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Top flavour-changing neutral interactions with a light quark q = u, c
and a gauge or Higgs boson are very suppressed within the Standard Model
(SM), but can reach observable levels in many of its extensions. We review
the possible size of the effective vertices Ztq, γtq, gtq and Htq in several
SM extensions, and discuss the processes in which these interactions might
show up at LHC and at a high energy e+e− linear collider.
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1. Introduction

The next generation of high energy colliders planned or under construc-
tion will test the Standard Model (SM) with high precision and will explore
higher energies in the search of new physics. New physics may manifest itself
in two ways: through direct signals involving the production of new particles
or by departures from the SM predictions for the known particles. Direct
signals are crucial in order to establish the type of new physics present in na-
ture but indirect effects are important as well, and in some cases they could
give evidence of physics beyond the SM before new particles are discovered.

The top quark plays a key role in the quest for deviations from SM
predictions for two reasons: (i) due to its large mass, radiative corrections
involving new particles are often more important than for lighter fermions;
(ii) its large mass suggests that it might have a special role in electroweak
symmetry breaking. Top quarks will be copiously produced at LHC and, to
a lesser extent, at a high energy e+e− collider like TESLA. With such large
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samples, precise measurements of its couplings will be available to test SM
predictions [1, 2]. Here we study flavour-changing neutral (FCN) couplings
involving the top quark. The most general effective Lagrangian describing
its interactions with a light quark q = u, c and a gauge or Higgs boson,
containing terms up to dimension 5, can be written as

−Leff =
g

2cW

Xqt q̄γµ(xL
qtPL + xR

qtPR)tZµ +
g

2cW

κqt q̄(κv
qt + κa

qtγ5)
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mt

tZµ
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qtγ5)
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T aqGaµ
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√

2
gqt q̄(gv

qt + ga
qtγ5)tH + H.c. , (1)

where qν = (pt − pq)
ν is the boson momentum and q̄, t are shorthands for

the quark fields ū(pq) and u(pt), respectively. The couplings are constants
corresponding to the first terms in the expansion in momenta, normalised to
|xL

qt|2 + |xR
qt|2 = 1, |κv

qt|2 + |κa
qt|2 = 1, etc., with Xqt, κqt, λqt, ζqt and gqt real

and positive. In principle there are additional terms that could be included
in this effective Lagrangian, for instance proportional to σµν(pt + pq)

νZµ.
However, in the processes discussed the top quark can be considered on its
mass shell to a very good approximation and the gauge bosons are either on
their mass shell or coupling to light fermions. Hence, these extra interactions
can be rewritten in terms of the ones in Eq. (1) using Gordon identities.

Within the SM, the γµ couplings xL,R
qt vanish at the tree level by the

GIM mechanism, and non-renormalisable σµν terms do not appear in the
Lagrangian. Both types of vertices are generated at one loop level but,
as will be shown in Section 2, they are strongly suppressed by the GIM
mechanism, making FCN top interactions very small. In models beyond the
SM this GIM suppression can be relaxed, and one-loop diagrams mediated
by new bosons may also contribute, yielding effective couplings orders of
magnitude larger than those of the SM. The possible size of top FCN vertices
in several SM extensions will be summarised in Section 3. These interactions
lead to various top decay and single top production processes which will be
discussed in Section 4. The observation of such processes, extremely rare
in the SM, would provide a clear indirect signal of new physics, although
the presence of SM backgrounds must be considered. In specific models, the
presence of these interactions may be correlated with other effects at high
or low energies. One example of such correlation will be shown in Section 5.

We note that in the literature there are numerous alternative normal-
isations of the coupling constants in Leff . For this reason, we express
our limits on the couplings in terms of top decay branching ratios. We
use mt = 178.0 ± 4.3 GeV [3], α(mt) = 1/128.921, s2

W (mt) = 0.2342,
αs(mt) = 0.108 and assume mH = 115 GeV. The tree-level prediction for
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the leading decay mode t → bW+ is

Γ (t → bW+) =
α
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which yields Γ (t → bW+) = 1.61 GeV. We take this value as the total top
width Γt. The partial widths for FCN decays are given by
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The corresponding branching ratios are then

BR(t → qZ)γ = 0.472 X2
qt ,

BR(t → qZ)σ = 0.367 κ2
qt ,

BR(t → qγ) = 0.428 λ2
qt ,

BR(t → qg) = 7.93 ζ2
qt ,

BR(t → qH) = 3.88 × 10−2 g2
qt . (4)

2. Top FCN interactions in the SM

One-loop induced FCN couplings involving the top quark have a strong
GIM suppression, resulting in negligible branching ratios for top FCN de-
cays [4, 5]. We show how this cancellation mechanism operates taking as
example the γtc vertex. The SM diagrams contributing at one loop level
are depicted in Fig. 1, with di = d, s, b. We omit the diagrams involving
unphysical scalars, which can be obtained replacing the W boson lines by
charged scalars.



2698 J.A. Aguilar-Saavedra

t c

di

W

γ

t c

W

di

γ

Fig. 1. SM diagrams contributing to the tcγ vertex. The additional diagrams

involving unphysical scalars are not displayed.

If we define Vγ ≡ eλqtλ
v
qt/mt, Aγ ≡ eλqtλ

a
qt/mt, we can write these form

factors as

Vγ =

3
∑

i=1

fγV (m2
i /M

2
W )VciV

∗
ti ,

Aγ =

3
∑
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fγA(m2
i /M

2
W )VciV

∗
ti , (5)

with fγV (x) ≃ fγA(x) (equal in the limit mc = 0) and V the Cabibbo–
Kobayashi–Maskawa (CKM) matrix. The function fγV is shown in Fig. 2(a).
Using the fact that md,s ≃ 0 to an excellent approximation, the 3× 3 CKM
unitarity relation VcdV

∗
td + VcsV

∗
ts + VcbV

∗
tb = 0 implies

Vγ =
[

fγV (m2
b/M

2
W ) − fγV (0)

]

VcbV
∗
tb ≡ f ′

γV (m2
b/M

2
W )VcbV

∗
tb . (6)

Hence, the form factor is controlled by the shifted function f ′
γV , plotted in

Fig. 2(b). We observe that the consequence of 3 × 3 CKM unitarity is to
cancel the constant term fγV (0) ≃ −5.1 × 10−6 − 6.0 × 10−6i, common to
the three d, s, b contributions, leaving Vγ proportional to the much smaller
function f ′

γV (m2
b/M

2
W ) ≃ f ′

γV (0.0012) ≃ −9.1 × 10−9 − 4.7 × 10−9i.
This cancellation makes the form factors rather sensitive to the value of

the b quark mass in the internal propagators. The most adequate choice is
the running MS mass evaluated at a scale O(mt). With mb(mt) = 2.74±0.17
GeV, the SM prediction for t → cγ is [6]

BR(t → cγ) = (4.6 +1.2
−1.0 ± 0.2 ± 0.4 +1.6

−0.5) × 10−14 . (7)

The first and second uncertainties quoted come from the bottom and top
masses, respectively, the third from CKM matrix elements and the fourth
is estimated varying the renormalisation scale between MZ (plus sign) and
1.5mt (minus sign). The analogous calculation of t → cg yields

BR(t → cg) = (4.6 +1.1
−0.9 ± 0.2 ± 0.4 +2.1

−0.7) × 10−12 . (8)
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Fig. 2. Loop functions fγV (m2
i /M

2
W ) and f ′

γV (m2
i /M

2
W ).

These updated results are one order of magnitude smaller than the values
previously obtained in Ref. [4]. For t → cZ, t → cH the results of Refs. [4,5]
must be rescaled by a factor [mb(mt)/(5 GeV)]4 ≃ 0.09 (the loop functions
are approximately linear for m2

b/M
2
W ≪ 1), obtaining

BR(t → cZ) ≃ 1 × 10−14 ,

BR(t → cH) ≃ 3 × 10−15 . (9)

The relative uncertainties on these values are expected to be similar to the
ones in Eqs. (7), (8). For decays t → uZ, t → uγ, t → ug, t → uH
the branching ratios are a factor |Vub/Vcb|2 ≃ 0.0079 smaller to the ones
corresponding to a c quark, as can be seen from Eq. (6). The difference
between the u and c masses is irrelevant.

3. Top FCN interactions beyond the SM

New physics contributions to the effective Lagrangian in Eq. (1) can
enhance the rates of top FCN decays several orders of magnitude, giving
observable branching ratios in some regions of parameter space. Here we
examine the situation in the context of models with extra quark singlets,
with an extra Higgs doublet and in supersymmetric extensions of the SM.

In models with extra quarks the 3× 3 CKM matrix is no longer unitary
and the GIM mechanism acting to suppress the SM amplitudes is relaxed.
When the new quarks are SU(2)L singlets with charge Q = 2/3, the couplings
of the Z boson to up-type quarks are not diagonal. Taking a conservative
value for the mass of the new quark, mT ≥ 300 GeV, present experimental
data allow

Xqt ≃ 0.015 (|xL
qt| = 1 , xR

qt = 0) (10)
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at the tree level [7]. Such couplings are possible both for up and charm
quarks, but not simultaneously. In these models there also exist tree-level
FCN scalar interactions, given by

gqt ≃
mt

MW
Xqt (gv

qt = ga
qt) . (11)

The branching ratios for top decays mediated by these vertices are BR(t →
qZ) ≃ 1.1 × 10−4, BR(t → qH) ≃ 4.1 × 10−5, respectively. The decay
rates for t → qγ, t → qg are also enhanced due to the partial breaking
of 3 × 3 CKM unitarity and the presence of extra Feynman diagrams like
those in Fig. 1(a) but with an u or t internal quark and a Z boson. The
rates obtained are BR(t → qγ) ≃ 7.5 × 10−9, BR(t → qg) ≃ 1.5 × 10−7

for Xqt ≃ 0.015. In models with Q = −1/3 singlets the branching ratios
are much smaller [6] since CKM unitarity breaking is very constrained by
experimental data. In SM extensions with SU(2)L doublets there may also
exist right-handed tree-level FCN couplings Xqt [8].

FCN interactions with scalars are also present at the tree level in two
Higgs doublet models (2HDMs), unless a discrete symmetry is imposed to
forbid them. The couplings are often assumed to scale with quark masses [9],

gqt ≃
√

mqmt

MW
(12)

up to a factor of order unity, i.e. gct ≃ 0.20, gut ≃ 0.012, leading to BR(t →
cH) ≃ 1.5 × 10−3, BR(t → uH) ≃ 5.5 × 10−6, respectively. The new scalar
fields also give radiative contributions to the Ztq, γtq and gtq vertices, with
diagrams analogous to those in Fig. 1, replacing the W boson by a charged
scalar, and additional diagrams with an up-type internal quark and a neutral
scalar. The resulting branching ratios can be up to BR(t → cZ) ∼ 10−7,
BR(t → cγ) ∼ 10−6, BR(t → cg) ∼ 10−4 [10, 11], with smaller values for
decays to an up quark. In 2HDMs without tree-level scalar FCN couplings,
charged and neutral Higgs contributions to Leff can still increase significantly
the rates for top FCN decays with respect to the SM predictions. The
maximum values reached are of the order BR(t → cZ) ∼ 10−10, BR(t →
cγ) ∼ 10−9, BR(t → cg) ∼ 10−8, BR(t → cH) ∼ 10−5 [11, 12].

Recent calculations in the context of the Minimal Supersymmetric Stan-
dard Model (MSSM) show that for non-universal squark mass terms BR(t →
qZ) ≃ 2×10−6, BR(t → qγ) ≃ 2×10−6, BR(t → qg) ≃ 10−4 can be reached
while keeping agreement with low energy data [13, 14]. These results are
larger than previous estimates [15–17]. The branching ratio of t → qH can be
up to BR(t → qH) ∼ 10−5 [18], assuming squark masses above 200 GeV. In
all these decays the largest contributions to the amplitudes come from gluino
exchange diagrams. In non-minimal supersymmetric models with R parity
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violation, top FCN decays can also proceed through baryon number violat-
ing interactions, yielding BR(t → qZ) ≃ 3 × 10−5, BR(t → qγ) ≃ 1 × 10−6,
BR(t → qg) ≃ 2 × 10−4 [19], BR(t → qH) ∼ 10−6 [20]. (We obtain these
values taking Λ = 1 in Refs. [19, 20].)

We collect the data presented in this section in Table III, together with
SM predictions. Two conclusions can be extracted from these figures:
(i) Models with tree-level FCN couplings to Z, H give the largest rates for
decays to these particles, as it is expected; (ii) the radiative decays t → qγ,
t → qg have largest branching ratios in supersymmetric extensions of the
SM.

TABLE I

Branching ratios for top FCN decays in the SM, models with Q = 2/3 quark singlets

(QS), a general 2HDM, a flavour-conserving (FC) 2HDM, in the MSSM and with

R parity violating SUSY.

SM QS 2HDM FC 2HDM MSSM R6 SUSY

t → uZ 8 × 10−17 1.1 × 10−4 − − 2 × 10−6 3 × 10−5

t → uγ 3.7 × 10−16 7.5 × 10−9 − − 2 × 10−6 1 × 10−6

t → ug 3.7 × 10−14 1.5 × 10−7 − − 8 × 10−5 2 × 10−4

t → uH 2 × 10−17 4.1 × 10−5 5.5 × 10−6 − 10−5 ∼ 10−6

t → cZ 1 × 10−14 1.1 × 10−4 ∼ 10−7 ∼ 10−10 2 × 10−6 3 × 10−5

t → cγ 4.6 × 10−14 7.5 × 10−9 ∼ 10−6 ∼ 10−9 2 × 10−6 1 × 10−6

t → cg 4.6 × 10−12 1.5 × 10−7 ∼ 10−4 ∼ 10−8 8 × 10−5 2 × 10−4

t → cH 3 × 10−15 4.1 × 10−5 1.5 × 10−3 ∼ 10−5 10−5 ∼ 10−6

4. Experimental observation

Present experimental limits on top FCN couplings come from the non-
observation of the decays t → qZ, t → qγ at Tevatron and the absence
of single top production e+e− → tq̄ at LEP and eu → et at HERA. The
best limits are BR(t → qZ) ≤ 0.069 [21], BR(t → cγ) ≤ 0.032 [22], BR(t →
uγ) ≤ 0.011 [23,24] with a 95% confidence level (CL), very weak if compared
to the rates which can be achieved in the SM and its extensions. These limits
will improve with Tevatron Run II, and will reach the 10−5 level at LHC
and TESLA (or other future e+e− collider), opening the possibility of the
experimental observation of top FCN interactions.

4.1. Observation at LHC

At LHC top quarks are abundantly produced in tt̄ pairs via standard
QCD interactions, with a cross section around 860 pb [1]. The search for
top FCN couplings can be performed looking for processes in which the top
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quark decays via t → qZ [25], t → qγ [26], t → qg [27], t → qH [28],
mediated by the operators in Eq. (1), while the antitop decays t̄ → W−b̄.
The charge conjugate processes, with standard top decay and FCN antitop
decay, are also included in the analyses but for brevity we do not refer to
them in the following. Due to the large QCD backgrounds at LHC, the
search for signatures of these processes must be performed in the leptonic
channels W− → ℓ−ν̄ℓ, with ℓ = e, ν (with a good τ tagging this channel
could be eventually included as well). In Z and H decays the channels
considered are Z → ℓ+ℓ− and H → bb̄, respectively. b tagging is used in
order to reduce backgrounds.

On the other hand, one can search for single top production mediated
by the anomalous vertices in Eq. (1), in the processes gq → Zt [29], gq → γt
[29], gq → t [30], gq → Ht [28], followed by a standard top decay t → W+b.
The Feynman diagrams for these processes are depicted in Fig. 3. Zt and γt
production can also occur via gtq interactions, but the presence of this type
of operator is easier to detect in the process gq → t. We collect in Table II the
tree-level cross sections for FCN single top production processes, calculated
with MRST parton distribution functions set A [31]. Next-to-leading order
corrections for Zt and γt production are available for Tevatron energies [32].
For LHC they are expected to increase the cross sections at the 10% level.g

u; 
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t

Zt `̀
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t
u;  g
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t
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tu; 
g

g
u; 

t
Hu;  bb

g
u; 

t
Ht bb

(c) (d)

Fig. 3. Diagrams for single top production in hadron collisions: (a) Zt production

mediated by Ztq couplings; (b) γt production mediated by γtq couplings; (c) t

production; (d) Ht production.

It is clearly seen that for q = c these processes are suppressed by the
smaller structure functions for the charm quark. For nonrenormalisable
σµν couplings the cross sections are enhanced by the qν factor appearing
in the vertex: with the normalisation chosen for the coupling constants, for
|Xqt| ≃ |κqt| ≃ |λqt| the first three branching ratios in Eq. (4) take similar
values, while the cross sections in Table II are much larger for σµν-type
interactions.
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TABLE II

Cross sections (in pb) for single top plus antitop production processes at LHC.

In each case the first term in the sum corresponds to the process quoted and the

second term to the charge conjugate process.

Process Cross section Process Cross section

gu → Zt (γµ) (260 + 50) |Xut|2 gc → Zt (γµ) (26 + 26) |Xct|2

gu → Zt (σµν ) (540 + 87) |κut|2 gc → Zt (σµν ) (45 + 45) |κct|2

gu → γt (440 + 76) |λut|2 gc → γt (39 + 39) |λct|2

gu → t (9.0 + 2.6) × 105 |ζut|2 gc → t (1.5 + 1.5) × 105 |ζct|2

gu → Ht (16 + 2.8) |gut|2 gc → Ht (1.5 + 1.5) |gct|2

The search for these processes is cleaner in the channels where W+ →
ℓ+νℓ, Z → ℓ+ℓ−, H → bb̄, and taking advantage of b tagging to reduce
backgrounds. Their experimental signatures are written in Table III, where
we also include the most important backgrounds.

TABLE III

Experimental signature and main background for several top rare decay and single

top production processes at LHC. The top antiquarks are assumed to decay t̄ →
W−b̄ → ℓ−ν̄ℓb̄, and the Z and H bosons in the channel Z → ℓ+ℓ−, H → bb̄.

Process Signal Background Process Signal Background

tt̄, t → qZ ℓ+ℓ−jℓνb ZWjj LO gq → Zt ℓ+ℓ−ℓνb ZWj LO
tt̄, t → qγ γjℓνb γWjj LO∗∗ gq → γt γℓνb γWj LO
tt̄, t → qg jjℓνb Wjjj LO∗ gq → t ℓνb Wj NLO∗∗

tt̄, t → qH bb̄jℓνb Wbb̄jj LO∗ gq → Ht bb̄ℓνb tt̄ NLO∗∗

In order to determine the discovery potential of these processes we con-
sider that only one FCN coupling Xqt, κqt, λqt, ζqt or gqt is nonzero at a
time. We give the limits for 3σ evidence, what happens when the expected
number of signal (S) plus SM background (B) events is not consistent with
a background fluctuation at the 3σ level, corresponding to a CL of 0.9973.
For large samples, this translates into S/

√
B = 3, while for B ≤ 5 events

Poisson statistics must be used. We rescale the data in Refs. [25, 26, 28–30]
to a common b tagging efficiency of 50% and a mistagging rate of 1%, re-
calculating the limits using these unified criteria.1 (We note that in these
analyses a top quark mass mt ≃ 175 GeV is used.) We assume an integrated

1 In Ref. [25] b tagging is not used and to obtain our limits we scale their cross sections
by the appropriate factors. The interactions considered there are of γµ type only but
the limits for σµν couplings are expected to be the same. In Ref. [27] the analysis is
done for Tevatron energies only.
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luminosity of 100 fb−1, corresponding to one year of running in the high
luminosity phase. For an increase in luminosity by a factor k, the limits on
branching ratios scale with k−1/2.

We point out that in real experiments a proper consideration of theoret-
ical uncertainties in background cross sections will be compulsory. Present
calculations in the literature are aimed at determining the sensitivity to FCN
couplings of various processes, and do not need to take them into account.
However, for the comparison of theoretical predictions with experimental
data, leading order (LO) background calculations will often be insufficient
and next-to-leading order (NLO) calculations will be required to match the
statistical precision achieved at LHC. In Table III we have written the or-
der in perturbation theory to which these backgrounds are presently known.
We estimate that when the statistical uncertainty of the background cross
sections2 is better than 20% the use of NLO calculations is necessary (this
is indicated in Table III by an asterisk) and when it is better than 5%, next-
to-next-to-leading-order calculations may be required (indicated by a double
asterisk).3

Our limits are collected in Table IV. In the majority of the cases top
decay processes provide the best place to discover top FCN interactions,
surpassed by single top production for σµν -type interactions involving the
up quark. Comparing these limits with the data in Table I we observe that
in many examples the maximum rates predicted are observable with 3σ
statistical significance or more within one year (with a luminosity upgrade
to 6000 fb−1 [33] the figures in Table IV are reduced by a factor of 7.7).
If no signal is observed, upper bounds on top FCN decay branching ratios
can be placed. The 95% upper limits obtained in this case are numerically
smaller than those in Table IV by a factor between 1.3 and 1.5.

The ATLAS and CMS collaborations have performed full detector sim-
ulations to investigate the sensitivity to the decays t → qZ, t → qγ,
giving 5σ discovery limits on the rates for these processes for an inte-
grated luminosity of 100 fb−1. For the ATLAS detector the limits are
BR(t → qZ) = 2.0 × 10−4 [34], BR(t → qγ) = 1.0 × 10−4 [1], and for
the CMS detector BR(t → qZ) = 1.9 × 10−4, BR(t → qγ) = 3.4 × 10−5 [1].
After correcting for the different confidence levels used, the numbers for
t → qγ at CMS agree very well with those in Table IV, while the rest are
more pessimistic.

2 Including b tagging and kinematical cuts, and considering 100 fb−1 of integrated
luminosity. For a higher luminosity the relative statistical uncertainty decreases.

3 In principle, it may be also possible to normalise the background cross sections using
measured data from other phase space regions, thus decreasing the theoretical uncer-
tainty in the regions of interest. If this is the case, NLO or even LO calculations may
be sufficient.
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TABLE IV

3 σ discovery limits for top FCN interactions at LHC, for an integrated luminosity

of 100 fb−1. The limits are expressed in terms of top decay branching ratios.

Top decay Single top

t → uZ(γµ) 3.6 × 10−5 8.0 × 10−5

t → uZ(σµν) 3.6 × 10−5 2.3 × 10−5

t → uγ 1.2 × 10−5 3.1 × 10−6

t → ug − 2.5 × 10−6

t → uH 5.8 × 10−5 5.1 × 10−4

Top decay Single top

t → cZ(γµ) 3.6 × 10−5 3.9 × 10−4

t → cZ(σµν) 3.6 × 10−5 1.4 × 10−4

t → cγ 1.2 × 10−5 2.8 × 10−5

t → cg − 1.6 × 10−5

t → cH 5.8 × 10−5 2.6 × 10−3

To conclude this subsection we note that at LHC there are additional
processes which can occur through top FCN interactions. The first example
is single top production associated with a jet produced via gtq interactions
[35], which is however less sensitive than gq → t. The second example is
like-sign top production [36], mediated by two FCN vertices. This process
has a smaller cross section than processes with only one FCN vertex, but
might be observed at LHC due to its small background.

4.2. Observation at an e+e− collider

A high energy e+e− collider like TESLA will complement LHC capa-
bilities in the search for top FCN couplings. As in hadron collisions, the
operators in Eq. (1) mainly manifest themselves in top decay and single top
production processes. In e+e− annihilation top quark pairs are produced
by electroweak interactions, and single top quarks may be produced in the
process e+e− → tq̄, [37], via the diagrams in Fig. 4. (The charge conjugate
process is also summed.) At TESLA the top pair production cross section
at 500 GeV is only of 600 fb [2], and limits obtained from top decays [38,40]
cannot compete with those from LHC, despite the larger luminosity and
smaller backgrounds. On the contrary, single top production can match or
even improve some LHC limits if beam polarisation is used to reduce back-
grounds [39]. We have updated the study of Ref. [39] to include the effect of
initial state radiation (ISR) [41] and beamstrahlung [42, 43] in the calcula-
tions. We assume integrated luminosities of 345 fb−1 and 534 fb−1 per year
for centre of mass (CM) energies of 500 and 800 GeV, respectively [44], and
beam polarisations Pe− = 0.8, Pe+ = −0.6.4 For beamstrahlung at 500 GeV
we use the parameters Υ = 0.05, N = 1.56, while at 800 GeV we take
Υ = 0.09, N = 1.51 [44]. We also include a beam energy spread of 1%. The

4 Here we use the convention in which the degree of polarisation refers to the helicity
both for the electron and the positron, in contrast with Refs. [38,39].
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total cross sections at both energies for each type of anomalous coupling are
written in Table V. e

e
u; 
tZ; 

Fig. 4. Diagrams for single top production in e+e− collisions.

TABLE V

Cross sections (in fb) for single top production at TESLA, including ISR, beam-

strahlung and beam energy spread, for polarisations Pe− = 0.8, Pe+ = −0.6. The

cross section for single antitop production is the same.

500 GeV 800 GeV

Z, γµ 370 |Xqt|2 230 |Xqt|2
Z, σµν 2560 |κqt|2 2850 |κqt|2
γ 5370 |λqt|2 6300 |λqt|2

We find that ISR and beamstrahlung make it more involved the recon-
struction of the top quark momentum and additionally they increase the
Wjj background cross section. Following the analysis of Ref. [39], but with
a different reconstruction procedure and different sets of kinematical cuts,
we obtain the 3σ discovery limits in Table VI. The limits for γµ couplings to
the Z boson are slightly better than the ones previously obtained in Ref. [39]

TABLE VI

3 σ discovery limits for top FCN interactions in single top production at TESLA,

for CM energies of 500 and 800 GeV, with respective luminosities of 345 fb−1 and

534 fb−1. The limits are expressed in terms of top decay branching ratios.

500 GeV 800 GeV

t → qZ(γµ) 1.9 × 10−4 1.9 × 10−4

t → qZ(σµν) 1.8 × 10−5 7.2 × 10−6

t → qγ 1.0 × 10−5 3.8 × 10−6
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without ISR and beamstrahlung, but still not competitive with those from
LHC. For σµν interactions the opposite happens: limits including these cor-
rections are a little worse but at any rate they improve the LHC potential
in most cases, especially at 800 GeV, where the qν factor in the vertex keeps
signal cross sections large.

We remark that LHC and TESLA are complementary in the search for
top FCN interactions. LHC has a better discovery potential for γµ couplings
to the Z boson and FCN interactions with the gluon and the Higgs boson,
while TESLA is more sensitive to σµν couplings to the Z and the photon.
Moreover, if positive signals are observed, results from both colliders may
be necessary to determine the type of operator involved. While TESLA
cannot disentangle Z and photon interactions, its good c tagging efficiency
may allow to determine the identity of the light quark. On the contrary,
the processes described at LHC determine if the FCN vertices involve the Z
boson or the photon, but it is more difficult to tag the flavour of the light
quark.

4.3. Other colliders

For completeness, we list here other possible places where top FCN in-
teractions can be probed as well. One possibility is eγ and γγ collisions.
The latter is specially sensitive, and a positive signal could be found in
the context of the MSSM [45, 46]. Note however that in this case there
are further contributions to γγ → tc̄ given by box diagrams which cannot
be parameterised by the vertices in Leff . (This is also the case for e+e−

annihilation [47].) ep scattering is another place where this type of interac-
tions might lead to new effects, but their sensitivity is far beyond the ones
achievable at LHC or a future e+e− collider.

5. Conclusions

In the previous sections we have seen that top FCN couplings are neg-
ligible in the SM but can be enhanced in SM extensions. We have shown
that these interactions lead to observable effects at high energy colliders,
mainly in top decay and single top production processes. In order to cleanly
observe an excess with respect to SM expectations, and hence the presence
of top FCN interactions, a precise background calculation is compulsory.
This is a task which should be carried out in the next few years, before LHC
experimental data are available.

We have shown that top FCN interactions offer a good place for the study
of indirect effects from physics beyond the SM. However, one important
aspect which has not been discussed is the correlation between top FCN
processes and other possible new physics effects at high or low energies.
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This study includes, but is not limited to, the effect of top FCN operators
in low energy physics [48]. Although the branching ratios in Table 3 are in
agreement with present experimental data, effects in B physics are possible
and could be measured in experiments under way at B factories.

One example of such correlation is present in models with Q = 2/3 sin-
glets. A coupling |Xct| ∼ 0.015 observable at LHC requires a sizeable devi-
ation of the diagonal Ztt coupling from its SM expectation [7], which would
certainly be seen in tt̄ production at TESLA. Furthermore, a FCN coupling
of this size allows for a CP-violating phase χ = arg(VtsV

∗
tbV

∗
csVcb) ∼ ±0.3 in

the CKM matrix [49], much larger in absolute value than the SM expecta-
tion 0.015 ≤ χ ≤ 0.022. This phase would lead to observable phenomena in
B oscillations and decay and, if such a phase is found, it necessarily requires
the presence of a FCN coupling at the observable level.

The examination of possible correlations between top FCN interactions
and other processes at low and high energies is model-dependent, and further
analyses should be done in that direction. In particular, if indirect effects are
meant to serve as consistency tests of a (new physics) model, the relation
between the presence of top FCN interactions at an observable level and
other indirect effects must be fully understood. The investigation of such
correlations will help uncover the nature of new physics, if positive signals
are found at the present or next generation of colliders.

I thank F. del Águila for discussions. This work has been supported by
the European Community’s Human Potential Programme under contract
HTRN–CT–2000–00149 Physics at Colliders and by FCT through projects
CERN/FIS/43793/2002, CFIF–Plurianual (2/91) and grant SFRH/BPD/
12603/2003.
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