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from meson mixing such as Do—bo, KoK’ and Bg S—E&S can be satisfied in the proposed
framework. In order for the deviations from unitarity to be of the required size while
keeping the theory perturbative, the new top quark should have a mass mp < 7TeV which
could be probed in upcoming experiments at the energy frontier.
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1 Introduction

Unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is an important feature of
the Standard Model (SM) which has to be tested experimentally. Given the present exper-
imental precision, one of the predictions which can be tested to a high degree of accuracy
is the normalisation of the first row of the CKM matrix. This is the row that has been
measured with better precision.

Recent measurements of |V,s| and |V,4| indicate that unitarity of the first row may
be violated, |Viq|? + |Vaus|? + [Vis|? < 1, at the level of two or three standard deviations.
This deficit results from new theory calculations of the SM radiative corrections to S-decay
processes [1, 2] and was independently confirmed in refs. [3-6]. If this result holds, it
would be a clear indication for New Physics [7, 8].! The fact that a unitary CKM matrix
has been so successful up till now in accommodating a vast number of experimental data
both on quark mixing and CP violation indicates that deviations from 3 X 3 unitarity, if
present, should be small. Extensions of the SM with the addition of vector-like quarks

!This hint stems from tensions between different determinations of the Cabibbo angle (see also [9]). Al-
ternative explanations to the Cabibbo angle anomaly not relying on the violation of first-row CKM unitarity
are possible [10] and have been proposed based on lepton flavour universality violating new physics [11, 12],
like extra leptons [13, 14], extra gauge bosons [15], or a charged scalar singlet [16-18], and from the per-
spective of effective field theory [19-22].



are minimal and have the notable feature of leading to a naturally suppressed violation of
3 x 3 unitarity as well as to naturally suppressed flavour changing neutral currents (FCNC)
at tree level. Note that the violation of unitarity is induced at tree level, so it can be
detectable at experiments, even for relatively large masses and for perturbative couplings.
Early references include [23-36].

Recently it has been suggested [8] that the addition of a down-type (Q = —1/3) vector-
like isosinglet quark may lead to deviations from unitarity capable of accommodating the
recent measurements of |Vys| and |Vy,4|. In this paper, we point out that such deviations
from unitarity in the first row of the CKM can alternatively be explained through the
introduction of an up-type (Q = 2/3) isosinglet quark. This solution is especially interesting
because the experimental limits on FCNC in the up sector are less stringent than those in
the down sector. Furthermore, as explained in section 4, we find that this solution may be
more plausible than the addition of a down-type vector-like quark. Related analyses, mostly
focusing on up-type vector-like quarks in the sub-TeV mass range, have been carried out in
the past [37, 38] before the advent of the CKM unitarity problem and corresponding data.

The key question addressed in this paper is whether it is possible to have the required
deviations from unitarity while at the same time conforming to the stringent experimental
constraints arising from Do—ﬁo, KK and Bg’ S—P& s mixings and to the requirement of
having perturbative Yukawa couplings. We will show that this is indeed the case and
furthermore a scenario with an extra vector-like up quark also provides exciting prospects
for New Physics at the reach of the LHC and its next upgrade.

The paper is organised as follows. In the next section we present our notation and
describe the framework of our extension of the SM, including the pattern of non-unitary
mixing and Z and Higgs FCNC. We use the fact that one can always choose, without loss
of generality, a weak basis (WB) where the down mass matrix is already real and diagonal
and as a result the physical mixing matrix can be read off directly from the left-hand
side unitary matrix that diagonalises the up mass matrix. This choice of WB significantly
simplifies the search for allowed regions of parameter space, due to the reduction of free
parameters it implies.

In section 3 we present the prospects for New Physics, including new contributions
to meson mixing, indirect CP violation in K; — wm as well as rare top decays t — ¢Z
(¢ = u,c). In section 4 we present the results of our numerical analysis and we give an
explicit benchmark. Finally in the last section we present our conclusions.

2 Notation and framework

2.1 Lagrangian and mass matrices

We consider the SM with the minimal addition of one up-type (@ = +2/3) isosinglet
vector-like quark (VLQ), denoted TP and T, which transforms as a triplet under SU(3)..
The SM scalar sector remains unchanged. The relevant part of the Lagrangian reads, in
the flavour basis:

—Ly, D Y Q%iQBUORj +Y; @%iﬁgTI%

— —0 0 —0 0 (21)
+M»L TLuRi + M TLTR + h.C.7



where Y are the SM Yukawa couplings, ¢ denotes the Higgs doublet (qg = €0"), Q%i =
T
(uf; d1,)

respectively. Here, Y denotes Yukawa couplings to the extra right-handed field, while M

and u%i (i,j = 1,2, 3) denote the SM quark doublets and up-type quark singlets,

and M correspond, at this level, to bare mass terms. The down-sector Yukawa Lagrangian
is simply —L4 = Yg QOLZ 10) dORj + h.c.. Note that the right-handed VLQ field T’ 1% is a priori
indistinguishable from the SM fermion singlets uORi, since they possess the same quantum
numbers.

Following the spontaneous breakdown of electroweak symmetry, the terms in the first

v

line of eq. (2.1) give rise to the 3 x 3 mass matrix m = <%= Y* and to the 3 x 1 mass matrix

il V2 th
m= % Y for the up-type quarks, with v ~ 246 GeV. Together with M and M, they make
up the full 4 x 4 mass matrix M.,

_o 70 UOR —0 0
—£ > (a) T7) M 70 + d) Mgd% + hec. (2.2)
with
m 'm
M, = 3 . (2.3)
M M

It is important to emphasize that, in general, M, is not symmetric nor Hermitian and
that a hierarchy M ~ M > m ~ m is expected. One is allowed, without loss of generality,
to work in a weak basis (WB) where the 3 x 3 down-quark mass matrix My = % Y4 is
diagonal. In what follows we take My = Dy = diag(mg, ms, my).

The matrix M, can be diagonalised by bi-unitary transformations (their singular value
decompositions) as

Vi My Vg = D, (2.4)

with D,, = diag(m., me, my, mr), where myp is the mass of the new and heavy up-type
quark 7T'. The unitary rotations Vy, g relate the flavour basis to the physical basis.
2.2 Parameterisation

It is convenient to define 3 x 4 matrices Ay, g as the first three rows of Vy, g, denoting the
remaining fourth row by By, g,

Vir = : (2.5)

For a fixed index (L or R, omitted) the unitarity of V implies AAT = 1343, BB = 1,
ABY =0, BA' =0 and ATA + BT B = 1,444.



In this context, it is convenient to parameterise V); instead of Vy, since the physical
mixing matrix can be read off directly from the former, as we will see shortly. We consider
the following parameterisation in terms of 6 mixing angles and 3 phases [39]:

10 0 0 1 0 0 0 cia 00 syue 1
Vi 01 0 0 0  coq 0 sgqe 02 0 10 0
00 C34 S34 0 0 1 0 0 01 0
00 —S834 C34 0 —824€i624 0 C24 —814€i614 00 C14
(2.6)
1 0 00 ci3 0 5137913 ( ci2 51200
0 C23 S23 0 0 1 0 0 —S812 C12 00
“o —593 co3 0| | —s13€13 0 ¢35 0 0 010/’
0 0 01 o 0 0 1 0 001

where Cij = COS Qz‘j and Sij = sin 9ij7 with Gij S [0,7'('/2], 5ij € [0, 27‘(‘].

2.3 Non-unitary mixing

The interactions of SM quarks with the W, Z and Higgs bosons are modified in the presence
of VLQs. Going from the flavour basis to the physical basis, the charged current Lagrangian

becomes
— 9 -0 0 +
EW = _ﬁ Uy, ’Y'u dL’i WPL + h.C. (27)
_ 9 (7 T M —
- -5 (w, To) VA" do Wy + he., (2.8)

where one identifies an enlarged 4 x 3 mixing matrix V', corresponding to the first three
columns of VZ, namely

€12 C13 C14 512 C13C14 S13C14€ 013

The first three rows of V, collectively denoted Kckwm, play the role of the 3 x 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of 614,624,634 going
to zero there is no mixing with the new quark, Kckyr is unitary and its parameterisation
reduces to the standard one [40], while K7 = (0,0, 0). However, it is crucial to note that in
general Kcky is not unitary. While VIV = 1, one generically has VVT # 1 and a violation
of first-row CKM unitarity, |Vyq|? + |Vus|? +|Vas|? < 1, is possible. In the parameterisation
we are using, the deviations from unitarity A, of the n-th row of the quark mixing matrix



V take a simple form:

£ 12
A=Ay =1—|Vigl® = [Vusl? = Vel = Vi, |7 = sia,
Ao = 1— |Vl = |Vis|? = V2 = Vi _|? = 2, 52 2.10
2 |Ved |Ves| |Veo| ‘ L42’ C14 524 » (2.10)
2 2 2 w2 2 2 2
Az = 1—|Vig|” — [Vis|" = [Vs|” = ‘VL43’ = C14C24 834 -

The experimental data suggests VA ~ 0.04 [8]. In order to isolate the deviations from
unitarity, one can also consider the left-polar decomposition (see e.g. [35])

Kckm = HrUckm = (1 —n) Uckwm (2.11)

where Uckyv is a unitary matrix and Hy, and 7 are Hermitian matrices. The matrix n can
be written in terms of the A;, see eq. (2.17).

It is known that in the present framework deviations from unitarity are naturally
suppressed by the ratios mq/myr (¢ = u, ¢, t) [23-25, 41, 42], as we also discuss in section 2.5.
The weak basis where M is a zero matrix is suitable for the implementation of a seesaw
expansion, shedding light on the v/mq suppression of the new mixing angles [43]. Note
that one can go to a weak basis where either M or m is a zero matrix, due to the parameter
redundancy in the Lagrangian (2.1) associated to the possibility of redefining the right-
handed quark fields.

2.4 Z- and Higgs-mediated FCNCs
Changing to the physical basis, the neutral current Lagrangian becomes:
g |1/ —0
Lz = T ew [2 (U%z Py = dp " d%@')

2 -~ _0 1 0
— gS%V (u? ~H ug + T A* TO) + gs%,v (di ~H d?)] Z,

g |1/ Uy, 1-
y — z Fu A — Zdr. AP drs
cw l2 (UL TL) Y (TL> 2 Li7 OLg

(2.12)

— gs%/v (HZ w4+ T A* T) + és%v (Ei v dz)‘| Zys

where sy and cy are respectively the sine and cosine of the Weinberg angle. We have
further defined the complete spinors 1 = ¢, +vg, with ¢ € {u(®,d® T©O}, The structure
of the second line in eq. (2.12) is invariant under the rotation to the physical basis. However,
the first line is modified, showing that the presence of the VLQ singlet generically brings
about a violation of the GIM mechanism [44], leading to tree-level Z-mediated flavour
changing neutral currents (FCNC) [23, 24]. In particular, F" is a 4 x 4 Hermitian matrix,

Fr=vvh = Al 4, =1-BiB;, (2.13)



where V' is the 4 x 3 matrix appearing in the charged currents. Using eq. (2.9), one finds

KCKMK(TjKM KCKMK;E (2.14)

while from egs. (2.5), (2.6) and the last equality of eq. (2.13) one explicitly has

2 * * *
1- ’VL41’ _VL41VL42 _VL41VL43 _VL41VL44
* 2 * *
Fu — _VL42VL41 1- |VL42| _VL42VL43 _VL42VL44 (2 15)
* * 2 * ’
_VL43VL41 _VL43 VL42 1 - ‘VL45‘ _VL43VL44
* * * 2
_VL44VL41 _VL44VL42 _VL44VL43 1- ‘VL44|
iy —C14514524€1%247919) 1 4514004834€7 7014 —c1y814C24C30€ 7014
i(514—6 2 .2 2 —i8 2 —48
- —C14814894€" (0147024 1 —ciy85, —C14C24524534€7 2% —CT4Co4524C34€7 0
- i 2 i6 2 2 .2 2 2
—C14814C24534€"°1"  —C{4C24524534€"°% 1 —cfyc54834 —C14C54C34534
i 2 6 2 2 2 2 2
—(14514C24C34€"°014 —C74C24524C34€"0% —C14C54C34534 1 —cisciuc5
1-— Al —/ Al\/ AQCii(éMiéM) —/ Al\/ A367i614 — Aleii(s“
—VA /AQei(514*524) 1— Ao —VA, /A367i624 o /A267i624
VA1V A3€i514 —Ag/ A3€i624 1—-As —VAs
— VA et —/Ageid2 —VAs AL+ Ax+ As

where in the last equality we have used the definitions (2.10) and the smallness of the A,.

In general, the matrix F' is not diagonal and thus the model includes potentially
dangerous FCNC. Transitions of the type u; — Zu; (i # j; i, = 1,...,4) are controlled
by the magnitude of the off-diagonal elements I (see also the following section). Using
eq. (2.11) and taking into account the required smallness of the entries of the matrix 7,
one further has

[F3x3 = Kcxm Ky =1 = 2n+12 ~ 1 — 27, (2.16)

where we have used eq. (2.11) and assumed that 7 is small. One then obtains

1 A VBBt R R
n ~ 5 mmei(514*524) Ao ./AQ\/ASQ*’BM , (217)
/Al /A36i514 /A2 /A3ei524 Az

relating the deviations from unitarity of the rows of Kcgn with the FCNC structure.

The Higgs boson h may likewise mediate tree-level FCNC among up-type quarks, since
not all fermions acquire their mass via couplings to the Higgs doublet ¢. In the unitary
gauge, the interactions of quarks with the Higgs read, first in the flavour basis and then in



the physical basis:
1 1
Ln=——=T"; —
e V2
h

_ u _ h
N —(m TL) FUD, ( R) Y 4. Dydpt + he..

(Y uly + Vi TRh — —= Yddp, d%; h + h.c.

(2.18)

Tr| v v

Similarly to the case of Z-mediated FCNC, the strength of Higgs-mediated FCNC is con-
trolled by the off-diagonal entries of the matrix F'* and by the ratios mq/v, (¢ = u,c,t,T).
Note that for transitions involving only the lighter quarks u and ¢, a strong suppression —
by a factor of m,, /v or m./v — is present.

2.5 Perturbativity

The magnitude of the first three rows in M, is controlled by the scale of electroweak
symmetry breaking, % ~ 174 GeV, and capped by the requirement of having perturbative

Yukawa couplings Y;5 and Y; (i,7 = 1,2,3). One can relate the perturbativity condition
to quarks masses and deviations A; from unitarity, obtaining an upper bound on the mass
mr of the new heavy top. We write the trace of mm' +mm! as

Tr (mmJf + mm*) =pm? (2.19)

where p is a numerical coefficient, constrained by perturbativity. By taking the trace of
MM, using (2.4) and neglecting My, K My, one finds

Tr (mmT —I—WWT) ~ mi 4+ mb — (MMT + |M\2)
~ (1= Vi ?) mi + (1= Vi, *) m7 (2.20)
~ m%Jr (Al +A2+A3)m%,

by noting that 1 —|Vp,,|? = 1 — As, with Ay < 1, and 1 —[Vp,,|? = 3, A; (see eq. (2.15)).
Using eq. (2.19) we obtain

VAL +Bs+ A= p—1 L. (2.21)

mr
where it is clear that p should always be bigger than 1. Requiring Yukawa couplings of at
most O(1) constrains the last term of eq. (2.20) to be of O(m?). This indicates that \/p — 1
should also be of O(1). Hence, eq. (2.21) translates into the approximate upper bound

i . (2.22)
VAL + Az + A

Eq. (2.21) should come as no surprise as it is well-known that an appealing feature of the

ng

present framework is that deviations from unitarity are suppressed by the ratios mg/myp
(¢ = u,c,t). In a scenario where A(;y dominates, i.e. A > Ay 3, one obtains

my

mrT S e
A
which implies mp < 4.4 TeV for VA = 0.04. Potentially weaker but more precise bounds
may in principle be obtained from perturbative unitarity considerations (see e.g. [45]).

; (2.23)

The derivation of such bounds falls outside the scope of this paper and we make use of the
qualitative restriction of eq. (2.22) in what follows.



3 New physics

A plethora of observables can be modified at the tree or loop level in the presence of an
up-type VLQs (see for instance [46-49]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D, K and By s neutral-meson systems), and on the
NP enhancement of the rare top decays t — ¢Z.

The new heavy quark T, if light enough, may in principle be produced at present
colliders. This new quark may be produced via single production or pair production (see
e.g. [50-53]). The dominant contributions to the pair production cross sections only de-
pend on the mass mp. On the other hand, single production mechanisms can in part be
approximately parameterised via functions of the mixing matrix elements Vg, Vs and Vpy,
and are more model dependent.

In the case of sizeable couplings to the light quark generations, single production can
dominate over pair production by several orders of magnitude in the few TeV range, thanks
to a larger phase space, a longitudinal gauge boson enhancement, and the participation of
the u, d valence quarks of the proton in the initial state [54, 55]. This is exactly the scenario
we are in, since the required deviations from unitarity of the first row of the CKM matrix
imply relatively large values for the quantities |Vpg| ~ |F}i| ~ 0.04 (note that [V, | ~
|VL,,| in the small mixing angle approximation). These control, respectively, the leading
contributions to the single VLQ production cross-sections via W and Z boson exchange.
As for the decays of the heavy quark, the decay widths can be obtained by generalising
the expressions given in appendix B of [53] (see e.g. [56]) and are also controlled by |Vrg|
and |Ffy|. In our parameter space, as we will see, the decays to the lightest generation
can be an order of magnitude more likely with respect to those to the second and third
generations. Lower bounds on the VLQ mass, my > 1.3TeV [57] and mr 2 1.0 TeV [58],
have been obtained at the 95% CL by the ATLAS and CMS collaborations, respectively,
in searches for pair-produced T-quarks.?

3.1 D°-D° mixing
The Z-mediated tree-level FCNC discussed in the previous section may most notably com-

pete with the SM contribution to DO-D’ mixing, which occurs at the loop level [59]. The
tree-level NP contribution is shown in figure 1la and corresponds to the effective Lagrangian

Gr _ _
LY = ——= (F1)* (@py*er)@ryuce) , (3.1)
V2
where G is the Fermi constant and F{4y = —Vj V,,. This AC' = 2 operator results in a
contribution to the D° mixing parameter zp = Amp/T'p of size [59, 60]

~

rp = 3

V2m .
NP T D GFf%BD T(mca MZ) |VL41VL42|2 > (3'2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of analysis:
cut-based vs. neural network). Experimental searches typically assume that the new quark only couples
to the third SM quark generation. In the generic case where VLQs mix with all SM quarks, searches may
need to be reinterpreted [48].



u C

(a) NP contribution to D°-D’ mixing via Z-mediated FCNC.

d U; S

K()

5 d
(b) Leading contributions to K 0%’ mixing, including the effect of the new heavy quark, u,;; = u,c,t,T.

w

0 0
Bd.s Bdﬁs

(c) The same as in (b) but for Bgys-EZ,s mixing.

Figure 1. Feynman diagrams for the leading contributions to neutral meson mixing in the presence
of one up-type VLQ.

where mp = 1864.83 & 0.05MeV, I'p = 1/7p with 7p = (410.1 & 1.5) x 10715 s [40],
and the factor r(m., Mz) ~ 0.778 accounts for RG effects, while Bp ~ 1.18 [61] and
fp = 212.0 £ 0.7MeV [62).

We consider in our analysis the conservative bound x3F < 2P, where we take z5° =

0.3970-13 % [63]. This bound limits from above the product of deviations from unitarity of
the first and second rows of the CKM matrix, A1Ay = |V}:41VL42|2 < 1.5 x 1078, Taking
into account the chosen parameterisation, we find 614024 ~ VA1Ay < 1.2 x 10~ in the
approximation of small angles 614 and 6a4.

Requiring x%P < x%{p
the as yet unobserved AC = 1 decay D° — p*p~ [60]. Namely, Br(D° — ptpu™)np =~
3.0 x 1079 28F < 1.2 x 107 while Br(D® — put p™ )exp < 6.2 x 1072 (90% CL) [40].

also keeps under control the NP (tree-level) contribution to

3.2 K9 K° and Bg’ S—ES’ . mixing

We now turn to the mixing N 0N of neutral mesons N* = K O,B?d),Bg. Given that

the valence quarks of these mesons are all of the down type (K° ~ ds, B? ~ db and
BY ~ sb), there is no NP contribution to their mixing at the tree level. Nevertheless,



NON oy [MeV] AmSP [MeV] v [MeV] By

KOK° 497.6114+0.013  (3.484+£0.006) x 10712 155.7+0.3 0.717 4 0.024
BY-B°  5279.654+0.12  (3.334+0.013) x 10720 190.0+1.3  1.30+0.10

BY-B, 5366.8840.14 (1.1683 £0.0013) x 10~® 230.3+1.3  1.35+0.06

Table 1. Mass and mixing parameters [40] and decay constants and bag parameters [62] for the
neutral meson systems with down-type valence quarks considered in section 3.2.

the loop-level short-distance NP contributions may appreciably compete with SM ones.
The corresponding diagrams are shown in figures 1b and 1c. The amplitudes of these box
diagrams are proportional to >, ; Afv)\évF(azi,xj), where z; = (m;/mw)? and F(z;,z;) is
a box loop function [64]. The sum is taken over all up-type quarks (i,j = u,c,t,T). One
has further defined
NCE ViV, N = ViV, N = ViV, (3.3)
for each of the considered neutral meson systems. Unitarity of the columns of V', namely
VTV = 1343, implies
MM N+ M =0 (3.4)

and can be used to eliminate the up-quark contributions, as is typically done in the SM
case (see e.g. [65]). The off-diagonal element in the dispersive part of the amplitude for
neutral meson mixing is then given by [46, 64]

* mn 2 - NN
MY) ~ —=GpfyBy —5 Tij Ap A5 S(xi, x5) (3.5)
( ) 3v2 4 sy, m;c’tj R v

where my, By and fy are the average mass, bag parameter and decay constant of the
meson, respectively. Their values are summarised in table 1.3 The factors ri; account for
O(1) QCD corrections to the electroweak diagrams. Finally, the functions

S(I‘i,Cﬂj) = F($Z’,£Cj) — F(O,LEZ) — F(O,CC]) + F(0,0)

Inz; 2 ) 4 (o 1) 5
o P/ SV
(@ — ) (1 - )2 "4 A a1 - )]
o o 11 7 3 2} Inw;
ﬂ%%mghﬂﬁwﬂ_u—my<l4”+4QQ—WF’ 50

are the well-known Inami-Lim functions [69], obeying S(x;,x;) = S(z;,2;). We have taken
x, =~ 0 to a good approximation.

30ur conclusions are unchanged when taking into account an updated value for the bag parameter
Bp, [66-68].

~10 -



Observable mrp = 1TeV mr = 3TeV
Amg \Vra|[Virs| < 7.4 x 1074 |Vira||[Virs| < 2.7 x 1074
Amp \Vra||[Virs| < 6.7 x 107* \Vra||[Vire| < 3.4 x 1074
Amp, \Virs||[Virs| < 3.2 x 1073 \Vrs|| V| < 1.6 x 1073
lex| \Vra||[Virs|/]sin20] < 8.8 x 1075 |Viprg||Virs| /[ 8in 20] < 3.1 x 1072
Table 2. Constraints from neutral meson observables on products of mixing matrix elements

(© = arg Vi, Vpg) for two benchmark masses of the new heavy top quark.

One can thus isolate the NP contributions to the mass differences Amy ~ 2|M{y|. Tt
follows that
G%MEmy f% By
672
with the shorthands S;; = S(z4,2;) and S; = S(x;).
This NP term is sensitive to the mass of the new quark mp and to the elements of the

AmRF ~ . (3.7)

2
2rer VMY Ser + 27 NYMY Ser + v (M) Sr

fourth row of V', via )\N In our analysis we take a conservative estimate of the impact of
AmiF < AmRP
Am?vp are given in table 1.

by requiring AmiF¥ (we take r;7 = 1). The experimental values for the

Before proceeding, note that one can obtain some insight into the strength of these
constraints by assuming that there are no cancellations and neglecting the charmed term,
Scr < Syr < S7. Requiring, for illustrative purposes,

2 772 2
AmNP ~ GFMW;;WINBN ( ‘)\i\" M] Ser + ‘)\T‘ ST> < AmSP (3.8)
one obtains approximate mp-dependent bounds on the quantities
M= Vel |Ves|, [ME] = [Veal Vel [A25] = [Vas| [V (3:9)

which have no simple expression in the chosen angular parameterisation. We present such
bounds in table 2 for two benchmark values of the heavy mass, mp = 1,3 TeV.

3.3 CP violation in K; — ©w

The parameter ex describes the indirect CP violation in the kaon system and has been
measured to be |ex|*P = (2.228 + 0.011) x 10*3 It can be connected to M{S via [65]

[ M| (3.10)

lex| =

\/iAm

where £, ~ 0.92 £ 0.02 [70]. Using eq. (3.5), one finds the maximum possible value for the
NP contribution,

NP G% M3, mk {2 B ke
12272 Amg

+ 27470 Syr Im (%ZWdeKSVTd) + rpr St Im [(V%SVTd) 2} .

(3.11)

lex 2rerSer Im (Vi VeaV7s Vra)
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While this expression is manifestly not rephasing-invariant, it holds provided )\ff is real, as
is the case for our parameterisation. This maximum NP contribution depends on mp and
on the angles and phases in V. In our analysis, we require that its absolute value does not
exceed the measured value, |ex|NF < |ex [P (we take rir = 1).

For illustrative purposes, a rough bound on )\¥ = V/,Vrq can be obtained at the outset
by assuming that only the last term in eq. (3.11) gives a sizeable contribution, as S.; <
Sir < St and |Vig||Vis| ~ 3 x 107%. Denoting by © the phase of \§ = Vi Vra, one has

G%M%V me?(BK Ke
12272 Amg

lex[NF ~ 0.5 Sr|ViViral [ sin 20| < [ex |, (3.12)
where the ad-hoc 1/2 factor takes into account the fact that the t7" term may partly cancel
the T'T" one and leads to a more conservative bound. The consequences of eq. (3.12) for the
previously considered benchmarks (mp = 1,3 TeV) are shown in the last row of table 2.

3.4 Rare top decayst — qZ

Provided the new quark mixes with both the light and the third generations, the rates
of the rare FCNC decays t — ¢;Z (¢; = u,c) may be enhanced with respect to their SM
expectation (see e.g. [38]). The leading-order NP contribution occurs at tree level and is

given by [71]
3 2 2 2
't - ¢Z2 ~ ——— |F3|" — |1 - —% 1+2—=% 3.13
( @ Z)Np 32 5%, ¢4 | Fis] M%( mg) ( + mg) ) ( )
with F§ = =V} V5, (i = 1,2). One can approximate the total decay width of the

top-quark by I'; ~ T'(t — bW ™) and obtain

2 —1
M? M? M M
(1 — §> (1 + 2§> <1 -3 4 2V6V> , (3.14)
m

t my my

2
Vi Vi

Br(t — Q'Z)Np ~ ‘417
Z 2 |Viol*

at leading order. This is to be contrasted with the suppressed Br(t — uZ)gy ~ 10716
and Br(t — c¢Z)sy ~ 1071 [71] in the SM. In the small angle approximation, one predicts
Br(t — ¢:Z)xp ~ 04602, 03, ~ A; Az, which for O(0.01) angles still exceeds the SM
contribution by several orders of magnitude. At present, the strongest bound on these
branching ratios is set by the ATLAS collaboration, namely Br(t — uZ)exp < 1.7 x 1074
and Br(t — ¢Z)exp < 2.4 x 1074 (95% CL) [72].

As noted in section 2.4, the tree-level NP contribution to the rare decay t — gh is
suppressed with respect to ¢ — ¢Z and is not considered in our analysis. The same goes
for the new contributions to the rare top decays proceeding at loop level t — ¢qg and t — ¢,
which generically exceed the GIM-suppressed SM contributions.

4 Numerical analysis

In order to explore the viability of the SM extension with one up-type VL(Q we are consid-
ering, we have performed a numerical scan of the parameter space of the model. From the
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outset, the model is constrained by the absolute values of the entries of the CKM matrix.
Their present best-fit values, without imposing unitarity, are [40]

0.97370 £ 0.00014  0.2245 £ 0.0008  (3.82 4+ 0.24) x 1073
|Kexm| = | 0.221 £0.004 0.987 £0.011  (41.04£1.4) x 1073 | . (4.1)
(8.0+0.3) x 1073 (38.8£1.1) x 1072 1.013 £ 0.030

We further assume [38, 73] that the presence of an up-type VLQ does not affect the value
of the phase v = arg(—VyuaVa V., Vi), which is obtained from SM tree-level dominated B
decays, v = (72.1711)° [40]. We use No = /X2 as a measure of the goodness of fit, where
x? is approximated as a sum of priors,

s~ (Vi V5N (=)’
* ‘Z< o(Viy) ) *( a(ry)) ’ (42)

ij

with the superscript ¢ denoting central values and o(vy) = 4.5°. We take m.(Mz) =
0.619 + 0.084 GeV, my(Mz) = 171.7 £ 3.0 GeV [74] and require my > 1TeV, in line with
collider bounds.

The values of the new angles and phases compatible with the above criteria are shown
as the dashed regions in the correlation plot of figure 2. These regions contract to the solid
green 20 and 3o contours after all the constraints from the previous sections are taken into
account. These constraints comprise the bounds on xp, Amy (N = K°, BY, B?), and |ex|
discussed in section 3 and the perturbativity bound of eq. (2.22). One sees that relatively
large values for both 614 ~ VA and 34 are preferred by the data, which disfavour 634 = 0 at
more than 20. Conversely, 024 is compatible with zero and the preference shown for small
values of this angle is driven by the constraint coming from DO-D’ mixing (see section 3.1).

The perturbativity constraint also restricts the allowed values of my, which are shown
against first-row deviations from unitarity in figure 3. As anticipated in section 2.5, the
maximum value for mr depends on the size of the deviations from unitarity. Fixing VA =
0.04, one finds mp < 5TeV. Taking into account the full 30 region of the fit, the bound
becomes mp < 7TeV.

Finally, we present in figure 4 the predicted values for the branching ratios of rare top
decays t — uZ (left) and t — ¢Z (right), as a function of v/A. These may considerably
exceed the SM predictions. One finds 2.0 x 107® < Br(t — uZ) < 3.5 x 1077 at the 20
level, which is still 3 orders of magnitude below present bounds (see section 3.4). The
decay t — c¢Z may instead be arbitrarily suppressed, even at the 20 level, by the allowed
smallness of fo4.
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Figure 2. Regions of parameter space consistent with the constraints on |V;;| and v (dashed
lines) and additionally consistent with the bounds on meson mixing, |ex| and the requirement of
perturbativity (solid lines). For both sets of constraints, 20 (30) contours are shown in darker
(lighter) colour.

— 14 —

660 (TC0C) LOdHHL



0.06

0.05 perturbativity

exclusion

0.04

\g 0.03

0.02

0.01

0.00 :
1 2 3 4 5 6 7 8

my [TeV]

Figure 3. Masses mp of the new heavy quark and first-row deviations from unitarity (\/Z ~
614) compatible with the bounds on |Vj;|, 7, meson mixing, |ex| and with the requirement of
perturbativity. The latter constraint imposes an upper limit on my, while lower bounds are set by
ATLAS [57] and CMS [58] (95% CL).
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Figure 4. Branching ratios for the rare top decays ¢ — uZ (left) and t — ¢Z (right) as a
function of first-row deviations from unitarity A (\/Z ~ f14). These may considerably exceed the
SM expectations Br(t — uZ)sy ~ 10716 and Br(t — ¢Z)sm ~ 107 [71] (not shown). Dashed
contours refer to different values for 034 (left) and for the product o4 654 (right), in the small angle
approximation.
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Note that in the 20 fit region we have |Vai| > |Vaz|,|Vas|, which implies that the up-
type vector-like quark T couples more strongly to the up quark than to the charm and top
quarks, challenging the typical assumption that the new quark couples only to the third
SM quark generation. The VLQ is then much more likely to decay into first generation
quarks, since there are no suppressions due to the masses of the latter — the widths mostly
depend on myp and |V;|* or |Ffj\2 (cf. appendix B of [53]). In what follows, we describe
a low-x? benchmark belonging to this 20 region. The selected point in parameter space
corresponds to a mass my = 1.5 TeV and is described by

012 = 0.2265, 013 = 0.003818, 023 = 0.03998 ,
914 ~ 1/A(1) = 0.03951 s 924 >~ Ag = 0.002078, 934 >~/ Ag = 0.01271 y (43)
013 = 0.396 7, 014 = 1.818 7, 024 = 0.728 7,

corresponding to x? ~ 3.2, to a perturbativity factor p — 1 ~ 0.13 and to the following
values for observables:

zp~0.18%, Amg~6.3x1071 MeV, Amp~3.0x1071 MeV,
Amp, ~2.7x1071° MeV, ler|~1.9%x1074,
Br(t—uZ)~1.2x10"", Br(t—c¢Z)~3.2x1071°, (4.4)
a~84.92°, 5~23.85°, y~71.23°,

where a = arg(—ViqVuw V3 V) and 8 = arg(—VeaVaV; V). The absolute values of the
rotation matrix of eq. (2.6) read, for this benchmark,

10.9737 0.2243 0.0038 0.0395

WB ~ | 0.2243 0.9737 0.0400| 0.0021 , (4.5)
10.0081 0.0393 0.9991] 0.0127

1 0.0390 0.0065 0.0126 1 0.9991

,,,,,,,,,,,,,,,,,,,,

where |V is given by the first 3 columns of |V£| (dashed block) and |Kckwm| is the 3 x 3
upper-left block of |V£| (unbroken line). We also give the absolute values of the entries of
the matrices F'* and n for this benchmark,

0.99843969 0.00008203 0.00050179 0.03946672
0.00008203 0.99999569 0.00002638 0.00207496
0.00050179 0.00002638 0.99983863 0.01269224
0.03946672 0.00207496 0.01269224 0.001726 (4.6)

[F| =

0.78016 0.04102 0.25089
Inl = | 0.04102 0.00216 0.01319 | x 1073.
0.25089 0.01319 0.08069

These matrices encode the structure of FCNC and deviations from unitarity respectively
and are connected by eq. (2.16).
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Finally, one can write explicitly the mass matrix M, for this benchmark in the weak
basis where the down-type quark mass matrix is diagonal, Mg = Dy = diag(mg, ms, mp),
and in which the upper-left 2 x 2 block of M, is rotated into the zero matrix,

0 0 1.39 58.57

0 0 6.776 9.775
M| = GeV. (4.7)
0.001658 15.38 170.9 18.92

0.03206 1.486 2.166 1499

The latter rotation can be achieved solely via transformations from the right. In this WB

one can read off (My)s3 ~ mys, (My)as ~ mp, and (My)1a/(My)as =~ VA. One sees that
in this example (My,)14 < (My,)33.

Note that if instead of adding an up-type VLQ we chose to add a down-type VLQ to
the SM, the down-type quark mass matrix M, would share the qualitative features of the
M, described above. In particular, in the WB where M, is diagonal and the upper-left
2 x 2 block of M is transformed into the zero matrix, the structure of My would need
to be similar to that of eq. (4.7) in order to obtain the required deviation from unitarity
in the first-row of the CKM matrix. In such a basis, one expects (Mg)ss ~ myp, with
mp(Mz) ~ 2.89 GeV [75]. On the other hand, experimental bounds on the mass mp of
the new heavy quark in this scenario are close to those on myp, i.e. mp 2 1TeV [57, 58],
implying a large (Mg)4q ~ mp. The requirement of reproducing the observed deviation
from unitarity vA ~ 0.04 would force (My)14 = 50 GeV > (My)s3. Since the terms in
the first three rows of the mass matrix share a common origin in electroweak symmetry
breaking, this hierarchy between (Mg)14 and (M )33 may not be appealing or plausible in
a theory of flavour addressing the gap mp < m; in third-generation quark masses.

5 Summary and conclusions

Lately, there has been a lot of interest in models with vector-like quarks (for a review
see [53] and references therein). Hints have recently emerged pointing towards the violation
of unitarity in the first row of the quark mixing matrix. Such deviations from unitarity arise
naturally in scenarios with vector-like quarks. The addition of a down-type VLQ to the SM
can bring about a direct effect on the first row of the CKM. In this paper we emphasize that
such an effect is also generically present when extending the SM by a single up-type VLQ.

The addition of vector-like quarks is one of the simplest and most plausible extensions
of the Standard Model. This addition violates the dogma requiring the absence of tree-level
Z-mediated flavour changing neutral currents (FCNC). In particular, the introduction of an
isosinglet vector-like @ = 2/3 quark leads to Z-mediated up-sector tree-level contributions
to processes like DO-D’ mixing. These FCNC are naturally suppressed in this framework.
The suppression mechanism results from the presence of two mass scales, the scale v of
electroweak symmetry breaking and the scale associated to the bare mass terms of the
vector-like quarks. The latter mass terms are gauge-invariant and therefore they can be
significantly larger than the electroweak scale.
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We have shown that it is possible to produce a deviation from unitarity in the first
row of the CKM matrix in agreement with the present experimental hint, while at the
same time respecting the stringent experimental constraints arising from DO—EO, K 0—?0,
Bgs—gis mixings. We have also seen that one can translate the requirement of having
perturbative Yukawa couplings into a bound on the mass mp of the vector-like quark.
The new quark T is required to have a mass lower than about 7TeV, while if one fixes
VA = 0.04 then mrp < 4.4TeV. In section 4, we have explicitly presented a benchmark
with mp = 1.5 TeV. Inspection of the quark mass matrices suggests that the up-type VLQ
solution to the hinted unitarity problem may be more appealing than the down-type one,
in light of the required hierarchies between mass matrix elements.

Furthermore, the advantages of single production pointed out in section 3, coupled with
a predominant decay of the heavy quark to the lightest generation are expected to enhance
the testability of our setup in hadron colliders. Decay to light quarks following single
production may result in peculiar collider signatures [55] and would allow us to obtain
an experimental handle on this BSM scenario. Searches for single production of VLQs
coupling to the lighter generations have already been performed for the Tevatron [76] and
LHC run 1 [77]. We emphasize the importance of performing a similar analysis for the run
2 LHC data.

If the violations of 3 x 3 unitarity in the CKM are experimentally confirmed, they may

be the first sign of a novel class of New Physics at the reach of LHC and its upgrades.

Note added. Just before this work was ready to be sent for publication we came across a
new paper that appeared recently in the arXiv [78], which has some overlap with our work.
However, significant new material is presented here and our discussion follows a somewhat
different approach.
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