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The top flavour-changing neutral couplings can be large in extended
models with vector-like quarks. In the next decade(s) the CERN Large
Hadron Collider will allow to measure (bound) them with a precision of
few per cent.
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1. Introduction

The mixing among light quarks u,d, s, c, b is precisely measured and in
agreement with the Standard Model (SM) [1]. In contrast the gauge cou-
plings of the top quark are poorly known experimentally. However, its mix-
ing is strongly constrained in the SM. In particular, the Glashow—Iliopoulos—
Maiani (GIM) mechanism [2]| forbids all tree-level flavour-changing neutral
currents. On the other hand the top mixing can be large in simple SM ex-
tensions. It is then important to measure (bound) it because any positive

signal will stand for new physics.

The top flavour-changing neutral couplings (FCNC) with a light quark
q = u,c and a Z boson, a photon A or a gluon G are conveniently paramet-
rized by the Lagrangian [3]

£ = L iy (xEPL+ XEPR) g2,
QCW

g (1 .(2_ )"

_—QCWt (fctq — ik, 75) —mt qZ,
o

—et ()\E;) _ i)‘l(fz)')/s) 10" qy gA,

- . " q,
—gst (Ct(;) - ZCt(q?)’ys) thT“qGZ +h.c., (1)
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where P, r = 13’;75 and T® are the Gell-Mann matrices normalized to fulfil

Tr(TeT?) = %. These vertices are constrained by the data collected at the
Fermilab Tevatron [4]

Xig = \JIXL12 4+ | XE12 <0.84,

Kig = 1/ |/<;§;)|2 + |/<;1(t§)|2 <0.78,
Mg = \IMG 2+ A2 < 0.26,
Gq = VI 2 HICDR <015 (2)

At this point one can make three obvious questions:

e How large can these couplings be when all experimental data are taken
into account?

e Do simple models exist saturating the resulting limits?
e How precisely will future colliders measure these vertices?

We will address these three questions in turn. First we review the limits
on the mixing between light and heavy quarks in Section 2, paying special
attention to the ¢ couplings. Then in Section 3 we argue that the top mixing
can be large in the simplest SM extensions with vector-like quarks. Finally
we discuss the precision with which these couplings will be measured at
future hadron colliders in Section 4. Section 5 is devoted to conclusions. For
an extended analysis see Ref. [5].

2. Experimental limits on quark mixing

Eq. (1) is a piece of a general effective Lagrangian of which the SM is
the lowest order part [3]. All terms in £ result from dimension six operators
after spontaneous symmetry breaking. But it can be argued that having
different origin the size of their coupling constants can be quite different.
The v* terms are dimension four and we expect them to be larger than the
o terms which are dimension five. This is what happens in the models
we study in next section. However, when dealing with future limits at large
colliders in Section 4, we must investigate all possible scenarios and then
allow for arbitrary ¥ couplings within existing experimental bounds. In the
rest of this section we discuss the limits on dimension four (renormalizable)
couplings. We include charged currents because as in the SM, charged (Ly)
and neutral (Lz) currents are related in SM extensions with vector-like
fermions.
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2.1. Direct limits
The W couplings Vg in

g _ I +
ﬁQLqu"YMQLWM + h.c., (3)

where the sum over ¢ and ¢’ is understood, are consistent with a 3 x 3 unitary
Cabbibo-Kobayashi-Maskawa [6] (CKM) matrix [7],

Lw

[Via| = 0.9740 £ 0.0010,  |Vis| = 0.2196 & 0.0023,  |V| = 0.0033 = 0.0008,
[Vea| = 022440016, |V, = 1.04 + 0.16, V5] = 0.0395 + 0.0017.

(4)
While the Z couplings cI;é,R in

9 )
Lz= g~ (quegyy™at, + arcpy Y aR) Zy ()

where c%q’R are equal to Xt]:I’R in Eq. (1), are diagonal and universal within
experimental errors [7-9],

et < 1.2 x 1073, (6)
e <41 x107%, el <11 %1073, [e® <1.9x 1073,

k., = 0.656 £ 0.032, c]gc = 0.690 = 0.013,

uu

cf}u —0.358 £ 0.026, = —0.321 £ 0.019,

cdd = —0.880 % 0.022, cb,, = —0.840 % 0.005, 9
el = —0.0540006, oy =0.194 £0.018.

The diagonal v and d couplings are measured in atomic parity violation and
in the SLAC polarized-electron experiments and the ¢ and b couplings result
from a fit to precise electroweak data at the Z peak [10]. The sign of the
right-handed (RH) couplings is fixed by the corresponding off-peak asym-
metries. On the other hand the s couplings are less precisely measured but
also consistent with the SM fermion assignments. The off-diagonal couplings
in Eq. (6) vanish in the SM as a consequence of the GIM mechanism [2].
Whereas the diagonal couplings in Eq. (7) are a function of a unique angle

it =2 (T = Qusin® oy ) (8)
where T;;’R and @), are the quark isospin and electric charge and 6y the

electroweak mixing angle. All data in Eqgs. (4),(6),(7) agree with the SM
within experimental errors, but what do we know about the top quark?
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At Fermilab Tevatron it has been established that [11]

|Vip|?
[Vid)? + [Vis|? + | Vi |?

=0.99 +0.29, (9)

however, although consistent with the unitarity of the 3 x 3 CKM matrix,
this ratio tells little about it. On the other hand (Eq. (2))

b = [X5R) < 0.84, (10)

if ¢ mainly decays as in the SM. LEP2 data give a similar limit [12]. Thus,
the direct bounds on top mixing, Egs. (9),(10), are somewhat weak, leaving
room for large new effects near the electroweak scale.

2.2. Indirect limits

One must also wonder about indirect constraints on quark mixing, al-
though they are model dependent. Let us revise the estimates discussed in
Ref. [13] for illustration. Assuming only one non-zero FCNC cf, in Eq. (5)
and integrating the heavy top quark the following effective Lagrangian for
the left-handed (LH) down quarks is generated:

Eeff _ g m_% 1 1 A_Q(V*CLW+V*CLV) qL"}/MqL'Z +hC (11)
ey v2 1672 2 e T Tl ne ) AR v T

where A is a cut-off integral and v the electroweak vacuum expectation value
~ 250 GeV. Then bounds on ¢}, can be derived comparing with neutral me-
son mass differences and rare decays. However, although with a minimal set
of assumptions, this calculation is too rough and the corresponding indirect
constraints too stringent. Whatever new physics is beyond the SM is unlikely
that the net effect is only one non-zero FCNC. In general there will be more
heavy degrees of freedom which after integrating them out will generate new
effective contributions cancelling partially £4f in Eq. (11). This is the case,
for instance, in the simplest SM extension with a new quark isosinglet T' of
charge % As discussed in next Section the VCE-CI;tVti + Vi thch coupling in

Eq. (11) must be replaced (up to diagonal terms) by V; X 5Vpi, where a, 8

run over all quarks of charge 2 5 and XL =ch. As X! af = VamVB"m, where
m = d, s,b is summed up, then

V* 5V,Bz = V;jVamvngBi = 5jm5mz = 5]1 ) (12)

implying no FCNC in the down sector if the up quarks are degenerate.
When the actual couplings and masses are introduced, the cancellation is
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not complete. If T is very heavy, it decouples and ¢ does not have large
FCNC.

The constraints on RH FCNC appear to be weaker due to the absence
of RH charged currents in the SM. Still similar comments apply. If only one
RH coupling cf} in Eq. (5) does not vanish, the p parameter through the Z
boson self-energy bounds its size. Again in definite models this restriction
is smoothed. If the SM is extended with a new heavy quark isodoublet

2
< g ) of charges < 3 ), the T' and B contributions to the p parameter
B}

cancel if the quarks are degenerate. If the top mixing is non-negligible the
cancellation is not complete.

In summary, indirect constraints restricc FCNC but their application
must be done in a model dependent basis. In fact in the two SM extensions
just mentioned the top FCNC can be large but without saturating the direct
bounds in Eq. (10). For example [9]:

ek | = | X[ <0.082, for an extra quark isosinglet T,

|eR| = | X <0.16, for an extra quark isodoublet < g ) . (13)

The mixing with the u quark can be almost as large as with the ¢ quark but
the top can not have a large mixing with both at the same time. Otherwise,
it would be also a large coupling between u and ¢, what is experimentally
excluded (Eq. (6)).

3. Simple SM extensions with large top mixing

Let us discuss in more detail the two simplest SM extensions with vector-
like quarks allowing for a large top mixing with the up or charm quark.

3.1. One extra isosinglet

The charged and neutral current terms in the Lagrangian read (in the
current eigenstate basis)

_ 9 -0 0 117+
Ly = _QﬁuLi’YudLiWu +he. (14)
and g
Ly = 2w (@i ut; — digydy; — 285 Tgar) Zu s (15)

respectively. ¢ = 1,2,3 are the three standard families. Diagonalizing the
fermion mass matrices, the current eigenstates can be written as linear com-
binations of the mass eigenstates

uwd, = Ulup,, d2; = U;j.LdLj . (16)
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Greek (Latin) indices always run from 1 to 4 (3). Then

Ly = —Q%aLanﬂdLiW; +hec. (17)

and
Ly = 2cg (uLaXaﬁ'y uLg — dLﬁ di; — 2$WJEM) Zy s (18)

with
Voj = Ui Ur (19)

and
X4 = Ut Usnis = Vam Vi = 6ag — UpsaULSy (20)

as announced in Section 2 and used in Eq. (12). (Note that we have
introduced a superscript to distinguish up, w, and down, d, mixing ma-
trices. We omit it when the indices specify the quark flavour, as for in-
stance in Eq. (1).) This type of models have been studied by many authors
[8,9,14]. The important point here is: how large can the top mixing be?

U“L parametrizes the departure from the SM. The constraints on V,, and
f;qR :i:Xqu’,R — 20,4 Qqsin’ Oy (where the +(—) sign is for the up (down)
quarks) from present data (Eqs. (4),(6),(7)) translate into (s(),¢() stand

for sinus and cosinus of the corresponding mixing angle)
ULt = (0 ss' s’ ¢, (21)

where the up entry is much smaller to maximize the top mixing with the
charm quark X[: = —s2s'¢’ in Eq. (20), obtaining |X}| < 0.082 [9].
we want to maximize the top mixing with the up quark, the réle of the
charm and the up is reversed in Eq. (21), and |X};| < 0.047. The indirect
constraints are also fulfilled.

3.2. One extra isodoublet
In this model there are RH charged currents and RH FCNC which can
0

be large. With an extra quark isodoublet EO the charged and neutral
current terms in the Lagrangian read (u?,(d?,) corresponds to T (BY))
Ly = (@ " df o + Ty BY) WJ + h.c. (22)
2\/_
and
g _ _
Ly = _—( u%a’yuu%a + Tlg’y#Tlg - nga’y“d%a

2cw
—BRy"BY, — 255,050, ) Zy, (23)
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in the current eigenstate basis, and

Lw = 2\/_ (uLa aﬂ’Y Hdyg + uRaVaﬂfy ng) VV”L + h.c. (24)
and
L; = 2cg (GraY"ura +URaXa5’Y uLg — draY'dia
—dra X 357" drg — 253 Jins ) Zus (25)
in the mass eigenstate one. The generalized CKM matrices are written
Vg = Up Uy, Vb = UgsUgo, (26)
and the neutral couphngs
UUR*UTOB’ Xg UdR*U i (27)

where the unitary matrices U™(R) diagonalize the quark mass matrices. A
similar analysis as for the isosinglet gives

UM = (0 s ¢ 0), Ugﬁa:(Oso 1—52), (28)

with X = sc and |[Xf}| < 0.16 [9]. On the other hand the measured
value of b — s implies |e| < 0.001. If the top mixing with the up quark is
maximized, | X7y| < 0.14, fulfilling also the indirect constraints.

Once we have shown that the mixing between the top and the up or
charm quark can be large, we would also like to know how well can it be
measured.

4. Determination of top mixing at large hadron colliders

The lifetime of the top is too short and then, in contrast with the light
quark flavours, its mixing can not be precisely measured studying its bound
states. Thus, the precision with which the top properties will be known
will depend on the ability to measure them at large colliders. The available
top factories during the next decade will be Tevatron and the Large Hadron
Collider (LHC) at CERN. Let us discuss in the following how the anomalous
top couplings can be measured at these hadron machines.

Non-dominant contributions from diagonal top vertices will be difficult
to disentangle, not so the non-diagonal ones which can manifest in new pro-
duction and decay processes. The analysis depends on the energy and lumi-
nosity. The variation of the parton distributions when the energy increases
modifies their flux and then the relevance of the processes to be consid-
ered. On the other hand their relative statistical significance can change
with the luminosity of the collider. Unless otherwise stated, our results will
correspond to LHC which will also provide the highest precision.
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4.1. Production processes

The strong FCNC in Eq. (1) can produce a single top (Fig. 1) [15] or
a single top plus a jet (Fig. 2) [16]. These are the two lowest order strong
anomalous processes and must then allow for the best determination of the
new strong vertices. In the second case collisions with initial quarks (or
with a gluon and a quark) must be also summed up. At LHC, however, the
probability of colliding two gluons is almost an order of magnitude higher
than that of two quarks. These vertices can also produce events with a
single top plus a Z boson or a photon (Fig. 3) [17]. In Table I we gather
the bounds on the strong anomalous couplings derived from these processes
if no signal is observed. These limits give also an indication of the precision
which can be reached in each case.

9

q

Fig. 1. Strong anomalous production of single top at hadron colliders.

g t 9 ¢ g t
=+ q =+ q
g
g q 9 q 9 q

Fig. 2. Strong anomalous production of single top plus a jet at hadron colliders.

The lowest order process involving the weak and electromagnetic FCNC
in Eq. (1) is Vit production, V' = Z,+, but in this case with a standard
(anomalous) strong (electroweak) vertex (Fig. 4) [17]. The top and the Z
boson both decay before detection. Then we must specify their decay modes
to define the sample we are interested in. The most significant Z¢ (+yt) chan-
nel is [T17lvb (ylvb), | = e,u, because although it has a small branching
ratio 1.5% (21.8%), it has also a small background ZW; (yWj). In Table IT
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q Vv q 14

Fig. 3. Strong anomalous production of single top plus a Z boson or a photon at
hadron colliders.

TABLE 1

Reachable bounds on the strong anomalous couplings (Egs. (1),(2)) at LHC with
an integrated luminosity of 10 fb—'. The first two lines are divided by v/2 to correct
for the use of a different statistics.

Ctu th
pp =t — lwb 7x107*  2x1073
pp — tj — lvbj 1.5x107% 3x107?
pp = Zt = 1T~ lvb 7x107%  1.5x 1072
pp — vt — ylvb 3x 1073 7x1073

we collect the corresponding bounds if no signal is observed. At Tevatron
vvj4b is more significant because in this case the expected number of events
is smaller and this channel has a larger branching ratio 13.6% and the back-
grounds Zjjj, Wt, tt are not very large.

Let us see now in an example, pp — Zt — IT1~Ivb, how these limits are
derived [17]. To estimate the corresponding number of events we calculate
the exact 2 — 5 (9g¢ — Zt — [T17Ilvb) squared amplitude and use it to
generate the events with the correct distribution. Afterwards we smear

q |4 q v

Fig. 4. Electroweak anomalous production of single top plus a Z boson or a photon
at hadron colliders.
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the lepton and jet energies and apply the trigger and detector cuts to the
resulting sample to mimic the experimental set up. b-tagging is also required.
Then we reconstruct the Z — {71~ and ¢ — [vb invariant masses M°“ and
m} e, respectively (see Fig. 5), and apply the kinematical cuts on mj°, p%
(the Z tranverse momentum) and Hp (the total transverse energy). In this
case signal and background have the same M7 distribution and we do not
gain anything cutting on this variable. The number of selected events is
given in Table III. Finally we use the adequate statistics [19] to derive the
expected bounds if no signal is observed.

, 0.15
— Zt(y) — 2ty

L ——-Zt(o,) | ——- Zt(o,)
03 W
wi " W
S
3 [
8 02 o
w S
g g
° °

0.1

[ I
0 100 200 300 400

m (Gev) B (Gev)
0.2 T
— Zt(y)
——- Zt(o,)
- ZWj
0.15 -
>
(]
o
P
S 01
g
o
0.05 -

Fig. 5. Reconstructed top mass mi®®, Z transverse momentum pZ and total trans-
verse energy Hyp distributions before kinematical cuts for the gu — 71~ 1vb signals
and background at LHC with an integrated luminosity of 10 fb=t. ~4* and o
stand for the corresponding non-zero anomalous vertex (Egs. (1),(2)). In this
simulation we take Xy, = 0.02 and k¢, = 0.02 for easy comparison.
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TABLE II

Most stringent bounds on the electroweak anomalous couplings (Egs. (1),(2)) at
LHC with an integrated luminosity of 10 fb=!.

Xty Xie Rtu Ktc Atu Ate
pp— Zt— It lwb | 0022 0045  0.014 0.034
pp = vt = ylvd 0.005 0.013
TABLE III

Number of IT1~Ivb events before and after kinematical cuts (150 GeV < mj*¢ <
200 GeV and 200 GeV < Hr) for the Zt — IT1~Ivb signals and backgrounds at LHC
with an integrated luminosity of 10 fb~!. 4# and ¢*¥ stand for the corresponding
non-zero anomalous vertex (Egs. (1),(2)). In this simulation we take X;, = 0.02
and k¢, = 0.02 for easy comparison.

no cuts with cuts
gu — Zt (v*) 5.0 4.8
gc — Zt (yH) 1.1 1.1
gu — Zt (oM") 11.1 10.9
gc— Zt (oM”) 2.0 1.9
ZWq 4.9 1.4
ZWqq 5.5 1.4
ZWg 47 1.1

4.2. Decay processes

Up to now we have assumed that the top decays as in the SM (diagram
(a) in Fig. 6), considering only the anomalous couplings in the production
process. This is a good approximation because ¢ decays predominantly into
Wb. However, the large number of ¢t pairs produced at future hadron ma-
chines (two gluon collisions (Fig. 7) stand for 90% of the total cross sec-
tion and two quark collisions for the 10%) allows also to derive competitive

bounds on top mixing if no anomalous ¢ decay is observed (diagram (b) in
Fig. 6) [13,18].
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w v

(a) (b)

Fig.6. Standard (a) and anomalous (b) top decay.

g L

R

Fig.7. gg — tt production.

5. Conclusions

We have reviewed present direct and indirect limits on top mixing, em-
phasizing that this can be large in simple SM extensions with vector-like
quarks. Future hadron colliders will reduce these bounds to the per cent
level if no anomalous signal is observed. eTe™ colliders will also set compa-
rable limits searching for eTe~ — tg (Fig. 8) and anomalous top decays [20].

€ q

e t

Fig. 8. Electroweak anomalous production of single top plus a jet at eTe™ colliders.
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