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1 Introduction

Heavy vector-like fermions are not present in the Standard Model (SM), however they
naturally arise near the electroweak scale in many extensions of new physics. Flavour hier-
archies among SM masses for fermions and their mixings are most often generated through
their dynamical mixing with vector-like fermions. These particles are indeed present in
many models of new physics, like for example extra dimensional, Little Higgs and dynam-
ical models. More recently the possibility of gauging the Standard Model flavour group
requiring anomaly cancellation with the addition of new vector-like fermions was studied
with explicit model constructions which show the possibility of a relatively low new gauge
flavour bosons scale [1]. Moreover, in this case the vector-like quarks play an important
role both for anomaly cancellation and for the mechanism of generation of fermion masses
(see [2] for an example with left-right symmetry). The mixing of vector-like quarks with
the other three generations and in particular the top quark is also a common feature in
Little Higgs [3-6] and composite Higgs models [7] based on top condensation [8-12]. The
Large Hadron Collider (LHC) is collecting data that allows to test and discover this sec-
tor quite soon. Typical cross-sections for pair and single production of heavy vector-like
quarks are fairly large and within short term reach for the LHC experiments in the few
hundred GeV mass range, as it will be discussed in detail in the following. Assuming some
properties, the existing collider and precision data place limits on the new heavy quarks
and set the lowest mass scale for these states. Direct searches, for example, give mass con-
straints in the 300 GeV range, assuming a charged current decay chain [13]. In this work,
we will focus on a particular example: namely, new coloured quarks that are doublets un-
der the SM SU(2) symmetry, but with non-standard hypercharge. The resulting Yukawa
couplings are less constrained by precision measurements than in other cases [14]. More-
over, a fermion with such quantum numbers is present in models of composite Higgs boson
with extended custodial symmetry [20], engineered to protect the left-handed Zbb coupling
from large corrections. In this model, the gauge symmetry is extended to SU(2);x SU(2)r
in the bulk, and the left-handed top and bottom doublet comes in a bi-doublet of the
two SU(2). The bi-doublet naturally contains a doublet with non-standard hypercharge.
Moreover, the boundary conditions are such that the resonances from the non-standard
doublet are parameterically lighter that the others [21], therefore one can approximate the
phenomenology of such models by the addition of a massive doublet only, after integrating
out the other more massive resonances.

The paper is organised as follows. In section 2 we describe the effective Yukawa
interactions we consider for this study. We assume the presence of the SM quarks and
of the standard Higgs doublet and couple them to the vector-like quarks. The Cabibbo-
Kobayashi-Maskawa (CKM) flavour structure and the couplings to the standard gauge
bosons and Higgs particle are discussed in detail. In section 3 we discuss the electroweak
precision tests and the tree level bounds which define the accessible parameter space. In
section 4 we explore the loop effects in the Kaon and B meson sector together with loop
effects on the couplings of the Higgs boson to gluons and photons. In section 5 we study
the LHC phenomenology for the production and the decay of vector-like quarks with a



detailed simulation of various decay modes obtained from single production of a heavy
vector-like top partner. Finally we give our conclusions. Two appendices contain more
detailed material concerning the expansion of the CKM matrix and the notations used for
the meson mixing formalism.

2 The effective interactions

We assume that the new fermions interact with the SM fermions via Yukawa interactions,
therefore the quantum numbers of the new fermions with respect to the weak SU(2)z x
U(1)y gauge group are limited by the requirement of an interaction with the Higgs doublet
and one of the SM fermions. A complete survey of all the possibilities is given in [14]
(see also [15, 16] for previous studies). Here we are interested mainly in the case of a new
coloured fermion that transforms like a doublet of SU(2) with hypercharge 7/6, because
the bounds are milder in this case. We will therefore introduce the notation in this specific
case. In the quark sector, a SM family contains a doublet q;, = {ur,d;}? = (2,1/6) and
two singlets ug = (1,2/3) and dr = (1,—1/3), that couple to each other via the Higgs
H = (2,1/2). Here and in the following, L and R label respectively the left-handed or
right-handed chirality of the field. The SM Yukawa couplings are:

Lyukawa = —Yu (L HUr — ya qr. Hdr + h.c.; (2.1)

the up-type quarks (top), therefore, couple to the charge-conjugate of the Higgs boson. If
we extend the SM with a new fermion ¢ = (2,7/6) = {X, U}’ it is possible to write down
a Yukawa coupling between the new fermion and the up-type singlets via the Higgs boson
H. The Yukawa sector that we will consider here is

Lyukawa = —Yu GrHur — ANy Hug — M YR + h.c.
Yy U v

\/2 ULUR — \/2 ULuR—M(ULUR—{—XLXR)—Fh.C.. (2.2)

The new massive fermion contains a quark X with electric charge 5/3, and a fourth up
quark which, however, has different gauge couplings with respect to the SM up quarks.
The Higgs vacuum expectation value (VEV) v induces a mass mixing with the up quarks,
therefore the mass eigenstates will be a mixture of the SM and new fermions. The new
Yukawa couplings A connecting the heavy quarks with the SM ones will generate flavour
mixing between the new states and the SM quarks in the up sector, while the down sector is
left untouched. We will first review the simple limit of just one flavour mixing [14], in which
the new state only mixes with the third generation: this is an interesting and physical limit
because of the simpler notation and the fact that mixing with the light generations are much
more tightly constrained. We will then give the more general parameterisation of the full
three flavour mixing, which will show a very peculiar flavour structure, which is not flavour
minimal and still can be consistent with present bounds with non-negligible couplings.



2.1 One flavour mixing

In our previous paper [14], we found that the most general mass terms, including the
Yukawa interactions, is

Linass = —My UL UR —xULuR —MULUR—{—h.C.. (2.3)
where m; = y\;;’ and z = \)‘/g can be chosen real thanks to a phase redefinition of U. It can
be diagonalised by

cos 0L — sin O me 0 cos@ff sin@f\ (my 0 ) (2.4)
sin L cos L r M —sinff cos0f )]\ 0 my |’ '
and the relations between parameters and masses and mixing angles are [14]
2,2 2 2
9 YUt o x 2 _ g2 r
my = u2 _mt<1+M2—m%>’ my = M <1+M2—m%>’
Mx my
sin 0 = inf = ' sind) . 2.5
sin 0, VM2 — 2+ M2 sind, =, - sinfy (2.5)

We can however use those relations to express all parameters in terms of physical
observables, like for example m;, my and 95:

M=mx = \/mf, +m? tan? 0 cos 01, (2.6)
- TNy 1 MMy
= cosOF — myx 27)
\/mf, +m? tan? O u X
2 2 2 2
m;, —m , m;, —my
x = ¢ ¢ sinfft = """ b sin 0 cos 61, (2.8)
\/ m? + m7 tan? 0F mx
. m mg .
sin L = ! tan 0% = 7 singF . (2.9)
\/mf/ +m? tan? O& mx

In the rest of the paper we will use my and 6 as the two free parameters of the model,
and the previous relations allows to calculate the fundamental parameters x and M.
2.2 Three flavour mixing

If we consider the three families of quarks in the SM, the Yukawa couplings become matrices
in flavour space, while A is a vector. With explicit flavour indices ¢, j = 1,2, 3, the Yukawa
interactions are:

Lyue = —y57 Q4 Houly — v Q4 Hdly — N by Huly . (2.10)

In the following we will describe a convenient method to diagonalise the resulting mass
terms. First, we can use the SM flavour symmetry to rewrite the standard Yukawa cou-
plings as:

Yol = diag(yu, ye, %) , vl = Ve - diag(ya, Ys, vb) - (2.11)



The matrix Vogar is the misalignment between left-handed ups and downs and it would
correspond to the Cabibbo-Kobayashi-Maskawa matrix in the absence of the new fermion.
The tilde signifies that this is not the case, as we will see. After the Higgs develops a VEV,
(H) = v/+/2, the mass matrix for the fermions can be written (in this basis) as

mg dr
Emass — _(dLa §L, bL) . VCKM : ms . SR
mp br
My, 0 UR
—(tr,cr,trL, UL) - Me VLR MR Xyt he (212)
my 0 tR
1 Ty I3 M UR

where m, = Zij;’ and x; = )‘i;’. For the down type quarks, the tilded masses are equal to
the physical masses, as in the SM. For the up type quarks, there will be corrections coming
from the mixing with the heavy U. Using the phase of U, we can show that M and one of
the z, say x3, can be made real, while two physical phases are still present on x; and xs.
This will be important for CP violation. In the following we will take 3 real, so that the
formulas in the previous section can be used in this case without any change.

The mass matrix for the up quarks M, can be diagonalised by two unitary 4 by 4

matrices:

Vi 2.13
my i (2.13)

myr

Vr, that describes the mixing in the left-handed sector, is the unitary matrix that diago-

nalises the unitary matrix

m:i 0 0 Ty,
,.,2 * ~

My-mji=| O e O Tame (2.14)
0 0 mj T3My

Ty TaMe 3y M2+ |21|? + |22|? + 22

From this matrix we can see two things: a SM quark ¢ = u, ¢, t is exactly massless in the
limit 7, — 0, therefore the masses of the light quarks are always proportional to mg; the
mixing angles with the heavy t' are suppressed by mg/M ~ mg/my.

On the other hand, Vg, that describes the mixing in the right-handed sector, diago-

nalises
,th + |$ |2 * * *M
t wiry  mE4|ze|? whrs akM
M) - M, = -9 9 (2.15)
T3 T3T9 my + x5 x3M
oM oM xsM  M?



Here we see that the mixing is only suppressed by the x’s couplings and that it is present
also in the limit of massless SM quarks 1, — 0. Therefore, it will be the couplings of the
right-handed quarks to pose the most serious flavour constraints.

2.3 Mixing matrices

The two mixing matrices V;, and Vi can be calculated in an approximate way: we can
assume that the parameters relative to the mass and mixing of the light two generations
are small (therefore, m,,, m., x1 and xy are of order e compared to m;, M and z3). We
can then calculate the matrices in an expansion in €. A good trick is to first diagonalise
the top-heavy fermion sector with the formulas in section 2.1; then, we can diagonalise the
resulting matrix in the given expansion.

For the right-handed matrix, the result, up to order €2, is:

1_— 21> xirom? __zysinfp
2m? (m2—m2)m% mx
i TiTim |z2|? x¥sinfg
VIZ%] = (mgfri%)q;ng( 1- 27)’2L§( o 2mX (216)
0 0 9 (mf,+m%)(|a:1\2+|ar2|2)COSGR sin? O
COS R"‘ 2(mf,—m%)m§(
for i,7 =1,2,3; and
z¥ cos g x4 cosfr
Vﬁ‘l _N 7 V]%4 ) 7
mx mx
a4 . (m? +m?)(|z1]? + |z2]?) cos? Og sin O
Vg™ =sinfpr — 9 oo ,
2(my, —m7)mx
1 492 €2
Vg = - Vgt = —
R mx ) R my ’

VI _ _ginn + (|1 + |22]?)(3mZ — m? + (m? + m?) cos 20R) sin O
i A, — /
s (|21 + |22|?)(m2 — 3m? — (m? + m?) cos 20R) cos O

Vi = cosfp — 5 o\ o . (2.17)

A(my — mi)my
The masses, at order €2, are
mi = fni, mz = fnz,
2 2Y,,,2
1|7+ |x2|”)Mm
m? = m%,t + (Jal W’L2 Fmi sin? g, (2.18)
X
2 2Y\,,,2
r1|” 4+ |x2|”)Mm
m? = m%t/ + (jaa] n‘12 Pmie cos’ Og,
X

where m1; and my ¢ are the top and top prime masses in the 1 generation case, eq. (2.5).
A similar procedure can be followed for Vp:

1 T T2MeMy, ximy, sinfy,
Vij T1TH MMy, 1 _myme sinfp,
L 2 (m%fm%)mg( ; 2 2 : mi
@1 (m, —mi)my cosOp sin 0, x2(m7,—mi)me cos 0 sin 0y, cos ) + (Jz1|24|22|?) cos 0, sin2 6},
2,2

2,2 2 2
mimy mmy (mi, —mi)

(2.19)



with 4,7 =1,2,3; and

z¥my,, cos 01, xim, cos 0, . x1|? + |z2]?) cos? 01, sin 6y,
VL14: 1 u2 : VL24: 2 c2 ’ VL34:SH19L_(’ ‘ ‘ 2‘) , :
mt/ mt/ (mt/ - mt)
2 2 2 :

Tym Tom . x1|* + |22|7) cos® 0, sin g
iy e o () o |
my my my, — my

2 2 .2
T T cos 07, sin” 0
VL44:COSGL+(’ 1“’“22’) 2L L
My — My
(2.20)
with mass eigenstates

mz = fni, mg = fnz,
m? = m%t + (|z1)? + |x2|?) sin? 0y, (2.21)

m? = mit/ + (|21 * + |22|*) cos® Oy, .

The expressions for the masses coincide with the ones found from the right-handed mixing
once the relations between 67, and 0 are taken into account.
2.4 Charged gauge boson: W* couplings and CKM matrix

In the basis we discussed above (gauge interaction basis), the couplings of the W= bosons
is given by a 3 by 4 flavour matrix in the form:

1
dr,
g /- _ 5 1 +
EwiZ\/Q (ur,er,tr,UL) - 1 A sp | W+ hee, (2.22)
b
000 ~

where the new fermion U does not couple to the down-type quarks. In the mass eigenstate
basis, the mixing in the left-handed sector will generate couplings with the heavy #’, and,
in matricial form, the coupling can be written as

Ij g ,1Ij 9 -t VCKM
i = V2 Voten = V2 Vi . (2.23)

0 0 O

The upper 3 by 3 block, that describes the couplings of the standard quarks, is given by
the matrix

3
i s o *,livrl]
Vacrku = Voxkm = Z Vi Vekm s (2.24)
=1
that corresponds to the CKM matrix as measured by tree level SM processes. From this

equation we can see that the measured CKM matrix is not equal to the misalignment
between the two standard Yukawa matrices; however, this is approximately true because



the mixing angles in V7, are small. The couplings of the heavy top to the SM down quarks
is described by a 3-component vector

3
i 04715

VCt’Ij(M = Z Vi VC]KM' (2-25)

=1

Note that in this model the 3 by 3 CKM matrix is not unitary. In fact
ij . o
|:V3,CKM : V;CKM] =67 — vtV (2.26)
t ij ij *,t'0 t'j

[V&CKM ) VB,CKM] = 0" = VogrmVok (2.27)

where we have used the unitarity of VCKM and V7. The violation of unitarity are al-
ways proportional to the matrix elements VL4i, which are related to the couplings of the t’

to the W.

2.5 Neutral gauge boson: Z° couplings and FCNCs

In this model, the couplings of the Z° will also develop off-diagonal terms, absent in the SM,
therefore giving rise to tree-level flavour changing neutral currents (FCNC). Note however
that the FCNCs will uniquely involve up-type quarks, therefore the strong bounds from
Kaon and B meson mixing are avoided. Nevertheless, as we will see, the measurements in
the D meson sector are yet constraining. Let’s first recall that the couplings of the Z to
SM up quarks are proportional to csv (; — :235%/[/) for a left-handed up, and Cgv (—gs%v) for
a right-handed up (where as usual sy and ¢y indicate respectively the sine and cosine of

the Weinberg angle); while for the new U quark the couplings are proportional to

g L2,
T 2.28
cw ( 2 3SW> (228)
for both left- and right-handed components. In terms of interaction eigenstates, the left-
handed couplings of the Z can therefore be written as

1 ur,
g . - = 1 2, 1 cr,
Ly = tr,Ur) - — — m. Z, .
VA cw (UL,CL, L, L) (2 3SW> 1 Y tr u
1 1 Uy,
In the mass eigenstate basis, the coupling becomes
9 (1 2, s1/ 9 rxAly AT
977 = — Sy — Vi vETs (2.29)
Cw 2 3 Cw

where I,J = 1,2,3,4. Again, the flavour violation is governed by VL‘” elements! Analo-
gously for the right-handed couplings we obtain

1J g 2, 17 L g sarga
= — 67— Vo Vel 2.
97r =, < 35W> 9o (R VR (2.30)



2.6 Higgs boson couplings

Finally, for the Higgs, in the interaction basis

=
IS
(an)
IS

R
1 _ - — m 0 CR
Ly = tr,Ur) - ¢ - M . h. (231
w=_ (e, UL) i 0 i (2.31)
Tr1 I9 CCgM 1 UR

The first term reproduces the mass matrix, therefore it will be diagonal in the mass eigen-
state basis: the flavour violation is generated by the second term with an entry only in the
44 term, similar to the Z couplings. In the mass eigenstate basis the coupling reads:

1 m M _ 14
ol = ¢ - Vi Vit (2.32)

3 Tree level bounds

The inclusion of a non-standard doublet of quarks generates a richer flavour structure than
the SM one: we have seen a non-unitary CKM matrix and flavour violating couplings
of the Z and Higgs in the up sector. In this section we discuss tree level bounds on
the new parameters, mainly coming from electroweak precision tests at accelerators, low
energy observables as the weak charge of atoms, and flavour bounds coming from D meson
processes. Due to the absence of modifications of the coupling of the down quarks to the Z
and Higgs, therefore the absence of FCNCs in the down sector, the precise measurements
in the Kaon and B meson sector do not pose very tight bounds. Such bounds may arise at
loop level, via the modification of the CKM matrix and the new CP violating phases, and
these effects will be briefly discussed in the next section.

3.1 Precision electroweak measurements

In [14] we imposed the bounds on the top sector from precisely measured quantities in the
SM. For earlier bounds see for example [17, 18]. We considered deviations on the Zbb
coupling, which are absent in this specific case. We have used the exact formulas in [19]
to check that the one-loop contributions to the Zbb coupling are present but small for
our non-standard doublet. Note that this is true for our specific non-standard doublet,
while for other cases, as for example a singlet, these bounds are relevant. We studied
the deviations in the Wtb couplings where we allow at most a 20% deviation from 1,
electroweak precision tests (in particular the 7" parameter) where we allow —0.1 < 7' < 0.4
(here we assume mj;, = 120 GeV and vanishing S and U), finally the direct bound from
Tevatron. The latter bound is nominally at 311 GeV, however the experiments only look
at the t — Wb decay mode, therefore we pose the bound until the branching ratio drops
significantly below one: in other words, the bound is valid for my < 290 GeV. In the left
panel of figure 1, we show the allowed region in the m—sin 6% parameter space. Note that
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Tevatron Bound

0.0t .

m;- nmy:

Figure 1. Bounds on the top mixing as a function of my; and sinf%. In magenta Wtb, in green
Zbb, in black the direct bound from Tevatron, in blue the bound from the T parameter. The grey
lines correspond to fixed values of M = mx. The light blue areas are the allowed regions. On the
right panel, we show the bounds from CMS in the trilepton channel and Wb channel. The dashed
lines correspond to the case of a decoupled Higgs, the solid lines to mj = 115GeV. The coloured
areas are the allowed regions.

the upper region on the right corresponds to value of the A Yukawa coupling close to the
non-perturbative region, therefore non-perturbative effects should be considered and the
formulas we use are not reliable in the upper right corner of the left panel in figure 1.

3.2 Direct bounds at the LHC (CMS)

The CMS collaboration recently published new bounds on a heavy ¢ with the 2011 data
collected by the LHC. They consider both the channel Wb and the channel Z¢, in both
cases assuming pair production and 100% branching ratios. Here we will use their results
to pose bounds on our case, where all decay channels are open.

For the tZ channel [22], they select events with a pair of leptons (electrons or muons)
near the Z mass (the window for the dilepton invariant mass is set between 60 and 120 GeV),
one additional lepton and at least two additional jets. Their analysis is limited to a counting
experiment and the bound is extracted by comparing the expected number of events from
backgrounds and signal to the observed one: the preliminary results, based on an integrated
luminosity of 191 pb~! shows that there are no events in the dataset. In our case, many
different decay chains can give rise to events that pass the event selection used by CMS:

pp— (' — Z)(f — Zt) - bbZ ZWTW~

— (' = Zt) [ - W) = bbZ Wt W~
(t' =W bt — Zt) - bbZWHTW ™
(t' — Zt)(t' — ht) — bbbb Z W W~
(t' — ht)(# — Zt) — bbbb Z W W~

—
—
—

,10,



where one of the Z’s and one of the W’s decay leptonically. In extracting the bound, we
consider all these channels together, under the assumptions that the efficiency of the cuts
is the same: this is not necessarily true, because the kinematics of the event are different,
and we plan to refine this analysis in a future work. The final result is shown on the right
panel in figure 1: the dark green area is excluded for a Higgs mass of mj = 115 GeV, while
the lighter green one is excluded in the decoupled Higgs limit, where the absence of the tH
decay mode boosts the tZ branching.

The analysis in the Wb [23] is more refined because of the presence of an irreducible
background from tt: the selection criteria are the presence of an isolated lepton (electron
or muon), a missing py greater than 20 GeV, at least 4 jets where one or more are tagged
as b-jets. To distinguish the ¢t background, the collaboration reconstructs the invariant
mass of the top or ¢ under the assumption of the topology

pp — (t/t' — W) (t/T — W™b) — bbl*vjj,

and fits the distribution of backgrounds and signal with a free mass for the ¢’. In the
preliminary results, an integrated luminosity of 573 pb~! for electrons and 821 pb~! has
been considered. In our case different decay chains can give rise to events that pass the
selection rules of this analysis. However, the reconstruction algorithm will not work on
events with decays to Zt and ht, where two extra jets or missing energy is coming from
the decay of the Z and h. A more detailed study would be required to take into account
such events. To be conservative, therefore, we will limit ourselves to rescale the limit by
the branching ratio BR(t' — Wb): the result is shown in figure 1, where the dark (light)
grey area correspond to a Higgs mass of my, = 115 GeV (1000 GeV - decoupled limit). Note
that for low sin g, the bound is my 2 290 GeV, which is the same bound we assumed for
the Tevatron data and given by the suppression in the Wb branching ratio.

The plot also shows that the Zt or trilepton channel is much more promising than
the more traditional Wb one, also taking into account the more limited luminosity of
the preliminary data. Note also that a trilepton signature will also arise the from single
production of ¢, as we will discuss in section 5, and that such events are not taken into
account in extracting this bound.

3.3 Dy—Dy mixing and Dy — 7]~ decays

In our model, FCNCs will only affect the up quark sector, therefore the most severe bounds
will come from the D meson sector. The most recent experimental measurements in the
Do—Dg mixing (with no CP violation) are [24]

Am

AT
zp = FDD —0.0100+00024 ), = TP — 0.007610:9917 (3.1)

2I'p -

In the SM, xp is dominated by long distance effects, and its value cannot be reliably

estimated. Therefore, it is possible that the new physics saturates the experimental value

and this situation will provide the most conservative bound on the new contributions.
Another potential bound may arise from the dilepton AC = 1 decays: these channels

have not been measured, and the present experimental limits are [13]:

BR(Dg — €T )exp < 1.2x107%,  BR(Dg — it )exp < 1.3 x 1070, (3.2)

— 11 —



Contrary to the AC' = 2 contributions to the mixing, the branching ratio can be calculated
and, in the SM, one obtains

BR(Dg — ptp )sm ~ 3 x 10713 (3.3)

while the decay into electrons is suppressed by the electron mass square. In both cases,
therefore, the SM prediction lies well below the experimental limit.

In our case, the contribution of new physics is given in both cases by a tree level
exchange of a Z boson in the s-channel:

ci — Z* —wuc, and cu— Z*— 171", (3.4)
We will only consider the right-handed couplings, because the left-handed ones are sup-

pressed by extra powers of the light quark masses. The contribution of the new physics
can be written as:

fl%mDBD 2 2
Sup = ue )2 3.5
SBR(Dy — IH1-) = pmomy |, Amg e (g, )? (3.6)
— = — X
0 32mmilp m?%, cos? Oy sin? Oy 9zr) >

where the explanation of the formula and the definitions and numerical values of the various
parameters can be found in [24]. If we assume that the new physics saturates the value
of xp, we can predict the value for the branching ratio; this value will become an upper
bound in the case in which the mixing is dominated by the SM:

_ 3 « Tp m? 4m?
BR(Do — 171 = byfr— k. 3.7
(Do — e 32 cos? Oy sin? Oy Bpr(me, mz) m% \/ m?% (3.7)
Plugging in numbers, at one sigma, we find
BR(Dy — pt ™ )npn = (0.8 £0.2) x 10710, (3.8)

therefore we are still far from the experimental bound. For electrons, the branching is
suppressed by a factor (me/m,)?.
The most significant constraint from new physics, therefore, comes from zp. In our

case,
T

5% = o, o, IVRPIVE. (3.9)
cos? By sin” Oy
To fit the experimental value would require
VAl |[Va?| = 2.4475-2 x 1074, (3.10)
This implies a bound at 3c,!
VAL VA2 < 3.2 x 1074, (3.11)
As we will see in the following, this is the most stringent bound on flavour violation.

!This bound roughly agrees with the results in [25], where effective operators are considered. The relevant
2
parameter, as defined in [25], is |%1] < 5.7 x 1077 (1T/;3V) , where A is the scale suppressing the operator

(A = mz in our case). Converting the bound in our parameterisation, we obtain |V3'||V4Z| < 2.0 x 107%.
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mode SM short SM long our model  exp. limit

DT — ntete” 9.4 x 107° 1.0 x 1076 c—ultl™ 7.4x1076
Dt — ntutu~ 9.4 x 107 1.0 x 1076 c—ultl™ 3.9x107°
Dt — ptutu~ 48x107% 15+18x10% c¢—wultl~ 5.6x107*
Doy — vy 1-loop 2.7 x107°

Dy — mete 1.9 x 107? 2.1 x1077 c—ultl™ 45x107°
Dy — mutp~ 1.9 x 107? 2.1 %1077 c—ultl™ 1.8x107*
Do — nete~ 2.5 x 10710 4.9 x 1078 c—ultl™ 11x107*
Dy — nutu~ 2.5 x 10710 4.9 x 1078 c—ultl™ 53x107*
Dy — mrn~ete” c—ultl™ 373 x107*
Dy — plete c—ultl™ 1.0x1074
Dy — ntm 't~ c—ultl™ 3.0x107°
Dy — pOutpu~ 9.7x10710 35+-47x1077 c—ultlT 22x107°
Dy — wete™ c—ultl™ 1.8x107*
Dy — wutp~ 9.1x1071% 33+45x1077 c¢—ultl~ 83x107*
Dy — KtK~ete™ c—ultl™ 3.15x107*
Dy — gete” 5.2 x 107°
Dy — KtK—putu~ c—ultl™ 33x107°
Do — outp~ 0 6.5+9x 1078 3.1x107°
Dy — ntK-ete 3.85 x 1074
Dy — nt K- ptp~ 3.59 x 1074
Dy — ntn nVte c—ultl™ 81x107*
Df — Ktutu~ 9.0 x 10710 4.3 x 1078 c—ultl™ 36x107°
Df — Ktete™ 9.0 x 10710 4.3 x 1078 c—ultl™ 1.6x1073
Df — K*(892)tutpy~ 16x107 5+7x1077  c—wltlT 14x1073

Table 1. Rare decays of D mesons with SM short and long distance contributions, the decay
channel within the vector-like model and the corresponding experimental figures.

3.4 Rare decays of D mesons

Many rare decays of the D mesons via FCNC have been tested and have strong bounds
from experiments such as CLEO and BES. In the SM they are loop generated and often
dominated by long distance effects while, in our model, they may receive tree level con-
tributions from the Z exchange. A list of the experimental limits [13], standard model
predictions from short and long distance [26] calculations and the possible contribution
in our case is presented in table 1. The short distance SM result is dominated by the
operator Oy [27]

4G R o

L= /2 Vo Vs dn Cy ﬁv“PLciyul, (3.12)

ms __
mq -
QCD corrections is small.

where co(mw) ~ 2 log 1.34, while the contribution of the penguins, enhanced by
9
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In our model, the right-handed couplings of the Z generate the operators Of and
O [27], with coefficients

Gr
V2

Those operators contribute to the short distance term, they do not significantly affect the

L= Vi Vi uyt Pre {(1 — 4sin® 0w ) Iyl — 1,751} - (3.13)

long distance one because the pair of leptons comes from an heavy Z boson that do not mix
significantly to light vector mesons. The main difference between our contributions and the
SM one is that in our case right-handed quarks are involved, and the form factors are not
precisely known. Here we will simply assume that the form factor for right-handed and left-
handed quarks are the same to extract an order of magnitude estimate of the contribution.
Under such assumption, we can calculate the ratio {p between the new physics and SM
contribution (where the form factors cancel out) and obtain

£ = 212 (1 — 4sin? Oy, + 8sin® Oyy)

v 02| Ves 2 Vs |25

This enhancement factor allows some of the bounds to be relevant for our model. However,

VAL IVAZ? = 0.5 x 10° x [VAL2[VA2? . (3.14)

imposing the Dy—Dy mixing bound, we obtain that
&p < 0.05, (3.15)

therefore those processes should not impose further bounds.

3.5 Top quark FCNC rare decays: t — Zc, Zu
FCNCs mediated by the Z boson can also affect the physics of the top quark. The only

observable effect is in rare decays of the top quark: ¢t — Z¢ and t — Zu, which are very
suppressed and induced by loops in the SM. The present bound on the FCNC decays of
the top is [28, 29]:
I'(t— Zc)+T(t — Zu)
I'(t — Wb)

which involves the partial width in Wb that has not been measured yet. In our case, there

< 3.3%, (3.16)

is a tree level vertex of the Z with top and a light quark. The widths can be written
as [30, 31] (neglecting the up and charm masses)

3
Tt — Zq) = (g9 " (™7 3.17
(6= 20) = g ity 1 (7). (3.17)
T(t — W) GFm%W 2§ (mw> (3.18)
— = : .
8mv/2 i my )’
where
flo)= (1—2%)7 (1+227). (3.19)
In our model,
D= 20 = SRR R (7). (3.20)
167/2 my

and similarly for ¢t — Zc¢ with Vél — Vf%u.
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The bound, therefore, can be written as

VEROVAE + [VE212) fOmz/me)
3.3%, 3.21
2Vil? Pl fme) <33 (8.21)

and
V[ IVAL2 + [V2[2 < 0.28]Va. (3.22)

Note that this bound depends on V1%3 ~ sin A%, and on the value of V}, which can deviate
from one and therefore make the bound stronger. Even though this bound is much milder
that the one from the Dy mesons, the different dependence on the two mixing angles Véﬂ
and V}%Q makes it relevant. These rare decay modes of the top quark may be relevant for
LHC with high statistics and can be studied in detail at an electron-positron linear collider.

3.6 Atomic parity violation

Another strong bound comes from the modifications of the couplings of the up with the
ZY boson: experiments can measure the weak charge Qyy of the nucleus. The most precise
test is from atomic parity violation in Cesium *3Cs [13]:

Qw (1¥Cs)l

In general, the weak charge can be written as [32]

= —73.20 £0.35, Qw(?3Cs)|gy = —73.15£0.02.  (3.23)

exp.

Qw = (2Z + N)(§%1, + G%r) + (Z +2N)(§%1 + G%R) » (3.24)

where the §’s are the left- and right-handed couplings of the Z¥ divided by a factor

g
2 cos Oy ?
and N and Z are the number of neutrons and protons in the nucleus. In our case, the only

large deviation appears in
J7r = —§ sin® Oy + 0gzR , Sgzr = —|Vi' 2. (3.25)
The correction to the weak charge is therefore
5Qw (Cs) = —(2Z 4+ N)|VAL > = —188|VAY?, (3.26)

where the numerical value corresponds to 33Cs (Z = 55 and N = 78). As the SM
prediction is in very good agreement with the experimental value and its error is very
small, we can directly compare the new physics contribution to the experimental error. At
3 sigma [0Qw | < (—73.15 + 0.06) — (—73.20 — 1.05) = 1.16, therefore

VAl < 7.8-1072. (3.27)
Atomic parity violation has also been measured for the Thallium 2°* T1, however the

bound is milder.2

2This case is more favourable because of the larger atomic number (Z = 81 and N = 123), however the
experimental precision is lower that in Cesium [13]:

Qw (T, = —1164%£36,  Quw(Tl)|gy = —116.76 = 0.04;
for which the correction is §Qw (T1) = —(2Z + N)|V3'|? = —285|V5'|?, and the bound |V3'| < 0.19.
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3.7 CKM matrix

The CKM matrix has been measured very precisely, both at tree and one-loop level. Even
though in our case the corrections are proportional to the suppressed mixing angles in the
left-handed sector, it is worth studying the detailed structure of the modified CKM matrix
to ensure that no further bounds arise. In the following we will limit ourselves to tree
level measurements, because loop effects will also include the effect of the heavy top ¢’ and
the flavour violating Z boson couplings (a brief discussion of loop effect is present in next
section). The modified CKM matrix is given in eq. (2.24): as Vi, is close to the identity
matrix, we can assume that Vo is approximately equal to the measured matrix, while
V1, generates small corrections. For a study discussing the CKM structure in the case of
an iso-singlet see [33]. In this section, we will estimate how small such corrections can be.

We first observe that both VCK a and V7, are hierarchical matrices, as the off diagonal
entries of the latter are suppressed by ratios of quark masses. Therefore, we can use the
Cabibbo angle A = sin 12 as an expansion parameter for both (knowing that | ~ O(\3)
and %”: ~ O(A\")). More details about this expansion are presented in appendix A. On top
of the suppression from the light quark masses, off diagonal V7, terms are also suppressed by
the new yukawa couplings x;, which are constrained to be small as we discusses previously.
One can relate the elements of V;, that enter in the definition of Vog s to Vl}z4 and V24,
and use the bounds in eq.s (3.11), (3.22) and (3.27) to find an upper bound. For instance

MMy T1TH mem,  ViHvA2 "
vz Jene i el TROVR_ _yert (3.28)
mz —mZ m5  mi—mZ cos?lOp
Therefore, |V!2| = |[VA!| is suppressed by a power A* from the quark mass ratio, but also
by the product [V4!||VA%| < 3.2-107%; taking cosfp ~ 1
Vi <83-1077. (3.29)

Therefore, VL12 is always highly suppressed! Regarding VL13 and V3!, we can write

*

.
¥ m, . my 2isinfgp  m .

Vit =" sing, =~ ! = "Vilsinfg. (3.30)
my my mx my

Besides the A7 suppression from the quark masses, this element is proportional to |V]%4| <
7.8 -1072 (from APV in Cesium); therefore, considering tanfr < 0.3 as a conservative

bound, we find

Vi <4.2-1077. (3.31)
The same is true for
Vit = i —2m? cos b, (—VL*’l?’). (3.32)
7
Finally,
V2 = —xigc sinfy = —Z‘: xziie’* - :;: V{2 sin 0. (3.33)
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This element is proportional to V}%Q which is smaller than 0.2 from the measurement of the
charm quark to the Z coupling, therefore it is maximal when this bound is saturated:

V3 <2.3-1073 x |Vg2]. (3.34)

The same is true for

2 2

m /7 m
V2= costp (V). (3.35)

tl

The final comment is about VL33: this modifies the top couplings and therefore may
seriously affect the loop processes that are Glashow-Iliopoulos-Maiani (GIM) suppressed
in the SM. The tree level bound coming from modifications of Vi, have already been
considered in [14], and are less competitive than bounds from the T" parameter. We can

estimate

1
V33 ~cosfp =1—

2
) ;:; sin? 0 (3.36)
X

The bounds from the top sector typically imply myx > 2m; and sinfr < 0.3, therefore
1-V33 <001, (3.37)

A numerical example. We have seen that corrections to the CKM matrix are typically
very small. To be more concrete, here we will focus on two numerical examples to illustrate
the relevance of the corrections. First, we parameterise the two phases as x1 = \xl\eiﬁl
and 9 = |x2]e’?. As a benchmark mass for the #' we consider my = 350 GeV, and a
conservative bound on the mixing sinfp = 0.3. As we want a maximal flavour violating
effect, we will saturate all bound, in particular the strongest bound from Dy—Dy mixing
VAL VA% = 3.2- 1071 We distinguish two cases: in case A, the mixing with the up
is maximal, therefore from the APV bound we fix [VA!| = 0.078; in case B, we require
maximal mixing with the charm, which is bounded from top decays |V}%2| = 0.2. In these
numerical examples only, for simplicity, we also set the phase in Vogas to zero, while the
absolute values of the entries are taken from the tree level measurements in the SM [13].
The final results are listed in table 2.

4 Loop constraints and couplings

So far, we have discussed tree level bounds from precision and flavour observables coming
mainly from the right-handed mixing of up type quarks, while the left handed mixings are
suppressed by the SM quark masses. In particular, the CKM matrix is only affected by
the left-handed mixings and no significant tree level bounds arise. The situation is quite
different at loop level: in fact, loops involving the modified CKM couplings, will correct
the SM results. In some cases, where a precise cancellation occurs in the SM loops, even
small corrections may give rise to observable effects. Another important constraint may
come from CP violating effects, which arise in the SM from a single phase. In our case,
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SM Case A Case B

Véga 0974 41.9-1077 P27 1 26.107% e +1.9-1077 P27 1 54107 e
Vs 0225 485.107 7! P27F1) £ 12,1078 ¢~ 48510 7eiB2=P1) 4 95.10710 o=
VgL, 0.0039  +3.4-10"% P20 L 97,10 e ¥ +3.4-1078 P20 L 56.10 %

VEL, 023 —8.1-1077¢ P27F1) 4 58. 1078 =2 +2.8-107 %72 —g8.1.10 T HP2—F1)
Ve 1023 —1.9-107 7 P70 4 9.6.107 "¢~ 2 +1.3-107 %2 —1.9.107 T 1F2=01)
V&S 0.041  +6.1-107%e7#2 —3.2.10 % (P2—F1) +3-1074e"2 —3.9.10 % (B2-01)
Viden 0.008 —1-107%—21-107%#2 —4.1-1077e —9.107° —1.0-107% 2 —8.4.107% ™
Visear 0038 —4.6-107% —1.-107%¢%2 —1.-1077 e —4.2.107% = 0.5-1073 "2 —19.107 101

Vibhey 088  —0.01—3.8-10"7¢e”2 —1.6-107% ™ —0.009 —1.9-107%¢"2 —3.3.107 1 A
Vi, 0.0013 +3.4-107%¢"2 465-1077e1  10.-1074 +1.7-107% "2 4 13.-107% !N
Vi 0.006 +1.5-107%¢%2 +1.5.1077 A1 0.006 +0.7-107%¢2 +3.1-107 %P1
Vet 0.1446.1-1077¢%2 +2.6-107% ¢ 0.1343.0-107% "2 4 53. 1071

Table 2. Numerical values of the corrections to the CKM matrix for my = 350 GeV, sinfr = 0.3,
[VAL|VA%] = 3.2-107% and: in case A, [Val| = 0.078; in case B, [V3%| = 0.2.

d u, ¢ t,t' s d s

u,c, t,t u, ¢, t,t

s u, ¢t d s d

Figure 2. Box diagrams contributing to K — K° mixing.

there are two extra phases in the game. Moreover, even if the extra phases are small,
the mixing with the ¢’ will change the phase structure of the CKM matrix and new CP
violating effects may arise. In the following we will focus on the two most constraining
cases: AF = 2 mixings in the Kaon and B meson sectors.

4.1 Kaon sector: K — K° mixing

The K° — K9 mixing can be calculated in our model with extra non-standard doublet by a
simple generalisation of the SM formulas, by including the effect of the ¢’ quark as shown
in figure 2. In fact, loops involving the flavour violating couplings of the Z° are irrelevant
because they only involve up-type quarks. The general formalism to describe such mixing
is presented in appendix B: here we will limit ourselves to report the most relevant results.
In the non-SM doublet case, the non-diagonal mass matrix element My between K° and
K° mesons can be written as

1 GF « .
Mis = _ f2Bgm & E (g, xy), 4.1
12 3fK KUK o g sin? By Z /771355 (i, z5) (4.1)
1,7=c,t,t
where the Inami-Lim functions E [34] of the mass ratios z; = m?/m%, are defined in

the appendix, and the coefficients ¢ contain the CKM mixings generalised to include #':

= c’;“}(MVg’I?lM, with ¢ = u, ¢, t,t'. The factors n;; encode the QCD loop corrections to
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the electroweak loop diagrams. The condition VCJEKM -Vexym =1 1in eq. (2.27) implies the
quadrangle condition &* + £¢ + & + &' = 0, therefore one can eliminate the contribution
of the up quark loop as in the SM calculation. The functions F are strongly dependent
on the value of the masses, and in particular they grow with the mass of the fermions
in the loop: to quantify this statement, we list the values of the relevant functions for
my = 350,500, 1000 GeV:

E(ze, 1) =25 x 1071 E(ze,21) =22 %1072, E(ze, ) = (2.4,2.5,2.6) x 1073,
E(xy,z) = 2.5, E(zy,xp) =4.0,4.8,6.4, E(zy,zy)=7.5,13,44, (4.2)
while the function depending on x,, are negligible. Here we are interested in two observables:

the mass difference Amy between the two mass eigenstates and the CP violating parameter
€K, given by

AmK =MK;, —MKg = 2R6M12 ~ 2|M12|, (4.3)
ei7r/4

€K ImMis. 4.4

K \/QAmK 2 ( )

They are to be compared with the experimental results [13]:
Amlexp = (3.483 4 0.006) x 107°GeV, and |ex|exp = (2.233 +0.015) x 1072

The real part of M5, that is related to Amp, is dominated by the charm contribution: in
fact, the suppression from the function E is compensated by the suppression of the CKM
mixing for top and t’, therefore

Amp ~ 1.75791 x 1071 (Vo V)2 E(e, 20)| ~ 2.1 x 10715 GeV . (4.5)

The corrections to £¢ from the new mixing are very small, therefore no significant modifica-
tion occurs. The situation is rather different for ex. In this case, in the SM the imaginary
part of £¢ is of the same order as the imaginary part of &/, therefore ex is dominated by
the top contribution. Effects of the new physics enter either via modifications of the top
couplings and via the new phases, so we can expect large modifications in this case. In
addition to &, the proportion of the short and long distance contributions in measured
values are also important. Compared with the short distance contributions, in the real
part of Mis the long distance contributions are sizable effects, but in the imaginary part
of Mi5 they are negligible. In other words, ex is more sensitive to the new physics effects
than the mass difference Ampg. The non-diagonal mass matrix element Mjs of top- and
t’-mediated box diagrams in the vector-like model can be approximately written as

2 4

) a4
- m# sin” 6 - - mysin® Op ~
(WSWZ)Q{E(mt,mt)—i—Q t ) R <E(mt,mt/)—E(xt,xt)>+ ¢ 4 RE(mt/,xt/)}
mx mx

* mc .
+ (VsVi) Vi’ [ sin O

Mo _
Ck

—1 *\ I i * I m2 n
X {e P2V VE)E (4, 1) + €P2(Ves Vi) (E(xt,xt) + 2m,t2E(:ct,xt/)>} , (4.6)
¢
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el

[%]

sin 6y

Figure 3. Deviation of |ex| in Vector-like model from the SM value is shown as a function of
sinfp for three different values of my (350 GeV (blue), 500 GeV (green), 1000 GeV (red)). We
vary the other parameters within the ranges: [Va| < 0.078, [VA?| < 0.2, [VAY||[VA?] < 3.2 x 1074,
0< 31 <2rand 0 < By < 27.

where Cx = 12%2 mZymy fxBix and E(z;,2;) = n;E(zi,2;). The contributions from
t'-mediated diagrams with heavy ' are suppressed by its mass and these effects become
sub-leading terms. The [; term is only appear in £¢. Consequently, the result is practically
independent of (31 while it can be modified slightly when varying (.

To estimate the range of the effect, we study the correction to ex numerically. For the
SM CKM part Vegear, we use the Wolfenstein parameterisation with A = 0.2253, A = 0.808,
p =0.132 and 7 = 0.341. In terms of new physics parameters, we take account of tree level
bounds which we discussed in previous section. Therefore, we vary new physics parameters
within the ranges: 0 < sinfr < 0.3, |VAY < 0.078, |VA% < 0.2, [VAL|VA?] < 3.2 x 1074,
0 < 61 < 2mand 0 < By < 27. Here the upper bound values of \Véll = 0.078 and
\Vfg\ = 0.2 correspond to case A and B respectively, and the parameter ranges of two new
phases 31 and (2 in our model are not restricted by the present experimental results. The
dependence of |ex| in the vector-like model as a function of sinfp is shown in figure 3 for
three different values of my (350 GeV (blue), 500 GeV (green), 1000 GeV (red)). Deviations
are typically at few percent level. The main source of the theoretical uncertainty is the
bag parameter Bg. Note that the effect is always below the theoretical uncertainty in the

matrix elements.

4.2 B meson sector: Bg — Bg mixing

The mixing in the B meson sector can be computed in a similar way as the K%K mixing.
In this case AMp, = 2|M12(B,)|, M12(By) = |Mi2(B,)|e"®Ba while the experimental value
of AMp, is [13]

AMp, = (3.337 4+ 0.033) x 107 3GeV .
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In the SM, the real and imaginary parts of My,(B,) are given by the following forms

ReMy2(By) = C’BdngE(xt,xt)A2 {(1 — p)2 - 772} N , (4.7)
ImMis(By) = 2Cg,nf E (e, 2,)A*(1 — p)nA°,

where Cp, = IC;%Q mp, f%d Bdm%v. The leading contribution of Mj5(By) is the top-mediated
box diagrams and ReMis(By) is of the same order of magnitude as ImMjs(B,;). To check
the leading contribution of Mj2(By) in the vector-like model, we expand &) in a power
of 1/m5:

Mlg(Bd) 2{~ m% sin2 HR ~ ~ mf sin4 HR ~ }

=V Vi) S E(xp, x4)+2 (Ew,m/—Ex,x )—i— E(xy,xy

Cs, (VioVig) " E (21, 1) m2 (x4, 2r) — B (¢, 1) mi (zyr, )

—2e (Vi Vi) (Ve Vi) Vi sin O
my
- m2 -~ misin®fp ~

xFE - 'FE N— E(zy, xy 4.9

{ (xmxt) mf (xmxt) m?m?x (ﬂUt , Lt )} s ( )

where E(xi,xj) = ngE(xi,xj). The function E(xy,xy) ~ zy grows with the ¢’ mass,
while the coefficient (fg)z is suppressed by 1 /mf‘,. Consequently, deviations which comes
from this effect are no more than m?/ m?X Similarly, the top-t'-mediated box diagrams are
also suppressed by a power of m?/ m?, ~m?/ m?X Therefore these new physics effects are
sub-leading terms in allowed parameter space. It is important to check the new physics
effect which is caused by the modification of the CKM matrix. The contributions from the
top-mediated diagrams are written as follows:

m? sin? @
ReMi5(By) = Cp i E(wy, vt) [(1 -2 th R) A{(1=p)? =’ IA°
e
—i-QZC |VA2|sin @ A{(1 — p) cos 3o + nsin ﬁg})\4:| , (4.10)
t
B m?sin?0g\ 6
ImMi2(Bg) = 2Cp,ny Bz, xe) || 1 —2 2 A%(1 = p)nA
X
—ZC |VA2|sin @ A{(1 — p) sin 3o — 1 cos ﬁg})\4] . (4.11)
t

The second term is proportional to A7 due to e~ O(A3). Therefore, in the BY — BY
mixing, we find that new physics contributions are smaller than the SM ones.

In the B, system, numerical results are analogous to K — K mixing as typical differ-
ence from the standard model value of AMp, is in the few to 10% range. These values are
below the theoretical uncertainty in the matrix elements. In our numerical calculations, we
set nf = ng, = 7751&/' Although this is not accurate, the discrepancy between our numerical
results and the results including NLO QCD corrections is small because the top mediated
box diagrams are the leading contributions in our model. We plot the real and imaginary
parts of Mis(By) for my = 350,500, 1000 GeV in figure 4. All the effects are typically small
deviations with respect to the SM in the B, system.
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Figure 4. Real and imaginary parts of Mis(By) for my = 350,500, 1000 GeV. The Vector-like
model is shown for three different values of sin iz (0.1 (blue), 0.2 (green), 0.3 (red)). The SM value
is shown with a black cross. We set that |[VA'| < 0.078, [V4%] < 0.2, [VAY|VA?] < 3.2 x 1074,
0< B <2mand 0 < [y < 27.

4.3 B meson sector: B? — BY mixing

The experimental value of AMp, is
AMp, = (1.170 £ 0.008) x 10~ ''GeV . (4.12)
The real and imaginary parts of Mi2(Bs) in the SM can be written as

ReMy3(Bs) = Cpnfi B(wy, x1) A?\*, (4.13)
ImMy2(Bs) = —2Cp 0 E(xy, 2) A\ (4.14)

2
where Cp, = 352 mp, f%s Bsm%,v. In comparison with the real part ReMis(Bs), the imag-
inary part ImMis(By) is suppressed by a power of A\?. This is a remarkable feature of
BY — BY mixing. Even though the new physics effects to ReMja(Bs) are small, there
is some possibility of that ImMa(Bs) is largely shifted by the new CP phases. In the

— 22 —



vector-like model, My5(B;s) can be written as

Mio(B _ 2 26 _ _ 4 o 46 B
o) i B +2 ™ O (Blans )~ Blaan) + " M Blawao) |
Ch, mx M
= 2eH % (Vi Vi) (Vi Vi) Vil sin O
my
2 4 2
~ my -~ my sin® Op -~
X {E(.%'t,.%'t) — m?E(l't,.%'t/) — m?m?x E(.%'y,.%’t/)} . (415)

It is found that the top-mediated box diagrams become leading contribution in the B? — BY
mixing. The real and imaginary part of Mja(Bs) due to the top-mediated box diagrams
can be expressed analogously to the Mis(B,) as

ReMy9(Bs) = CBSngE(xt,xt)
r 2 o3 20
X <1 _ oM sn21 R) A2\t 4 e |VA2| sin g cos BQA)\Z:| ,  (4.16)
L mx my
ImMia(B,) = —2Cp, 05 E(xy, 71

X <1 g 5”212 93) A28 4+ " VA2 sin 0 sin @A)?} (417
i my my
In the imaginary part of Mjs(Bj), this shows that the new physics contributions are sizable
effects in comparison with the SM prediction for |VA%| = 0.2 (case B), sinfr = 0.3 and
P2 = £75. It is found that the |Vplz4| and 1 dependences are negligible. This large effect
completely vanish when fo = 0,7. In case A, the correction to ImMis(Bs) cannot be
large due to the small value of VA% (|VA2| < 3.2 x 1074/|VAL| with [VA!] = 0.078). It is
also found that the ¢’ mass dependence of the imaginary part of Mjs(Bs) is quite small,
because the second term in eq. (4.17) is the leading new physics contribution and does not
depend on the ¢’ mass. In the real part of Mj5(Bs), new physics effect is proportional to
O(X\3). Therefore this effect is at least smaller than the SM value by a factor of . The
numerical results of real and imaginary parts of My3(Bs) for my = 350,500, 1000 GeV are
shown in figure 5. It is found that the deviations of ReMjs(Bs) are less than 10%, while
the deviations of I'mMis(Bs) are about £100% for sinfr = 0.3. These numerical results
agree well with the analytical results in eq.s (4.16) and (4.17).

In the B system deviations of AMp, and the phase ®4 with respect to the SM are
at few percent level for g1 = B3 = 0. When 1 = 2 = 0 the phase ®; in the vector-like
model is very close to zero in both cases A and B. However the situation can be drastically
different when s is non-zero, see figure 6. Here we define the deviation of the phase &,
in the vector-like model from the SM value as A®, = (@Yec — @5M)/@SM . For 3, = 7
(—=73), it becomes maximal (minimum) value in case B. The deviation of the phase A®;
can be enhanced by +40(460)% for my = 350(1000) GeV and sinfr = 0.3 due to the large
deviation of ImMz(Bs). For f; = —T7, it becomes negative deviation —90(—150)%. A
large phase is naturally allowed within our vector-like model with a non-standard doublet
of quarks. This feature is also present in other models beyond the SM. A detailed study of
this feature, in particular in relation with the dimuon asymmetry in B? — B? mixing will
be described in a separate paper.
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Figure 5. Real and imaginary parts of Mia(Bs) for my = 350,500, 1000 GeV. The Vector-like
model is shown for three different values of sinfg (0.1 (blue), 0.2 (green), 0.3 (red)). The SM
value is shown with a black cross. We vary the other parameters within the ranges |VA*| < 0.078,
[VE4 < 0.5, [VA|VAY <32x 1074, 0 < B <27 and 0 < 35 < 27.

We also plot the ratio (2%?) in figure 7, which is less affected by theoretical uncer-
d

tainties. However the deviation with respect to the standard model is small (at most 1%).

4.4 Coupling of the Higgs to gluons and photons

An important effect of new states that couple to the Higgs is to affect the loop-induced
couplings to gluons and photons. Phenomenologically, this is of crucial importance at the
LHC, because the main Higgs production mechanism is gluon fusion and, for low masses,
the golden discovery channel is in two photons. Even though the new fermion could be
heavy, the effect on the loop may be significant.

We can easily calculate the effect on the loop by using the parameterisation proposed
in [35]: if we neglect the contribution of the light fermions, the only contributions will
come from the couplings of the ¢ and from modifications of the top couplings. The two
parameters can be written as:

v v
= = hyg hppp — 1 4.18
Kgg = Ryy my + —— ) (4.18)
where hy, ;7 is the coupling of the Higgs with the fermion f. From eq. (2.32), we have

my M a3 my M a4
=" = Vi VA3, and  hppp = o~ L VI VAL, (4.19)
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Figure 6. Deviation of ®, in Vector-like model from the SM value is shown as a function of sinfp
for three different values of my (350 GeV (blue), 500 GeV (green), 1000 GeV (red)). We vary the
other parameters within the ranges |[V3*| < 0.078, [V34] < 0.5, |VAY||[VAY <3.2x1074,0 < 8 < 27
and 0 < Gy < 2.
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Figure 7. Deviation of (2%}?3) in Vector-like model from the SM value is shown as a function
d

of sinfp for three different values of my (350 GeV (blue), 500 GeV (green), 1000 GeV (red)). We
vary the other parameters within the ranges |VA4 < 0.078, |V31] < 0.5, |VA4|[VAY] < 3.2 x 1074,
0< 81 <2rand 0 < [y < 27.

Therefore:

(Jz1|* + |22]?)(2 — sin® Or)

(4.20)
2m§(

M *,34 M
Vv V34 V* 44‘r44
K = K =1 ’ - ’ -
99 Yy my L R my L R

It is interesting to notice that this result is rather small, being proportional to the mixing
with the light generations, and does not depend significantly on the new coupling of the
top 3, as we may have naively expected. The reason for this is the following: if we take
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my (GeV)  sinfp VA VAL mpy (GeV)
value 350, 500 0.3 0.077 0.0025 120, 1000

Table 3. Benchmark point values of the parameters. The ones with two values will be specified in
each case.

the inverse of eq. (2.13), we obtain the relation

ez
1
M =Vg- me vl (4.21)
me
1
my
The component 44 of this matrix is
1 1
-1 _ _ iy r+,41
(M= = Zl m VRV (4.22)
1=
In the case of mixing only between top and new fermion, z; = x5 = 0, the relation
reduces to
M 4y
o vpvpt=1. (4.23)
i=34 """
Finally, in the 2 fermion case, Vﬁ‘% = —VL?’fR = —sinf g, therefore this relation implies
M i34 M _ a4
Vit VIR VEt =1, 4.24
m, LR + my L VR (4.24)

This relation implies that x4y = K~ vanish in the 2 fermion mixing case. From eq. (4.19),

we can extract an upper bound on the x parameters. Using the relation [VA!|* + [VA2[2 =

1
mx 2

(|z1|? + |72|?) and the bound from ¢ — Zj decays in eq. (3.22), we obtain
kappa, = kg = (V' > + [VE*[?) S 0.04. (4.25)

The upper bound is saturated by the maximal value of V}%Q: this shows that loop effects are

very small and therefore the Higgs phenomenology is the same as in the standard model.

5 LHC phenomenology

In the following we consider the LHC phenomenology for the decay of a heavy vector-
like quark. Few promising decay modes are analysed and their relevance with respect to
backgrounds is discussed. In this section we will present our numerical results for the
benchmark values of the parameters in table 3. The value of the mixing V}%Q in particular
is fixed to its maximal value allowed by precision measurements, while V}%‘l maximises the
bound from the D°-D° mixing.
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Figure 8. BR of ¢’ as function of my for the benchmark parameters in table 3. The two panels
correspond to a Higgs mass m;, = 120GeV (left panel) and mj, decoupled from the spectrum
(right panel).

5.1 Decays

The branching ratios for the decay of a heavy vector-like quark are quite different from
those of a sequential fourth family and therefore this is an important physical characteristics
to distinguish the two different situations. The phenomenology is also novel as vector-like
quarks can decay at tree level via neutral currents, to a SM fermions plus a Z/h, while a
fourth generation quark can only decay via the W boson. A detailed and general discussion
of the parameter and case dependence is given in appendix B2 of [14]. Here, we will focus
on the specific case of the non-standard vector-like doublet containing a new t. In figure 8
we show the branching rations for a light Higgs with m; = 120 GeV and for a decoupled
Higgs (mpy = 1000 GeV). All the other parameters are fixed to the benchmark values
in table 3.

For light ¢ masses, below the tZ and th thresholds, the decay is dominated by the Wb
channel, like for a fourth generation. However, after the th channel opens up, it quickly
saturates to a BR of 50%, while ¢Z more slowly replaces Wb for large masses. This shows
that the final states produced by the decays of the vector-like ¢’ are very different from the
ones typical of a fourth generation. The trend is similar in the case of a decoupled Higgs,
apart for the absence of the th channel.

5.2 Single production

The single production of ¢’ takes place via flavour violating interactions of the Z and W.
The W mediated channels are similar to the ones giving single top, however the mixing
angles depend on the mixing matrix in the left-handed sector and they are very suppressed.
Therefore, the production is dominated by the exchange, in t- and s-channel, of the Z boson
depicted in figure 9 where the grey blob represents the flavour violating coupling. Such
process is absent in the case of a fourth generation. The production cross-section is shown
on the left panel of figure 10 as a function of my for the benchmark parameters in table 3.
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Figure 9. Feynman diagram for the single production of ¢’ at LHC.

sinfr  (my,my ) o Branching Ratios of ¢/
(GeV) (th) tZ  th Wb
BP 1 0.3 (350, 120) 691 0.23 0.51 0.23

BP 2 0.3 (350, 1000) 691 0.50 - 0.49

BP 3 0.3 (500, 120) 254 0.36 0.50 0.10

BP 4 0.3 (500, 1000) 254 0.77 - 0.23
uZ  uh

BP 1-A 0 (350, 120) 436 0.13 0.87
BP 2-A 0 (500, 120) 223 0.06 0.93

Table 4. Benchmark points, production cross-section (o) and Branching ratios of ¢’ for the results
of LHC simulations.

The dominant contribution comes from the t-channel exchange of the Z with a valence up
quark in the initial state, therefore it is directly proportional to the mixing angle Vél. The
benchmark point we chose is characterised by a maximal Vél, therefore the values of the
cross-section in the figure are the maximal values in this model. On the right panel, we also
show the pair production cross-section as a function of my: one important difference is that
the single production cross-section decreases more slowly compared to the pair production
and, for masses above 450 GeV it dominates at 7TeV. In the following we will study in
detail the single production case, which seems more promising at 7 TeV, and leave the pair
production case for future investigation.

In table 4, we listed the values of the cross-section and branching ratios in a few
benchmark points that we will consider more in detail in the following. As the general
mixing structure is taken into account, decays to first and second generation quarks are
allowed and controlled by the mixing parameters. In the case sinfr = 0, points 1-A and
2-A, the mixing with the top vanishes, therefore the ¢’ can only decay into a light quark
plus Z/h. The decay into a W is suppressed by the light quark masses.

The production cross-sections and branching ratios have been evaluated with
CalcHEP [36] with CTEQ6l PDFs and the factorization scale set to be my (2my for
the pair production).

As shown in figure 8 the dominant decay mode of ¢ are ¢’ — th (for a light Higgs) and
t' — tZ. Therefore the possible signatures of single ¢’ production at LHC are:
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Figure 10. Production cross-section for a single pp — t’'j (left) and a pair pp — t'#' (right) of
heavy quarks as a function of my for the benchmark parameters in table 3. We consider various

energy options for the LHC.
1. pp — bjl* Br via the decay chains
t — t(— ) Z(— vi) — bl* B,
th— bW (= tv) — blF Br;
2. pp — b (E(T0*j Br via the decay chain

t— t(— b)) Z(— £T07);

3. pp — bbbj {* Er via the decay chain

t' — tH(— bl_)) — t(— bfl/)bl_) — bbb ¢ B

4. pp — b £*jjj Er via the decay chain
t' — t(— blv)Z(— jj).

In addition to these channels we have also considered a very interesting possibility when
sinfp = 0. This corresponds to no-mixing between ¢ and ¢’ and hence the decay channel

t' — tZ/h is closed and the dominant decay modes of t' are t — uZ/h.
In the following sections, we will discuss each of these signatures separately.

5.2.1 Framework of event generation and analysis
The setup used for signal and background event generation is the following:

e Signal events: the partonic level signal events were generated by CalcHEP 2.5.6 [36].
The partonic level events were then interfaced with PYTHIA 6.4.21 [37] via the LHE
(Les Houches Event) interface in order to include ISR/FSR and hadronization.
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e Background events: the tf background was simulated using PYTHIA 6.4.21. The
single top and Z + jets backgrounds were generated using ALPGEN 2.14 [38]. The
backgrounds for the signature bj¢*¢¥¢* Frwere generated using Madgraph [39].

We have used a modified version of ATLFAST [40] to reconstruct the jets and identify
the isolated particles. Finally the events were analyzed within ROOT framework. For our
analysis we have considered LHC with centre of mass energy of 7TeV and an integrated
luminosity of 10fb~!. In our analysis leptons are intended to be only electrons and muons

(L=cep).

5.2.2 Signature pp — t/(— t2)j — b jt* Er

This signature originates from two independent decay chains:

t — t(— V) Z(— vi) — bF Bp
' — bW (— tv) — bl* Br

The effective cross-section of this process is
o = o x [BR(t/ — tZ)Xx BR(Z — vv)x BR(t — bW)+BR(t' — bW) | x BR(W — (v)
~ o X [BR(t’ — tZ)x0.2x0.99+BR(t' — bW) | x0.2,, (5.1)

where o is the single production cross-section. This indicates that, despite of BR(t' — tZ)
being larger than BR(t' — bW) (refer to figure 8), the invisible branching ratio of the Z
suppresses the former contribution to the effective cross section. For light masses my <
500 GeV, the bjl* Ersignature is therefore dominated by the Wb decays.

As shown in figure 8 the above decay modes are the dominant ones for heavy Higgs
masses. Accordingly, to maximise the signal, we have estimated this signature using a
Higgs mass of mj; = 1000 GeV. For a light Higgs, the branching ratios (and therefore the
number of signal events) are approximately halved. One of the advantages of this process
is that there is only one b-jet to be tagged and large missing transverse energy (MET)
from the neutrinos could allow us to distinguish the signal from backgrounds.

In order to have an idea of the relevance of this channel at 7 TeV LHC we have perfomed
a simplified analysis. The pre-selection cuts we used are:

e Exactly one isolated lepton with transverse momentum pr > 15GeV and rapidity
In| < 2.5.

e Exactly one b-tagged jet with pr > 20GeV and || < 3. We assume a b-tagging
efficiency of 60%.

e Exactly one additional light jet with pr > 20 GeV and |n| < 5.

e Minimum MET threshold: Fr > 30 GeV.
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Figure 11. bj¢* Fr: event distributions with respect to the pr (left) and rapidity (right) of the
lepton at the LHC with centre of mass energy of 7 TeV and luminosity of 10fb~!.

The distributions after pre-selection cuts are shown in figures 11, 12, 13, 14 and 15. An
important feature of the distributions is that for signal events the pp of the light jet is
relatively smaller than of the b-jet. On the other hand, the rapidity of light jet tends to
be higher as compared to the b-jet. Another important feature is the distribution of the
invariant mass of the bottom quark and the lepton in figure 15: this quantity has been
used in the CMS search for pair production of fourth generation quarks decaying into Wb
to remove the top background [23]. In fact, for a b and lepton from a top leptonic decay,
we would expect the invariant mass to be smaller than the top quark mass. In figure 15 we
can see that the ¢¢ and single top backgrounds do indeed peak below myqp. For the signal,
there is also a peak below the top mass coming from the Zt decay modes, while the Wb
events leak above the top mass. A cut my > 170 GeV could therefore help reducing the
top backgrounds for small ¢’ masses, while for large ¢’ masses the decays are dominated by
the Zt mode which is severely removed by this cut. As it can be seen from figure 16, the
two decay chains t' — bW and t’ — tZ can also be distinguished from the pr of b-jet: the
chain ¢/ — bW typically gives larger pr to the b-jet. The MET distribution can also be
used for distinguishing the decay chains. The decay t' — bW typically shows larger MET
as compared to t’ — tZ.

In order to further improve the significance of our results we have imposed the following
secondary cuts:

e p) > 100GeV,
e my > 170 GeV,
e Fr > 100GeV.

The results of signal and backgrounds after the cuts mentioned above are shown in table 5
and in figure 15. The table shows that this mode is problematic at 7TeV LHC. The
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Figure 12. bj¢* Fr: event distributions with respect to the pr (left) and rapidity (right) of the
light jet at the LHC with centre of mass energy of 7TeV and luminosity of 10fb~1.
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Figure 13. bj¢* Fr: event distributions with respect to the pr (left) and rapidity (right) of the
b-jet at the LHC with centre of mass energy of 7 TeV and luminosity of 10fb~!.

reason is that the heavy vector-like quark masses explored here (up to 500 GeV) have a
typical signature which is too close to the SM single top signal. We expect that higher
mass vector-like quarks will be easier to disentangle from background because of a larger
pT of the b-jet and larger MET, however due to the smaller cross-section these may be
accessible only at higher centre of mass energy of higher luminosities at the LHC.

5.2.3 Signature pp — t/(— tZ)j — bHITIT § Erp

The trilepton channel is regarded as one one of the golden discovery channels because of the
low SM background and very low probability of faking it with jets. In our case, only one
tagged b-jet is required, hence it does not loose much on tagging efficiency. This signature
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Figure 14. bj(* Er: Fr (left) and Hr (right) distributions at the LHC with centre of mass energy
of 7TeV and luminosity of 10fb~1.
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Figure 15. bj/* Fp: Invariant mass distributions of the bottom b and lepton I at the LHC with
centre of mass energy of 7 TeV and luminosity of 10 fb~!.

is obtained from the leptonic decay of the Z boson: Z — £7/~. One can also associate the
whole MET as originating from the decay of ¢ and hence one can fully reconstruct the top
and t'. For the analysis we have used the following pre-selection cuts:

e Exactly three (two of same sign) isolated leptons with pp > 20 GeV and || < 2.5.

e Exactly one b-tagged jet with pr > 20GeV and |n| < 3. We assume a b-tagging
efficiency of 60%.

e One additional light jet with py > 20 GeV and |n| < 5.

Requiring three charged lepton with sufficiently high pr helps in reducing the £ background
where one of the lepton comes from the decay of the b-jet.
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Figure 16. bj¢* Er: Er (left) and pr of the b-jet (right) distributions at the LHC with centre of
mass energy of 7 TeV and luminosity of 10fb~!. The contributions of the Wb and Zt channels are

plotted separately.

Cut BP2 BP4 BP1
Pre-selection  238.9 69.4 144.8
S/\VS + B 120 0.35 0.73
P >100GeV 1379 526 98.6
S/\VS+ B 2.13 082 1.53
my, > 170GeV  117.7  31.7 -
S/VS+ B 2.59  0.71
Both previous  90.8  28.0 -
S/VS+ B 2.76  0.86
Er>100GeV 423 248 225
S/\VS+ B .32 078  0.71

BP 3

41.8
0.21
25.9
0.40

14.1
0.45

SM
39486

4053.6
1951.1

992.8

985.3

Table 5. bj/* Fr: Number of signal events after the cuts at the LHC with centre of mass energy

of 7TeV and luminosity of 10fb~1.

We can reconstruct the Z-boson in dileptonic decay. We have three leptons in the
final state and hence we can have two combinations of opposite sign dileptons. The correct

combination can be chosen by selecting the one that minimise the quantity:

X2 = (mz — mz+e—)2-

To further reduce the backgrounds we impose that the invariant mass of the opposite sign
dileptons should be close to mz. We have shown the opposite sign dilepton distribution
in figure 17. The results of signal and background events are given in table 6. Our results
show that it is indeed possible to probe ¢’ in this channel at 7 TeV LHC with a luminosity

of 10 b~ L.
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Figure 17. bj¢*¢T¢* Fr: Opposite sign dilepton invariant mass (my+,- ) distribution at the LHC
with centre of mass energy of 7 TeV and luminosity of 10fb~!. The correct combination of leptons
has been selected by minimising x? as defined in the text.

Cut BP2 BP4 BP1 BP3 SM

Pre-selection 14.4 8.8 6.5 4.2 207

|mpt- —myz| <5GeV 136 83 5.7 4 38
S/\VS+ B 33 24 1.8 084 -

Table 6. bj¢T(T¢* Fp: Number of signal events after the cuts at the LHC with centre of mass
energy of 7 TeV and luminosity of 10fb~!.

5.2.4 Signature pp — t/(— tH)j — bbb ji* Er

This signature requires the presence of three tagged b-jets. This makes the detection of this
signature challenging, especially at low energy and luminosities. The largest backgrounds
to this channel might come from ¢t production where one of the light jets is misidentified
with a b-jet.

The additional problem in this channel comes because of the presence of three b-jets
and hence, due to combinatorial background problems, it might be difficult to reconstruct
the Higgs boson.

5.2.5 Signature pp — t/(— t2)j — b jjil* Br

Although this channel will probably have the highest effective cross-section (when we take
BRs into account), one has to face the problem of the Z reconstruction. It would be possible
to reconstruct the Z invariant mass using Z — jj, however the reconstruction might not
be very good because of the presence of an additional light jet in the event which will give
rise to combinatorial backgrounds. Even if we were able to reconstruct Z, we may not be
able to reduce backgrounds with W — jj as this too occurrs around the Z mass and the
energy resolution with jets is typically not very good. Such backgrounds could possibly
come from tt and it would be quite challenging to reduce them.
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Figure 18. Single production cross-section (left) and branching ratios (right) of ¢ as a function of
my for sin @® = 0. The remaining parameters are fixed at the benchmark values in table 3.

5.2.6 Signature pp — t'(— jH)j — jjbb, in the case sin % = 0.

The single production of ¢ in association with light jet has also been considered in [43]
where they considered ¢’ decays to be:

t —W/Z+j

with j=u,d and argued that this is the most general scenario. Here we showed that these
modes are quite suppressed compared to decays into the third generation, due to the
tight bounds from precision flavour measurements that limit the size of the couplings to
light quarks.

The situation is different only for sin % = 0: in this case, the heavy top t’ decouples
from the top, therefore it can only decay into light quarks. An important difference is the
presence of the hj channel, that has not been considered in [43]. In our specific case, namely
a non-standard doublet, the decays mediated by the W to light quarks are suppressed by
the mass of the quark, therefore they are negligible. Furthermore, as we can see from
figure 18, the mode hj dominates with respect to Zj. The production cross sections are
very similar to the previous case under consideration, as it can be seen from figure 18.

In the rest of this section, we will focus on the decay mode

' —h+7j.
Considering the dominant decay of h — bb, we will get a signature of pp — t'j — jjbb. To
study the bbjj final state, we impose the following pre-selection cuts:
e Two light jets with pr > 20 GeV and |n| < 5.
e Two b-tagged jets with pr > 20 GeV and |n| < 3.

For this signature, we considered the background coming from Z and h + jets, with
the bosons decaying into a bb pair, that has been generated with ALPGEN. In figure 19
we plotted the pp distribution of the highest pr jet for signal and backgrounds. As can be
seen from this distribution one can reduce the backgrounds by using a hard cut on the pp
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Figure 19. bbjj: pr of the higest pr light jet at the LHC with centre of mass energy of 7 TeV and
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Figure 20. bbjj: my; and Hyp distributions at the LHC with centre of mass energy of 7 TeV and
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of the jet. In figure 20 we also plotted the invariant mass m,; and total transverse energy
Hyp distributions, where Hp is defined as the scalar sum of the transverse pp of the visible
particles (jets and b-jets in our case). We can therefore improve the significance of this

signature by imposing additional cuts:

# of events / 20 GeV

10*

~
U

~
U

10

0 100 200 300 400 500 600 700 800 900 1000

—— m, =350 GeV (x 50)

—— m, =500 GeV (x 50)

H; (GeV)

o Cut A: péw > 100 GeV. Hard cut on the pr of the highest pr jet.

o Cut B: |myp —my| < 25GeV.

e Cut C: Total transverse energy Hr > 300 GeV.

e Cut D: Total transverse energy Hp > 350 GeV.
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Cut BP 1-A BP 2-A SM
Pre-selection 350.1 206.4 74500

S/\V/S+ B 1.3 0.75 -
Cut A 278.4  193.8 11440
S/VS+ B 2.6 1.8 -
Cut B 166.9  128.2 4984
S/VS+ B 6.5 5.1 -
Cut C 151.6 1261  341.7
S/VS+ B 6.8 5.8 -
Cut D 106.4 1203 219.1
S/\V/S+ B 5.9 6.5 -

Table 7. bbjj: No of signal events after the cuts for LHC with CM energy of 7 TeV and Luminosity
of 10fb~1.

In table 7 we have shown the effects of the above cuts on signal and backgrounds. These
results show that the backgrounds can be reduced and a a good significance achieved on

the signal.

6 Conclusions

We have discussed in detail new vector-like quarks which can mix with the standard model
quarks without conflicting with current experimental limits. In particular we focused on a
non standard doublet that contains a top partner and an exotic quark with electric charge
5/3. This case is motivated from models of composite Higgs, where such fermions are the
lightest top partners, and from the less severe bounds from precision observables on the
general parameter space. In this paper, we discussed in detail the full flavour structure
of the model including mixing with the light generations, and we studied the bounds on
such mixing from flavour observables in the D meson sector and atomic parity violation
measurements. We also studied their suppressed loop contribution to the mixing in the
Kaon and B meson sectors, where large effects may appear especially in the CP violating
observables. While all other effects are smaller than the theoretical uncertainty on the form
factors, we found a potentially large effect on the phase of the By mixing amounting to a
correction up to £150% of the Standard Model phase. We also considered the new bounds
from the recent data at the LHC with a luminosity of up to 1fb~!: the bounds are lower
than the nominal ones due to the reduced branching ratio in the final states analysed by
the collaborations, therefore masses as low as 300 or 380 GeV are still allowed.

In the second part of the paper, we considered some LHC signatures of this scenario.
In particular, we focused on single production of the heavy top partner due to the flavour
violation couplings of the Z boson: this channel is dominated by up-quark initiated pro-
cesses. Notwithstanding the suppressed coupling, the cross section is enhanced by the large
PDF’s of the valence ups, and it can dominate over the pair production channel at large
masses, about ~ 400 GeV. We performed a detailed simulation of signals and backgrounds
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for a few benchmark points. For generic parameters, the preferred decay final states involve
W, Z and Higgs plus third generation quarks. The most promising channels contain at
least one lepton in the final state from the top or W decays. The main background for
these channels is given by events containing top quarks. We identified the most promising
final state as bj¢T¢F¢* Fr. For light t' masses, however, the top backgrounds have very
similar kinematic structure as the t' signal, therefore it is very hard to disentangle the
signal events and an integrated luminosity of 10fb~! at 7TeV of centre of mass energy
may not be enough for the discovery. The LHC with a higher centre of mass energy and
good luminosity can improve the situation, especially by accessing higher mass cases where
the distinction is possible if enough events are collected.

Finally, in the case of no mixing with the top quark, the ¢’ decays mostly into a light
Higgs plus a jet: this channel would generate the final state bbjj. By imposing cuts on the
invariant mass of the b-tagged jet pair and on the total transverse energy, it is possible to
reduce the backgrounds and discover this channel with luminosities below 10 fb—1.

Our exploration showed that the phenomenology of vector-like fermions can be very
rich, and many other channels, not considered here, deserve further detailed investigation.
Moreover, a generic model independent analysis of the parameter space, not biased by any
specific model, is crucial at this point of the LHC as it would allow us to fully exclude this
possibility or, in case of excesses in the data, it would offer hints on the kind of new physics
at the TeV scale.
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A Expansion of the CKM matrix

We give in the following a systematic expansion of the CKM matrix in our modified frame-
work, including the extra vector-like top partner. The mixing angles in the left-handed
sector are small, and we can safely assume that the main structure of the CKM matrix is
coming from the SM Yukawas, therefore Vo is very close to the measured CKM matrix.
A simple way to estimate the impact of the mixing in the left-handed sector is to use the hi-
erarchy in ‘N/CKM and the quark masses in terms of the Cabibbo angle A = sin 15 = 0.2252,
where 61 is the mixing angle between the first and second generation. It is well known that
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the SM CKM matrix is hierarchical: we will use here the Wolfenstein parameterisation [13]

1—A%/2 A AN(p—in) O(1) O\ O(\3)
Vo = -2 1—-X2/2 AN +ONYHY ~ | O\ 0O(1) O\
AN (1 — p—in) —AN? 1 O(\3) O(\%) 0(1)

The hierarchy in the quark masses can also be related to the Cabibbo angle, [ ~ O(\3)
and 7 ~ O(\7), therefore one can also determine a hierarchy in the matrix Vp:

O(1) O(A!) O(X)
Vi~ | O 0@1) 0o | (A1)
O(AT) O(X) 0(1)

Note that the powers of A\ only take into account the suppression coming from the quark
masses, and that additional suppressions will come from the small mixing with the vector
fermions, as discussed in section 3.7. Using the expansion in powers of A, we can order the
contributions to the elements of Vog s = VLJr - Vg pr- Moreover, we will explicitly indicate
the phases of the new Yukawas x1 and x5 to make clear where the new phases enter while
the SM phase is hidden in the standard CKM elements V,/

Vétienr = VualA) + POV V[N + e VP Vi [A']
Vétionr = Vus[N] + e OOIVEHV ] 4 e VR Vi [N
Vétkr = Va[N] + e VE Vi [A] + e VE [V [AT],

Vs = VealA?) = =0 M|VIZ(V, 4[] + €52 V|V
Vi = Ves [)‘O] + (= 'eil(@iﬁl)’VLu‘Vus + e ’ng‘WS)P‘ﬂ ) (A.2)
Vhenr = V[N + e P2 |V Vi [A3] — e { BB V12|V, [AT]

Vil = VIVl — €% [V Ve M] — 6 [V V[V,
Ve = VEVlN?] = eV Ve V] — €2 VPV 0]
Vihn = VIValA] — e[V VW] — e [V [Vig[N9);

in square brackets we give the power counting in A for each term. Analogously, one can
calculate the couplings of ¢’ to the W (taking into account that V4 ~ O(\7), VA ~ O(\?)
and V31 ~ O(1)):

Véienr = Vi ViaN] 4 €% |VE Vg [\] + €0 [V Vi AT,

Ve = VEVis 2] 2 VE Ve [7] €0 V{11V (A.3)
VEbag = VAVA] 4 €% V2 Vi W] 4 €% V4]V V1]

B Notation for the meson mixing

The K — K9 mixing can be calculated in our model with an extra non-standard doublet
by a simple generalisation of the usual formulas, by including the effect of the ¢’ quark
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as shown in figure 2. The effective Hamiltonian describing K — K° mixing is a simple

extension of the standard one and it is given by

GF «

et = €€ B, 25) (57, Prd)[5v" Prd B.1
! \/247TSin20Wichtt/nj§§ (zi,2;) (87, Prd|[s7" Prd] (B.1)
with
E( ) [ 3 n log x; . 22
TiyTj) = ;L5 |— o
j U410 —2)(1 - z;)  (zi— ) (1 — x;)? 4

log x;

(2 — i) (1 — 2)? (1 B! )] (B.2)

for i # j. For ¢ = j the Inami-Lim function E(z;, ;) becomes

_l’_

T; 11z;  z2  3z2logx;
Ex: 1) — _ r_ T B.3
@)= 2 1= T = R (B3)
where 7;; are QCD corrections to the Inami-Lim functions, &' = é“}( MVC*’;(dM and x; =

mf / m%V; VCJr xu Yok v leads to the quadrangle condition £ + ¢+ 4 §t/ = 0. We checked
these formulas by calculating the loop box diagrams in Feynman-'t Hooft gauge: in the
mass eigenstate basis, the couplings of the W bosons are given in eq. (2.23).

The hadronic matrix element entering the K%K mixing is

. 2
(K°| [syuPrd)[sy" Prd) | K°) = 3f?<BKm§< (B.4)

where fx ~ 160 MeV is the Kaon decay constant, its mass is myx = 497.614 + 0.024 MeV

and By = 0.725 + 0.026 is the bag parameter. In the non-SM doublet model, the mixing

matrix element Mi5 becomes
1

—o, 1
My = K" K% = fiB
12 2mK< | Hett |K7) =, ficBremuc

Gr « o
V2 4msin? Oy Y 0Bz x;). (BS)

i, j=c,t,t’

Here we are interested in two CP violating quantities: the mass difference Ampg be-
tween the two mass eigenstates Ky g, and the direct CP violation parameter ey, defined

in terms of the matrix element as

AmK = MK, —MKg = 2’M12’ ~ 2R6M12, (B.G)
ei7r/4

€x ImMis. B.7

K= VeAmg . (B.7)

With the non-SM doublet we consider, Amg is given by

G 2 o
S D R 9

i,j=c,t,t’

Amg
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the & can be expressed as (where we show the ordering in powers of \)

5 ~ VesVealV?] = e B Va2 Ve ViGN,
‘VL3‘ Vis Vi [A%] — VL33‘VL23|(efwz‘/tsvcz_i_ei@vcs ) ] +‘VL23‘ Vo VAT,
Yo [V Vi ViV + eV VR Ve Vi X+ eV V2 Vi V).

The formulas in this section can be easily generalised to the case of By and By mixing:
it is enough to replace the s quark with a b and the d quark with a s or d respectively. The
relevant CKM entries in the two cases will be

*,18 *,1d
& = V&V and & = V¥m Vi (B.9)

with 1 = u, ¢, t,t.
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