi, Searching for lepton flavor universality
violation and collider signals from a singly charged scalar singlet, Phys. Rev. D 103 (2021)
073002 [arXiv:2012.09845] INSPIRE].

[16] A. Crivellin, M. Hoferichter and C.A. Manzari, Fermi Constant from Muon Decay Versus
Electroweak Fits and Cabibbo-Kobayashi-Maskawa Unitarity, Phys. Rev. Lett. 127 (2021)
071801 [arXiv:2102.02825] INSPIRE].

[17] M. Moulson, Experimental determination of Vys from kaon decays, PoS CKM2016 (2017)
033 [arXiv:1704.04104] [INSPIRE].

[18] FLAVOUR LATTICE AVERAGING GROUP collaboration, FLAG Review 2019: Flavour Lattice
Averaging Group (FLAG), Eur. Phys. J. C' 80 (2020) 113 [arXiv:1902.08191] [INSPIRE].

[19] FERMILAB LATTICE and MILC collaborations, |V,s| from K3 decay and four-flavor lattice
QCD, Phys. Rev. D 99 (2019) 114509 [arXiv:1809.02827] [INSPIRE].

[20] PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2020 (2020)
083C01 [INSPIRE].

[21] J.C. Hardy and 1.S. Towner, Superallowed 0 — 0" nuclear 8 decays: 201/ critical survey,
with precise results for Viq and CKM unitarity, Phys. Rev. C' 91 (2015) 025501
[arXiv:1411.5987] [INSPIRE].

[22] J.C. Hardy and 1.S. Towner, Superallowed 0 — 0" nuclear 8 decays: 2020 critical survey,
with implications for V,q and CKM unitarity, Phys. Rev. C' 102 (2020) 045501 [INnSPIRE].

.C. Hardy and I.S. Towner, |V,q| from nuclear ecays, Po
23] J.C. Hard dIS. T Vual f l 8 d PoS CKM2016 (2016) 028
[INSPIRE].

[24] MULAN collaboration, Detailed Report of the MuLan Measurement of the Positive Muon
Lifetime and Determination of the Fermi Constant, Phys. Rev. D 87 (2013) 052003
[arXiv:1211.0960] [INSPIRE].

[25] W.J. Marciano and A. Sirlin, Improved calculation of electroweak radiative corrections and
the value of Vya, Phys. Rev. Lett. 96 (2006) 032002 [hep-ph/0510099] [INSPIRE].

[26] C.-Y. Seng, M. Gorchtein, H.H. Patel and M.J. Ramsey-Musolf, Reduced Hadronic
Uncertainty in the Determination of Va4, Phys. Rev. Lett. 121 (2018) 241804
[arXiv:1807.10197] InSPIRE].

[27] A. Czarnecki, W.J. Marciano and A. Sirlin, Radiative Corrections to Neutron and Nuclear
Beta Decays Revisited, Phys. Rev. D 100 (2019) 073008 [arXiv:1907.06737] [INSPIRE].

[28] C.-Y. Seng, X. Feng, M. Gorchtein and L.-C. Jin, Joint lattice QCD-dispersion theory
analysis confirms the quark-mizing top-row unitarity deficit, Phys. Rev. D 101 (2020)
111301 [arXiv:2003.11264] INSPIRE].

[29] L. Hayen, Standard model O(«) renormalization of ga and its impact on new physics
searches, Phys. Rev. D 103 (2021) 113001 [arXiv:2010.07262] [INSPIRE].

— 76 —


https://doi.org/10.1016/j.nuclphysb.2021.115538
https://arxiv.org/abs/2010.12009
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.12009
https://doi.org/10.1103/PhysRevLett.127.011801
https://arxiv.org/abs/2010.14504
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.14504
https://doi.org/10.1103/PhysRevD.103.073002
https://doi.org/10.1103/PhysRevD.103.073002
https://arxiv.org/abs/2012.09845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.09845
https://doi.org/10.1103/PhysRevLett.127.071801
https://doi.org/10.1103/PhysRevLett.127.071801
https://arxiv.org/abs/2102.02825
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.02825
https://doi.org/10.22323/1.291.0033
https://doi.org/10.22323/1.291.0033
https://arxiv.org/abs/1704.04104
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.04104
https://doi.org/10.1140/epjc/s10052-019-7354-7
https://arxiv.org/abs/1902.08191
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.08191
https://doi.org/10.1103/PhysRevD.99.114509
https://arxiv.org/abs/1809.02827
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.02827
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22
https://doi.org/10.1103/PhysRevC.91.025501
https://arxiv.org/abs/1411.5987
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.5987
https://doi.org/10.1103/PhysRevC.102.045501
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CC102%2C045501%22
https://doi.org/10.22323/1.291.0028
https://inspirehep.net/search?p=find+J%20%22PoS%2CCKM2016%2C028%22
https://doi.org/10.1103/PhysRevD.87.052003
https://arxiv.org/abs/1211.0960
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1211.0960
https://doi.org/10.1103/PhysRevLett.96.032002
https://arxiv.org/abs/hep-ph/0510099
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0510099
https://doi.org/10.1103/PhysRevLett.121.241804
https://arxiv.org/abs/1807.10197
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.10197
https://doi.org/10.1103/PhysRevD.100.073008
https://arxiv.org/abs/1907.06737
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.06737
https://doi.org/10.1103/PhysRevD.101.111301
https://doi.org/10.1103/PhysRevD.101.111301
https://arxiv.org/abs/2003.11264
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.11264
https://doi.org/10.1103/PhysRevD.103.113001
https://arxiv.org/abs/2010.07262
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.07262

[30] K. Shiells, P.G. Blunden and W. Melnitchouk, Electroweak azial structure functions and
improved extraction of the Vud CKM matriz element, Phys. Rev. D 104 (2021) 033003
[arXiv:2012.01580] [INSPIRE].

[31] 1.S. Towner and J.C. Hardy, The evaluation of V(ud) and its impact on the unitarity of the
Cabibbo-Kobayashi-Maskawa quark-mizing matriz, Rept. Prog. Phys. 73 (2010) 046301
[INSPIRE].

[32] Z. Berezhiani, Neutron lifetime puzzle and neutron-mirror neutron oscillation, Fur. Phys. J.
C 79 (2019) 484 [arXiv:1807.07906] [INSPIRE].

[33] A. Czarnecki, W.J. Marciano and A. Sirlin, Neutron Lifetime and Azial Coupling
Connection, Phys. Rev. Lett. 120 (2018) 202002 [arXiv:1802.01804] [INSPIRE].

[34] D. Pocanic et al., Precise measurement of the 7™ — n%e*v branching ratio, Phys. Rev. Lett.
93 (2004) 181803 [hep-ex/0312030] [INSPIRE].

[35] M. Di Carlo et al., Light-meson leptonic decay rates in lattice QCD+QED, Phys. Rev. D
100 (2019) 034514 [arXiv:1904.08731] [INSPIRE].

[36] PARTICLE DATA GROUP collaboration, Review of Particle Physics, Phys. Rev. D 98 (2018)
030001 [inSPIRE].

[37] S. Aoki et al., Review of lattice results concerning low-energy particle physics, Eur. Phys. J.
C 77 (2017) 112 [arXiv:1607.00299] [INSPIRE].

[38] C.-Y. Seng, D. Galviz, M. Gorchtein and U.G. Meiiner, High-precision determination of the
Ke3 radiative corrections, Phys. Lett. B 820 (2021) 136522 [arXiv:2103.00975] [InSPIRE].

[39] G. Bregar and N.S.M. Borstnik, New experimental data for the quarks mizing matriz are in
better agreement with the spin-charge-family theory predictions, Bled Workshops Phys. 15
(2014) 20 [arXiv:1412.5866] [INSPIRE].

[40] S.L. Glashow, J. Hliopoulos and L. Maiani, Weak Interactions with Lepton-Hadron
Symmetry, Phys. Rev. D 2 (1970) 1285 [INSPIRE].

[41] S.L. Glashow and S. Weinberg, Natural Conservation Laws for Neutral Currents, Phys.
Rev. D 15 (1977) 1958 [INSPIRE].

[42] E.A. Paschos, Diagonal Neutral Currents, Phys. Rev. D 15 (1977) 1966 [INSPIRE].

[43] F. Gursey, P. Ramond and P. Sikivie, A Universal Gauge Theory Model Based on EG, Phys.
Lett. B 60 (1976) 177 [INSPIRE].

[44] Y. Achiman and B. Stech, Quark Lepton Symmetry and Mass Scales in an E6 Unified
Gauge Model, Phys. Lett. B 77 (1978) 389 [INSPIRE].

[45] Z.G. Berezhiani and G.R. Dvali, Possible solution of the hierarchy problem in
supersymmetric grand unification theories, Bull. Lebedev Phys. Inst. 5 (1989) 55 [Kratk.
Soobshch. Fiz. 5 (1989) 42] [InSPIRE].

[46] R. Barbieri, G.R. Dvali, A. Strumia, Z. Berezhiani and L.J. Hall, Flavor in supersymmetric
grand unification: A Democratic approach, Nucl. Phys. B 432 (1994) 49 [hep-ph/9405428]
[INSPIRE].

[47] Z. Berezhiani, SUSY SU(6) GIFT for doublet-triplet splitting and fermion masses, Phys.
Lett. B 355 (1995) 481 [hep-ph/9503366] [INSPIRE].

[48] Z.G. Berezhiani, The Weak Mizing Angles in Gauge Models with Horizontal Symmetry: A
New Approach to Quark and Lepton Masses, Phys. Lett. B 129 (1983) 99 [INSPIRE].

—77 -


https://doi.org/10.1103/PhysRevD.104.033003
https://arxiv.org/abs/2012.01580
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.01580
https://doi.org/10.1088/0034-4885/73/4/046301
https://inspirehep.net/search?p=find+J%20%22Rept.Prog.Phys.%2C73%2C046301%22
https://doi.org/10.1140/epjc/s10052-019-6995-x
https://doi.org/10.1140/epjc/s10052-019-6995-x
https://arxiv.org/abs/1807.07906
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.07906
https://doi.org/10.1103/PhysRevLett.120.202002
https://arxiv.org/abs/1802.01804
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.01804
https://doi.org/10.1103/PhysRevLett.93.181803
https://doi.org/10.1103/PhysRevLett.93.181803
https://arxiv.org/abs/hep-ex/0312030
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0312030
https://doi.org/10.1103/PhysRevD.100.034514
https://doi.org/10.1103/PhysRevD.100.034514
https://arxiv.org/abs/1904.08731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.08731
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD98%2C030001%22
https://doi.org/10.1140/epjc/s10052-016-4509-7
https://doi.org/10.1140/epjc/s10052-016-4509-7
https://arxiv.org/abs/1607.00299
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.00299
https://doi.org/10.1016/j.physletb.2021.136522
https://arxiv.org/abs/2103.00975
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.00975
https://arxiv.org/abs/1412.5866
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.5866
https://doi.org/10.1103/PhysRevD.2.1285
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD2%2C1285%22
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD15%2C1958%22
https://doi.org/10.1103/PhysRevD.15.1966
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD15%2C1966%22
https://doi.org/10.1016/0370-2693(76)90417-2
https://doi.org/10.1016/0370-2693(76)90417-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB60%2C177%22
https://doi.org/10.1016/0370-2693(78)90584-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB77%2C389%22
http://inspirehep.net/record/289906
https://doi.org/10.1016/0550-3213(94)90593-2
https://arxiv.org/abs/hep-ph/9405428
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9405428
https://doi.org/10.1016/0370-2693(95)00705-P
https://doi.org/10.1016/0370-2693(95)00705-P
https://arxiv.org/abs/hep-ph/9503366
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9503366
https://doi.org/10.1016/0370-2693(83)90737-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB129%2C99%22

[49] S. Dimopoulos, Natural Generation of Fermion Masses, Phys. Lett. B 129 (1983) 417
[INSPIRE].

[50] Z.G. Berezhiani, Horizontal Symmetry and Quark-Lepton Mass Spectrum: The
SU(5) ® SU(3)y Model, Phys. Lett. B 150 (1985) 177 [INSPIRE].

[51] J. Bagger, S. Dimopoulos, H. Georgi and S. Raby, Theories of Fermion Masses,
SLAC-PUB-3342 (1984).

[52] Z.G. Berezhiani and M.Y. Khlopov, The Theory of broken gauge symmetry of families (in
Russian), Sov. J. Nucl. Phys. 51 (1990) 739 [INSPIRE].

[563] Z.G. Berezhiani and M.Y. Khlopov, Physical and astrophysical consequences of breaking of
the symmetry of families (in Russian), Sov. J. Nucl. Phys. 51 (1990) 935 [INSPIRE].

[54] S.F. King and G.G. Ross, Fermion masses and mizing angles from SU(3) family symmetry,
Phys. Lett. B 520 (2001) 243 [hep-ph/0108112] [INSPIRE].

[65] Z. Berezhiani and A. Rossi, Predictive grand unified textures for quark and neutrino masses
and mizings, Nucl. Phys. B 594 (2001) 113 [hep-ph/0003084] [INSPIRE].

[56] J.E. Kim, Weak Interaction Singlet and Strong CP Invariance, Phys. Rev. Lett. 43 (1979)
103 [INSPIRE].

[57] M.A. Shifman, A.I. Vainshtein and V.I. Zakharov, Can Confinement Ensure Natural CP
Invariance of Strong Interactions?, Nucl. Phys. B 166 (1980) 493 [INSPIRE].

[58] Z.G. Berezhiani and M.Y. Khlopov, Physics of cosmological dark matter in the theory of
broken family symmetry (in Russian), Sov. J. Nucl. Phys. 52 (1990) 60 [INSPIRE].

[59] Z.G. Berezhiani and M.Y. Khlopov, Cosmology of Spontaneously Broken Gauge Family
Symmetry, Z. Phys. C 49 (1991) 73 [inSPIRE].

[60] Z.G. Berezhiani, A.S. Sakharov and M.Y. Khlopov, Primordial background of cosmological
azions, Sov. J. Nucl. Phys. 55 (1992) 1063 [INSPIRE].

[61] A.E. Nelson, Naturally Weak CP-violation, Phys. Lett. B 136 (1984) 387 [INSPIRE].

[62] S.M. Barr, Solving the Strong CP Problem Without the Peccei-Quinn Symmetry, Phys. Rev.
Lett. 53 (1984) 329 [InSPIRE].

[63] K.S. Babu and R.N. Mohapatra, A Solution to the Strong CP Problem Without an Azion,
Phys. Rev. D 41 (1990) 1286 [NSPIRE].

[64] Z.G. Berezhiani, On the possibility of a solution to the strong CP problem without azion in
a SU(3) g family symmetry model, Mod. Phys. Lett. A 6 (1991) 2437 [INSPIRE].

[65] Z.G. Berezhiani, R.N. Mohapatra and G. Senjanovié, Planck scale physics and solutions to
the strong CP problem without axion, Phys. Rev. D 47 (1993) 5565 [hep-ph/9212318]
[INSPIRE].

[66] Z.G. Berezhiani and J.L. Chkareuli, Low-energy horizontal symmetry of SU(3)g x U(1) g
and B — B oscillation (in Russian), Sov. J. Nucl. Phys. 52 (1990) 383 [iINSPIRE].

[67] S. Rajpoot, Seesaw Masses for Quarks and Leptons, Phys. Rev. D 36 (1987) 1479 [INSPIRE].

[68] A. Davidson and K.C. Wali, Universal Seesaw Mechanism?, Phys. Rev. Lett. 59 (1987) 393
[INSPIRE].

[69] Z.G. Berezhiani and R. Rattazzi, Universal seesaw and radiative quark mass hierarchy,

Phys. Lett. B 279 (1992) 124 [xSPIRE].

— 78 —


https://doi.org/10.1016/0370-2693(83)90132-6
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB129%2C417%22
https://doi.org/10.1016/0370-2693(85)90164-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB150%2C177%22
https://cds.cern.ch/record/153231
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C51%2C739%22
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C51%2C935%22
https://doi.org/10.1016/S0370-2693(01)01139-X
https://arxiv.org/abs/hep-ph/0108112
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0108112
https://doi.org/10.1016/S0550-3213(00)00653-2
https://arxiv.org/abs/hep-ph/0003084
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0003084
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1103/PhysRevLett.43.103
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C43%2C103%22
https://doi.org/10.1016/0550-3213(80)90209-6
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB166%2C493%22
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C52%2C60%22
https://doi.org/10.1007/BF01570798
https://inspirehep.net/search?p=find+J%20%22Z.Phys.%2CC49%2C73%22
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C55%2C1063%22
https://doi.org/10.1016/0370-2693(84)92025-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB136%2C387%22
https://doi.org/10.1103/PhysRevLett.53.329
https://doi.org/10.1103/PhysRevLett.53.329
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C53%2C329%22
https://doi.org/10.1103/PhysRevD.41.1286
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD41%2C1286%22
https://doi.org/10.1142/S0217732391002864
https://inspirehep.net/search?p=find+J%20%22Mod.Phys.Lett.%2CA6%2C2437%22
https://doi.org/10.1103/PhysRevD.47.5565
https://arxiv.org/abs/hep-ph/9212318
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9212318
https://inspirehep.net/search?p=find+J%20%22Sov.J.Nucl.Phys.%2C52%2C383%22
https://doi.org/10.1103/PhysRevD.36.1479
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD36%2C1479%22
https://doi.org/10.1103/PhysRevLett.59.393
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C59%2C393%22
https://doi.org/10.1016/0370-2693(92)91851-Y
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB279%2C124%22

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

7.G. Berezhiani and R. Rattazzi, Inverse hierarchy approach to fermion masses, Nucl.
Phys. B 407 (1993) 249 [hep-ph/9212245] [INSPIRE].

Z.G. Berezhiani, Predictive SUSY SO(10) model with very low tan Beta, Phys. Lett. B 355
(1995) 178 [hep-ph/9505384] [INSPIRE].

G. Anderson, S. Raby, S. Dimopoulos, L.J. Hall and G.D. Starkman, A Systematic SO(10)
operator analysis for fermion masses, Phys. Rev. D 49 (1994) 3660 [hep-ph/9308333]
[INSPIRE].

7. Berezhiani and Z. Tavartkiladze, More missing VEV mechanism in supersymmetric
SO(10) model, Phys. Lett. B 409 (1997) 220 [hep-ph/9612232] [INSPIRE].

Y. Koide and H. Fusaoka, Top quark mass enhancement in a seesaw type quark mass
matriz, Z. Phys. C 71 (1996) 459 [hep-ph/9505201] [INSPIRE].

Y. Koide, Universal seesaw mass matriz model with an Sz symmetry, Phys. Rev. D 60
(1999) 077301 [hep-ph/9905416] [INSPIRE].

Z. Berezhiani and F. Nesti, Supersymmetric SO(10) for fermion masses and mizings:
Rank-1 structures of flavor, JHEP 03 (2006) 041 [hep-ph/0510011] [InSPIRE].

Z. Berezhiani, Unified picture of the particle and sparticle masses in SUSY GUT, Phys.
Lett. B 417 (1998) 287 [hep-ph/9609342] [INnSPIRE].

A. Anselm and Z. Berezhiani, Weak mizing angles as dynamical degrees of freedom, Nucl.
Phys. B 484 (1997) 97 [hep-ph/9605400] [INSPIRE].

Z. Berezhiani and A. Rossi, Flavor structure, flavor symmetry and supersymmetry, Nucl.
Phys. B Proc. Suppl. 101 (2001) 410 [hep-ph/0107054] [INSPIRE].

L. Lavoura and J.P. Silva, Bounds on the mixing of the down type quarks with vector-like
singlet quarks, Phys. Rev. D 47 (1993) 1117 nSPIRE].

K. Ishiwata, Z. Ligeti and M.B. Wise, New Vector-Like Fermions and Flavor Physics,
JHEP 10 (2015) 027 [arXiv:1506.03484] [iNSPIRE].

CMS collaboration, Search for vectorlike light-flavor quark partners in proton-proton
collisions at \/s = 8 TeV, Phys. Rev. D 97 (2018) 072008 [arXiv:1708.02510] [INSPIRE].

G. Buchalla, A.J. Buras and M.E. Lautenbacher, Weak decays beyond leading logarithms,
Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380] [INSPIRE].

A.J. Buras, D. Buttazzo, J. Girrbach-Noe and R. Knegjens, K™ — 7tvv and K, — 7%7v
in the Standard Model: status and perspectives, JHEP 11 (2015) 033 [arXiv:1503.02693]
[INSPIRE].

J. Brod and M. Gorbahn, Electroweak Corrections to the Charm Quark Contribution to
Kt = ntvw, Phys. Rev. D 78 (2008) 034006 [arXiv:0805.4119] [INSPIRE].

F. Mescia and C. Smith, Improved estimates of rare K decay matriz-elements from KI3
decays, Phys. Rev. D 76 (2007) 034017 [arXiv:0705.2025] [INSPIRE].

NAG62 collaboration, An investigation of the very rare K™ — wtvv decay, JHEP 11 (2020)
042 [arXiv:2007.08218] [INSPIRE].

A.J. Buras, Weak Hamiltonian, CP-violation and rare decays, in Les Houches Summer
School in Theoretical Physics, Session 68: Probing the Standard Model of Particle
Interactions, pp. 281-539 (1998) [hep-ph/9806471] [INSPIRE].

- 79 —


https://doi.org/10.1016/0550-3213(93)90057-V
https://doi.org/10.1016/0550-3213(93)90057-V
https://arxiv.org/abs/hep-ph/9212245
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9212245
https://doi.org/10.1016/0370-2693(95)00698-K
https://doi.org/10.1016/0370-2693(95)00698-K
https://arxiv.org/abs/hep-ph/9505384
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9505384
https://doi.org/10.1103/PhysRevD.49.3660
https://arxiv.org/abs/hep-ph/9308333
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9308333
https://doi.org/10.1016/S0370-2693(97)00873-3
https://arxiv.org/abs/hep-ph/9612232
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9612232
https://doi.org/10.1007/s002880050191
https://arxiv.org/abs/hep-ph/9505201
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9505201
https://doi.org/10.1103/PhysRevD.60.077301
https://doi.org/10.1103/PhysRevD.60.077301
https://arxiv.org/abs/hep-ph/9905416
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9905416
https://doi.org/10.1088/1126-6708/2006/03/041
https://arxiv.org/abs/hep-ph/0510011
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0510011
https://doi.org/10.1016/S0370-2693(97)01359-2
https://doi.org/10.1016/S0370-2693(97)01359-2
https://arxiv.org/abs/hep-ph/9609342
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9609342
https://doi.org/10.1016/S0550-3213(96)00597-4
https://doi.org/10.1016/S0550-3213(96)00597-4
https://arxiv.org/abs/hep-ph/9605400
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9605400
https://doi.org/10.1016/S0920-5632(01)01527-4
https://doi.org/10.1016/S0920-5632(01)01527-4
https://arxiv.org/abs/hep-ph/0107054
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0107054
https://doi.org/10.1103/PhysRevD.47.1117
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD47%2C1117%22
https://doi.org/10.1007/JHEP10(2015)027
https://arxiv.org/abs/1506.03484
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.03484
https://doi.org/10.1103/PhysRevD.97.072008
https://arxiv.org/abs/1708.02510
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.02510
https://doi.org/10.1103/RevModPhys.68.1125
https://arxiv.org/abs/hep-ph/9512380
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9512380
https://doi.org/10.1007/JHEP11(2015)033
https://arxiv.org/abs/1503.02693
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.02693
https://doi.org/10.1103/PhysRevD.78.034006
https://arxiv.org/abs/0805.4119
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0805.4119
https://doi.org/10.1103/PhysRevD.76.034017
https://arxiv.org/abs/0705.2025
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0705.2025
https://doi.org/10.1007/JHEP11(2020)042
https://doi.org/10.1007/JHEP11(2020)042
https://arxiv.org/abs/2007.08218
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2007.08218
https://arxiv.org/abs/hep-ph/9806471
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9806471

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[100]

[101]

[102]

[103]

[104]

[105)

[106]

A.J. Buras and R. Fleischer, Quark mizing, CP-violation and rare decays after the top quark
discovery, Adv. Ser. Direct. High Energy Phys. 15 (1998) 65 [hep-ph/9704376] [INSPIRE].

G. Isidori and R. Unterdorfer, On the short distance constraints from K ¢ — pu*p~, JHEP
01 (2004) 009 [hep-ph/0311084] [INSPIRE].

V. Cirigliano, G. Ecker, H. Neufeld, A. Pich and J. Portoles, Kaon Decays in the Standard
Model, Rev. Mod. Phys. 84 (2012) 399 [arXiv:1107.6001] [INSPIRE].

LHCb collaboration, Constraints on the K% — u™u~ Branching Fraction, Phys. Rev. Lett.
125 (2020) 231801 [arXiv:2001.10354] [INSPIRE].

T. Inami and C.S. Lim, Effects of Superheavy Quarks and Leptons in Low-FEnergy Weak
Processes Kp — pji, Kt — ntvi and K° <+ K°, Prog. Theor. Phys. 65 (1981) 297
[Erratum ibid. 65 (1981) 1772] [INSPIRE].

Z. Bai, N.H. Christ, T. Izubuchi, C.T. Sachrajda, A. Soni and J. Yu, K — Kg Mass
Difference from Lattice QCD, Phys. Rev. Lett. 113 (2014) 112003 [arXiv:1406.0916]
[INSPIRE].

Z. Bai, N.H. Christ and C.T. Sachrajda, The K -Kg Mass Difference, EPJ Web Conf. 175
(2018) 13017 [INSPIRE].

G.C. Branco, L. Lavoura and J.P. Silva, CP Violation, Int. Ser. Monogr. Phys. 103 (1999)
1 [INSPIRE].

A.A. Petrov, Dipenguin-like contributions to D°-D° mizing, AIP Conf. Proc. 432 (1998)
852 [hep-ph/9712279] [INSPIRE].

H.-Y. Cheng and C.-W. Chiang, Long-Distance Contributions to D° — D° Mizing
Parameters, Phys. Rev. D 81 (2010) 114020 [arXiv:1005.1106] [INSPIRE].

LHCDb collaboration, Observation of the Mass Difference Between Neutral Charm-Meson
FEigenstates, Phys. Rev. Lett. 127 (2021) 111801 [arXiv:2106.03744] [InSPIRE].

C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Stamou and M. Steinhauser,
Bg,q — IT1™ in the Standard Model with Reduced Theoretical Uncertainty, Phys. Rev. Lett.
112 (2014) 101801 [arXiv:1311.0903] [INSPIRE].

ATLAS collaboration, Study of the rare decays of BY and B° mesons into muon pairs
using data collected during 2015 and 2016 with the ATLAS detector, JHEP 04 (2019) 098
[arXiv:1812.03017] [INSPIRE].

BELLE collaboration, Improved measurement of the electroweak penguin process
B — X It1™, Phys. Rev. D 72 (2005) 092005 [hep-ex/0503044] [INSPIRE].

BABAR collaboration, Measurement of the B — X 1~ branching fraction and search for
direct CP-violation from a sum of exclusive final states, Phys. Rev. Lett. 112 (2014) 211802
[arXiv:1312.5364] [INSPIRE].

T. Huber, T. Hurth and E. Lunghi, Inclusive B — X {70~ : complete angular analysis and
a thorough study of collinear photons, JHEP 06 (2015) 176 [arXiv:1503.04849] [INSPIRE].

A. Ghinculov, T. Hurth, G. Isidori and Y.P. Yao, The Rare decay B — X,IT1™ to NNLL
precision for arbitrary dilepton invariant mass, Nucl. Phys. B 685 (2004) 351
[hep-ph/0312128] [INSPIRE].

LHCDb collaboration, First measurement of the differential branching fraction and CP
asymmetry of the BT — & putu~ decay, JHEP 10 (2015) 034 [arXiv:1509.00414]
[INSPIRE].

— 80 —


https://doi.org/10.1142/9789812812667_0002
https://arxiv.org/abs/hep-ph/9704376
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9704376
https://doi.org/10.1088/1126-6708/2004/01/009
https://doi.org/10.1088/1126-6708/2004/01/009
https://arxiv.org/abs/hep-ph/0311084
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0311084
https://doi.org/10.1103/RevModPhys.84.399
https://arxiv.org/abs/1107.6001
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1107.6001
https://doi.org/10.1103/PhysRevLett.125.231801
https://doi.org/10.1103/PhysRevLett.125.231801
https://arxiv.org/abs/2001.10354
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.10354
https://doi.org/10.1143/PTP.65.297
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.%2C65%2C297%22
https://doi.org/10.1103/PhysRevLett.113.112003
https://arxiv.org/abs/1406.0916
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.0916
https://doi.org/10.1051/epjconf/201817513017
https://doi.org/10.1051/epjconf/201817513017
https://inspirehep.net/search?p=find+J%20%22EPJ%20Web%20Conf.%2C175%2C13017%22
http://inspirehep.net/record/511650
https://doi.org/10.1063/1.55989
https://doi.org/10.1063/1.55989
https://arxiv.org/abs/hep-ph/9712279
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9712279
https://doi.org/10.1103/PhysRevD.81.114020
https://arxiv.org/abs/1005.1106
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.1106
https://doi.org/10.1103/PhysRevLett.127.111801
https://arxiv.org/abs/2106.03744
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2106.03744
https://doi.org/10.1103/PhysRevLett.112.101801
https://doi.org/10.1103/PhysRevLett.112.101801
https://arxiv.org/abs/1311.0903
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.0903
https://doi.org/10.1007/JHEP04(2019)098
https://arxiv.org/abs/1812.03017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.03017
https://doi.org/10.1103/PhysRevD.72.092005
https://arxiv.org/abs/hep-ex/0503044
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0503044
https://doi.org/10.1103/PhysRevLett.112.211802
https://arxiv.org/abs/1312.5364
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.5364
https://doi.org/10.1007/JHEP06(2015)176
https://arxiv.org/abs/1503.04849
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.04849
https://doi.org/10.1016/j.nuclphysb.2004.02.028
https://arxiv.org/abs/hep-ph/0312128
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0312128
https://doi.org/10.1007/JHEP10(2015)034
https://arxiv.org/abs/1509.00414
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1509.00414

[107]

[108]

[109]

[110]

[111]

A. Ali, AY. Parkhomenko and A.V. Rusov, Precise Calculation of the Dilepton
Invariant-Mass Spectrum and the Decay Rate in B¥ — n*p*p~ in the SM, Phys. Rev. D
89 (2014) 094021 [arXiv:1312.2523] [INSPIRE].

FERMILAB LATTICE and MILC collaborations, B — 7l form factors for new-physics
searches from lattice QCD, Phys. Rev. Lett. 115 (2015) 152002 [arXiv:1507.01618]
[INSPIRE].

BELLE collaboration, Search for B — wlT4~ Decays at Belle, Phys. Rev. D T8 (2008)
011101 [arXiv:0804.3656] [INSPIRE].

BABAR collaboration, Search for the rare decays B — w0t ¢~ and B° — nf*¢~, Phys. Rev.
D 88 (2013) 032012 [arXiv:1303.6010] [INSPIRE].

ALEPH, DELPHI, L3, OPAL and SLD collaborations, LEP Electroweak Working
Group, SLD Electroweak Group and SLD Heavy Flavour Group, Precision electroweak
measurements on the Z resonance, Phys. Rept. 427 (2006) 257 [hep-ex/0509008] [INSPIRE].

~ 81 —


https://doi.org/10.1103/PhysRevD.89.094021
https://doi.org/10.1103/PhysRevD.89.094021
https://arxiv.org/abs/1312.2523
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.2523
https://doi.org/10.1103/PhysRevLett.115.152002
https://arxiv.org/abs/1507.01618
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.01618
https://doi.org/10.1103/PhysRevD.78.011101
https://doi.org/10.1103/PhysRevD.78.011101
https://arxiv.org/abs/0804.3656
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0804.3656
https://doi.org/10.1103/PhysRevD.88.032012
https://doi.org/10.1103/PhysRevD.88.032012
https://arxiv.org/abs/1303.6010
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.6010
https://doi.org/10.1016/j.physrep.2005.12.006
https://arxiv.org/abs/hep-ex/0509008
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0509008

	Introduction
	Present situation in the determination of |V(us)| and |V(ud)|
	The SM with extra vector-like fermions
	Extra down-type isosinglet
	Limits from rare kaon decays
	K**(+) –> pi**(+) nu bar(nu)
	K(L) –> pi**(0) nu bar(nu)
	K(L) –> pi**(0) e**(+) e**(-)
	K(L) –> mu**(+) mu**(-)
	K(S) –> mu**(+) mu**(-)

	Limits from neutral mesons systems
	K**(0)-barK**(0) mixing
	B**(0) (d,s)-bar(B)(d,s)**(0) mixing
	D**(0)-barD**(0) mixing

	Limits from rare B mesons decays
	B**(0) (d,s) –> mu**(+) mu**(-)
	Rare semileptonic B decays

	Limits from Z-boson physics
	Summary of experimental limits

	Extra up-type isosinglet
	Limits from rare D mesons decays
	Limits from neutral mesons systems
	D**(0)-barD**(0) mixing
	K**(0)-barK**(0) mixing
	B(s,d)**(0)-barB(s,d)**(0) mixing

	Limits from Z-boson physics
	Summary of experimental limits

	Extra weak isodoublet
	Limits from flavour changing neutral currents
	Limits from Z-boson physics
	Limits from low energy electroweak observables
	Summary of experimental limits
	Possible extensions

	Conclusion

