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The top FCNC era

• Flavor violation in the top sector is poorly 
constrained...

• ...but one of the most likely flags of NP!

• LHC is a top factory; already making considerable 
progress, with much more to come. The era of top 
FCNC is upon us!

• Possible future colliders considered in the 
Snowmass process differ in capacity to provide a 
high-statistics top sample.
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Top FCNC charge

• Does the top quark decay to exotic final states? SM-
like or BSM-like? How well can these decays be 
measured/constrained at hadron and lepton colliders?

• What sensitivity needs to be reached for these decays 
in order to have a significant impact on models of 
physics beyond the SM?

• Can the small CKM-matrix elements Vts and Vtd be 
directly measured via top quark decays? To what 
precision?
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Effective lagrangian for top FCNC
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t→ Zq, t→ gq, t→ γq, t→ hqLook for
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New states
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Of course, effective Lagrangian is not quite the right tool 
if there are new states below the top mass...

t→ H
+
b

Canonical example:
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Models
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Standard Model

Figure 1: Feynman graphs for the decay t → cH in the unitary gauge (mc = 0 is assumed).

Figure 2: Feynman graphs for the decay t → bWH (t → bWZ).

7

SM prediction for top FCNC vanishingly small; 
suppressed by GIM mechanism and large total width

t→ Zu 7× 10−17

t→ Zc 1× 10−14

t→ gu 4× 10−14

t→ gc 5× 10−12

t→ γu 4× 10−16

t→ γc 5× 10−14

t→ hu 2× 10−17

t→ hc 3× 10−15
SM rate beyond reach 
of Snowmass options, 
but any signal is NP.[Aguilar-Saavedra, hep-ph/0409342]
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2HDM (FV/FC)
Figure 1
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52 Loop Induced FCNC Decays of the Top Quark in a General 2HDM

Figure 4.1: One-loop vertex diagrams contributing to the FCNC top quark decays (4.1).

Shown are the vertices and mixed self-energies with all possible contributions from the SM

fields and the Higgs bosons from the general 2HDM. The Goldstone boson contributions

are computed in the Feynman gauge.

4.3 Numerical analysis

From the previous interaction Lagrangians and Feynman rules it is now straightforward

to compute the loop induced FCNC rates for the decays (4.1) and (4.2). We shall refrain

from listing the lengthy analytical formulae as the computation is similar to the one

reported in great detail in Ref. [43]. Therefore, we will limit ourselves to exhibit the final

numerical results. The fiducial ratio on which we will apply our numerical computation

is the following:

Bj(t → h + c) =
Γj(t → h + c)

Γ(t → W+ + b) + Γj(t → H+ + b)
, (4.5)

t→ Zu – –
t→ Zc � 10−6 � 10−10

t→ gu – –
t→ gc � 10−4 � 10−8

t→ γu – –
t→ γc � 10−7 � 10−9

t→ hu 6× 10−6 –
t→ hc 2× 10−3 � 10−5

FV FC

Significant contributions in 2hdm both 
with & without tree-level flavor violation.

[Aguilar-Saavedra, hep-ph/0409342]
[Atwood, Reina, Soni hep-ph/9609279]

[Bejar, hep-ph/0606138]

Signal range may be altered by 
Higgs coupling fits
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MSSM

Fig. 3
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Figure 1: Feynmann diagrams for t → cV (V = g, γ, Z).

14

Significant rates possible due to squark FV, consistent 
with indirect limits if predominantly in stop sector

t→ Zu � 10−7

t→ Zc � 10−7

t→ gu � 10−7

t→ gc � 10−7

t→ γu � 10−8

t→ γc � 10−8

t→ hu � 10−5

t→ hc � 10−5

(rates assuming                          )mg̃ ∼ mq̃ ∼ 1 TeV

[Cao et al., hep-ph/0702264]
Comprehensive update with LHC 

limits is needed.
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RPV

FIG. 1. Feynman diagrams of t → ch induced by "B SUSY interactions.

lepton (quark) singlet chiral superfields. i, j, k are generation indices and c denotes charge
conjugation. Note that SU(2)L and SU(3)C indices have been suppressed. H1,2 are the
Higgs-doublets chiral superfields. The λijk and λ′

ijk are the lepton-number-violating ("L) cou-
plings, and λ′′

ijk the baryon-number-violating ( "B) couplings. Constraints on these couplings
have been obtained from various low-energy processes [15–21] and their phenomenology at
hadron and lepton colliders have been intensively investigated recently [21,22]. Note that
although it is theoretically possible to have both "B and "L interactions, the non-observation
of proton decay prohibits their simultaneous presence, at least in the first two fermion gen-
erations. We therefore assume the existence of either "L couplings or "B couplings, and
investigate their separate effects in top-quark decay t → ch.

We focus our attention only on the tri-linear supersymmetric "R interactions in Eq. (1)
and assume that the bi-linear terms µiLiH2 can be rotated away by a field redefinition [14].
In this case the FCNC decay t → ch is induced by only the tri-linear "R interactions via loops.
Note that, in principle, there are also possible "R terms in the soft-breaking part [23]. In that
case, it is no longer possible in general to rotate away the bi-linear terms [23,24] and such
bi-linear terms will cause the mixing between the neutral Higgs bosons and the sneutrinos
(ν̃). As studied in [10], the FCNC decay t → cν̃ can be induced by the one-loop diagrams
of the tri-linear couplings. Followed by the oscillation ν̃ → h induced by the bi-linear "R
terms, one can also have t → cν̃ → ch, which, however, is only appreciable when h and ν̃
are nearly degenerate. We will not consider this possibility further.

In terms of the four-component Dirac notation, the Lagrangian of the "L couplings λ′ and
"B couplings λ′′ are given by

Lλ′ = −λ′
ijk

[

ν̃i
Ld̄k

Rdj
L + d̃j

Ld̄k
Rνi

L + (d̃k
R)∗(ν̄i

L)cdj
L

−ẽi
Ld̄k

Ruj
L − ũj

Ld̄k
Rei

L − (d̃k
R)∗(ēi

L)cuj
L

]

+ h.c., (2)

Lλ′′ = −
1

2
λ′′

ijk

[

d̃k
R(ūi

R)cdj
R + d̃j

R(d̄k
R)cui

R + ũi
R(d̄j

R)cdk
R

]

+ h.c. (3)

With "B couplings, the decay t → ch can proceed through the loop diagrams shown in Fig. 1,

3

FIG. 1. Feynman diagrams for t → cV (V = Z, γ, g for quarks and squarks; V = Z, γ for

leptons and sleptons) induced by L-violating couplings. The blobs denote L-violating vertex.

The FCNC decays t → cV can be induced by either the λ′ or λ′′ coupling at the one loop
level. In terms of the four-component Dirac notation, the Lagrangian of the "L couplings λ′

and "B couplings λ′′ are given by

Lλ′ = −λ′
ijk

[
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]
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1

2
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[

d̃k
R(ūi
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R + d̃j

R(d̄k
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R + ũi
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R)cdk
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+ h.c. (8)

where the color indices in Lλ′′ are totally antisymmetric as in (6).

Let us first consider t → cV induced by "L couplings. The relevant Feynman diagrams
are shown in Fig.1. At one-loop level, they give rise to effective tcV vertices of the form

V µ(tcZ) = ie
[

γµPLAZ + ikνσ
µνPRBZ

]

, (9)

V µ(tcγ) = ie [ikνσ
µνPRBγ ] , (10)

V µ(tcg) = igsT
a [ikνσ

µνPRBg] , (11)

where PR,L = 1
2(1 ± γ5) and k is the momentum of the vector boson. The form factors AZ ,

BZ , etc., are obtained by identifying AZ = AZ
1 + AZ

2 and BV = BV
1 + BV

2 , (V = Z, γ, g),
where Aγ,g are found to be zero due to the gauge invariance while others are given by

AZ
1 =

1

16π2
λ′

i2kλ
′
i3k {(vc + ac)B1(Mt, Mei, Md̃k)

−(ve + ae)
[

2c24 −
1

2
+ M2

Z(c12 + c23)
]

(−pt, pc, Mei, Md̃k , Mei)

3

Additional SUSY contributions possible if R-parity 
is broken due to flavor-violating RPV couplings

t→ Zu � 10−6

t→ Zc � 10−6

t→ gu � 10−6

t→ gc � 10−6

t→ γu � 10−9

t→ γc � 10−9

t→ hu � 10−9

t→ hc � 10−9

(rates assuming                  )mq̃ ∼ 1 TeV

Comprehensive update with LHC 
limits is needed.

[Yang et al., hep-ph/9705341]

[Eilam et al., hep-ph/0102037]
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Just scratching the surface

• Folded SUSY

• Topcolor

• Randall-Sundrum

• MFV scenarios

• ...

Need to survey the motivated set of models and update 
signals to account for direct and indirect LHC limits
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Searches

4 4 Signal Reconstruction
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Figure 1: Comparison between data and simulated events for an integrated luminosity of
5.0 fb−1, after the basic event selection described in Section 3 and requiring at least two jets,
for: (a) the missing transverse energy distribution, (b) the reconstructed �ν transverse mass of
the W boson candidate, and (c) the scalar sum of the transverse energy for the jets, charged
leptons, and neutrino, ST. The data are represented by the points with error bars and the
open histogram shows the expected signal assuming B(t → Zq) is equal to 1%. Stacked solid
histograms represent the dominant backgrounds.

vector information, while the longitudinal component is calculated as

pzν =
pz�(px�pxν + py�pyν + mW

2/2)± E�

�
(px�pxν + py�pyν + mW2/2)2 − E2

Tν(E2
� − p2

z�)

E2
� − p2

z�
,

where E�, px�, py�, and pz� are the energy and momentum components for the lepton, while
the neutrino ETν, pxν and pyν are estimated from the reconstructed missing transverse energy
magnitude and direction, and imposing the constraint that the invariant mass of the lepton and
the neutrino is equal to the W-boson mass (mW). If the discriminant is found to be negative,
it is set equal to zero. In events in which there are two possible solutions for pzν, the solution
with the smaller magnitude of pzν, is taken; studies with simulated signal events show that this
solution is the correct one more than 60% of the time.

Canonical search for 
trilepton final states, 

generally with one OSSF 
pair reconstructing the Z 

and one b-tag.

Process Br Limit Search Dataset
t→ Zq 2.4× 10−3 CMS tt̄→Wb + Zq → �νb + ��q 5 fb−1, 7 TeV
t→ Zq 7.3× 10−3 ATLAS tt̄→Wb + Zq → �νb + ��q 2.1 fb−1, 7 TeV

Should be fairly 
straightforward to estimate 

future sensitivities.
Wednesday, January 30, 2013



Searches

NN output
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Figure 2: (a) Neural network output distribution scaled to the number of observed events in the pretagged sample. (b) Neural network output distribution scaled to
the number of observed events in the b-tagged sample. In these distributions the signal contribution is shown stacked on top of the backgrounds. The hatched band
indicates the statistical uncertainty from the sizes of the simulated samples and the uncertainty in the background normalisation.

ground model and observed events in both the large sample of
pretagged events and the b-tagged sample. The first ten vari-
ables are the charge and the pT of the lepton, the pT, η and
mass of the b-tagged jet, the ∆R between the b-tagged jet and
the charged lepton, the ∆R between the b-tagged jet and the
reconstructed W boson, the opening angle ∆φ between the di-
rections of the b-tagged jet and the reconstructedW boson, the
pT of the W boson and the reconstructed top-quark mass. The
last variable considered in the neural network is the W-boson
helicity. This is calculated as cos θ∗, the cosine of the angle
between the momentum of the charged lepton in the W-boson
rest-frame and the momentumof theW boson as seen in the top-
quark rest-frame. Table 2 shows a summary of the used vari-
ables ordered by their importance. The importance of the vari-
ables is estimated using an iterative procedure, removing one
variable at a time and recalculating the separation power. The
ordering is done in terms of relevance defined as standard de-
viations of the additional separation power given by each vari-
able. Distributions of the three most important variables in the
pretagged sample and the b-tagged sample, normalised to the
number of observed events, are shown in Figure 1. Since the
neural network benefits from the correlation between variables
and is trained to separate the signal process from all background
processes, the naively expected variables are not the most im-
portant ones, but variables, which are highly correlated to them.

The resulting neural network output distributions for the var-
ious processes, scaled to the number of observed events in the
pretagged sample are shown in Figure 2(a). Figure 2(b) shows
these distributions in the b-tagged sample. Signal-like events
have output values close to 1, whereas background-like events
are accumulated near −1. We find good agreement between
the neural network output distributions for data and simulated
events in both the pretagged and b-tagged samples.

Table 2: Variables used as input to the neural network ordered by their impor-
tance.

Variable Significance (σ)
pWT 57
∆R(b-jet,lep) 28
Lepton charge 22
mtop 20
mb-jet 15
ηb-jet 12
∆φ(W,b-jet) 11
plepT 12
pb-jetT 6.5
cos θ∗ 5.7
∆R(W,b-jet) 5.0

5. Systematic Uncertainties

Systematic uncertainties affect the signal acceptance, the nor-
malisation of the individual backgrounds, and the shape of the
neural network output distributions. All uncertainties described
below lead to uncertainties in the rate estimation as well as dis-
tortions of the neural network output distribution and are imple-
mented as such in the statistical analysis.
The momentum scale and resolution, as well as the trigger

and identification efficiency for single leptons is measured in
collision data using Z → ee, Z → µµ, and W → eν de-
cays and corrective scale factors are applied to the simulation.
Uncertainties on these factors as functions of the lepton kine-
matics are around 5%. To evaluate the effect of momentum
scale uncertainties, the event selection is repeated with the lep-
ton momentum varied up and down by the uncertainty. For the
momentum resolution uncertainties, the event selection is re-

5

the FCNC single top-quark process scaled to observed upper
limit on top of the SM background processes. As a cross-check
we performed the full statistical analysis only for events with
NN output > 0, which yields an observed upper limit at 95%
C.L. of 5.9 pb. Using the NLO predictions for the FCNC sin-
gle top-quark production cross-section [64, 65], the measured
upper limit on the production cross-section is converted into
limits on the coupling constants κugt/Λ and κcgt/Λ. Assuming
κcgt/Λ = 0 one finds κugt/Λ < 6.9 · 10−3 TeV−1 and assum-
ing κugt/Λ = 0 one finds κcgt/Λ < 1.6 · 10−2 TeV−1. Fig-
ure 5(a) shows the distribution of the upper limit for all pos-
sible combinations. Using the NLO calculation [66], upper
limits on the branching fractions B(t → ug) < 5.7 · 10−5 as-
suming B(t → cg) = 0, and B(t → cg) < 2.7 · 10−4 assuming
B(t→ ug) = 0 are derived, as shown in Figure 5(b).
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Figure 4: Distributions of the neural network output: Observed signal and
simulated background output distribution normalised to the mean value of the
marginalised nuisance parameters, zoomed into the signal region. The FCNC
single top quark process is normalised to the observed limit of 3.9 pb. The
hatched band indicates the statistical uncertainty from the sizes of the simu-
lated samples and the uncertainty in the background normalisation.

7. Conclusion

In summary, a data sample selected to consist of events with
an isolated electron or muon, missing transverse momentum
and a b-quark jet has been used to search for FCNC produc-
tion of single top-quarks at the LHC. No evidence for such
processes is found and the upper limit at 95% C.L. on the
production cross-section is 3.9 pb. The limits set on the cou-
pling constants κugt/Λ and κcgt/Λ and the branching fractions
B(t → ug) < 5.7 · 10−5 assuming B(t → cg) = 0, and
B(t → cg) < 2.7 · 10−4 assuming B(t → ug) = 0 are the
most stringent to date on FCNC single top-quark production
processes for qg → t and improve on the previous best lim-
its [25] by factors of 4 and 15, respectively.
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Figure 5: Upper limit (a) on the coupling constants κugt/Λ and κcgt/Λ and (b)
on the branching fractions t → ug and t → cg.
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Use NN to distinguish signal from SM single top.

Process Br Limit Search Dataset
t→ gu 5.7× 10−5 ATLAS qg → t→Wb 2.05 fb−1, 7 TeV
t→ gc 2.7× 10−4 ATLAS qg → t→Wb 2.05 fb−1, 7 TeV

Future sensitivity may be harder to project...
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Room for improvement! Timeline for LHC 
measurement (presumably in final state) is unclear.

Process Br Limit Search Dataset
t→ γu 6.4× 10−3 ZEUS e±p→ (t or t̄) + X 474 pb−1, 300 GeV
t→ γq 3.2× 10−2 CDF tt̄→Wb + γq 110 pb−1, 1.8 TeV

ee

W+

pp

ν, q̄′

"+, q

κtUγ

t
b

X

U

Figure 1: Anomalous single top quark production in ep collisions via a FCNC coupling κtuγ .

As the top quark mass is comparable to the ep centre of mass energy at HERA, the inter-
acting parton in the proton must be at high Bjørken-x. Contributions from the charm quark are
therefore neglected (κtcγ ≡ VtcZ ≡ 0) since the c quark density in the proton is low at high
Bjørken-x. Similarly, the production of anti-top quarks is neglected, as this process involves
sea anti-quarks in the initial state.

The simulation of an anomalous single top quark signal is done using the event generator
ANOTOP [3], which uses the leading order (LO) matrix elements of the complete e + q →
e + t → e + b + W → e + b + f + f̄ ′ process as obtained from the CompHEP program [10].
ANOTOP is used to calculate the production cross section and to study decays of top quarks in
the H1 detector. Only top quark decays t → bW are considered as suggested by the strict limits
on other possible top quark decays [11, 12].

The anomalous single top quark production cross section can then be parametrised as:

σ(ep → etX,
√

s) = cγ · κ2
tuγ + cZ · V 2

tuZ + cγZ · κtuγ · VtuZ . (1)

The coefficients cγ and cZ are determined with ANOTOP at
√

s = 319 GeV. In this analysis
mtop is set to 175 GeV and by convention the scale parameter Λ is fixed to mtop. If Λ ≡ mtop

is reduced to 170 GeV, the cross section increases by 25%, mainly due to an increased phase
space for the production of top quarks. This mass range encompasses the current top quark mass
determination of CDF and DØ mtop = 172.4 ± 1.2 GeV [13] and corresponds to a coefficient
range from cγ = 7.53 pb to 9.41 pb and cZ = 0.26 pb to 0.32 pb. The values for cγ include next
to leading order (NLO) corrections [14], which increase the LO cross section by 17%. Including
these NLO corrections results in an uncertainty related to the choice of the renormalisation
and factorisation scales of about 5%. Since the contribution of the Z boson is small and no
competitive sensitivity is expected, Z-exchange is neglected in this analysis and only the κtuγ

coupling is considered. The interference term with coefficient cγZ contributes less than 1% of
the total cross section and is therefore also neglected.

5

ZEUS exploited 
production vertex; CDF 
searched for final state.
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Searches

Assuming SM-like 
decays of h.

Same-sign dilepton 
limit is comparable.

Process Br Limit Search Dataset
t→ hq 2.7× 10−2 CMS∗ tt̄→Wb + hq → �νb + ��qX 5 fb−1, 7 TeV

Should improve significantly using 8 TeV search which 
includes b-tagged categories; hopefully will become 

an official LHC interpretation at ATLAS/CMS

g

g

q

b̄

�

ν

W,Z, (τ)

W,Z, (τ)
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Limits

Operator Limit State

aZ/Λ2 < 0.62 TeV−2 q = u, c
bZ/Λ2 < 0.69 TeV−2 q = u, c
bg/Λ2 < 2.8× 10−2 TeV−2 q = u
bg/Λ2 < 6.5× 10−2 TeV−2 q = c
bγ/Λ2 < 0.86 TeV−2 q = u
bγ/Λ2 < 1.93 TeV−2 q = c
ah/Λ2 < 3.6 TeV−2 q = u, c

Just beginning to graze TeV scale.  
Indirect limits still competitive for ah

Translate current direct limits to effective lagrangian:
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Vts and Vtd
Fairly tightly constrained assuming unitarity of CKM matrix, 

but lots of NP models would violate this. 
E.g. 4th gen quarks (vector or chiral), RS, etc.

Models also have correlated predictions for top FCNC.
Various handles on direct measurement:
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Using single top rapidity to measure Vtd, Vts, Vtb

at hadron colliders
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Abstract

Single top production processes are usually regarded as the ones in which Vtb

can be directly measured at hadron colliders. We show that the analysis of the

single top rapidity distribution in t-channel and tW production can also set direct

limits on Vtd. At LHC with 10 fb−1 at 14 TeV the combined limits on Vtd may

be reduced by almost a factor of two when the top rapidity distribution is used.

This also implies that the limits on Vtb can also be reduced by 15%, since both

parameters as well as Vts must be simultaneously obtained from a global fit to

data. At Tevatron the explotation of this distribution would require very high

statistics.

1 Introduction

In the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] describing quark mixing, the

matrix elements Vtd, Vts, Vtb in the third row are the ones for which direct measurements

are less precise. Yet, the determination of these mixing parameters is of the utmost

importance, in particular to test the CKM description of the observed CP violation in

the K and B meson systems (see for example Ref. [3] and references there in). Within

the Standard Model (SM), Vtd ! 0.009, Vts ! 0.04, Vtb ! 1, but substantial deviations

from these predictions, based on 3 × 3 CKM unitarity, are possible in SM extensions.

For example, the mixing of the top quark with a heavy charge 2/3 quark isosinglet

allows for Vtb significantly smaller than unity [4] while the mixing with a hypercharge

−1/3 quark triplet may result in Vtb > 1 [5] in sharp contrast with the SM unitarity

bound |Vtb|2 ≤ 1.

Several collider observables can probe the top mixing with SM quarks. Top pair

production can measure the ratio

R =
Br(t → Wb)

Br(t → Wq)
=

|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
(1)

1Top pair production

(with q = d, s, b), by comparing event samples with zero, one and two b tags. Recently,

the possibility of s tagging has been explored [6], which would yield a measurement of

R′ =
Br(t → Ws)

Br(t → Wb)
=

|Vts|2

|Vtb|2
, (2)

by comparing the number of events with b, s tags and with two b tags. Single top

production processes have total cross sections which can be generically written as

σ = Ad|Vtd|
2 + As|Vts|

2 + Ab|Vtb|
2 , (3)

with Ad,s,b numerical constants (see the next section). But clearly, the ratios R,R′ and

the several single top and antitop cross sections do not exhaust all possible observables

sensitive to Vtd, Vts and Vtb. In this paper we will show that the rapidity distribution

of single top quarks is a very good discriminant between initial states with d valence

quarks against s and b. Therefore, the inclusion of this observable in global fits allows to

obtain much better constraints on Vtd, which also translate into more stringent bounds

on Vtb, once that the three top CKM mixings must be simultaneously obtained from

the fit. Besides, we note that rapidity analyses are well known for the determination

of Z ′ boson couplings to quarks [7] but have been rarely used in top physics.

In the following section we review the constraints that R and the different single

(anti)top cross sections place on the (Vtd, Vts, Vtb) parameter space, extending previous

work in Ref. [8] to the Large Hadron Collider (LHC) for which single top production

has many different features from Tevatron. In section 3 we discuss the top rapidity

distributions and their uncertainties, including a brief analysis of the experimental

issues regarding the top rapidity measurement. In section 4 we incorporate the rapidity

distributions into global fits to Vtd, Vts and Vtb for LHC and Tevatron, showing how they

may improve the determination of Vtd and Vtb. We point out that the full explotation

of the top rapidity distribution, as any other precision analysis, requires sufficient

statistics and excellent knowledge of the SM backgrounds. For this reason we limit

ourselves to LHC at 14 TeV with 10 fb−1, giving for completeness results for Tevatron.

We summarise our results in section 5.

2 Constraints from cross sections and R

There are three single top production processes at hadron colliders, usually denoted

as t-channel (also abbreviated here as tj), s-channel (also tb̄) and tW production.

Representative Feynman diagrams for these processes are depicted in Fig. 1, including

top quark mixing with the down-type quarks d, s, b. For t-channel and tW production

2

s-tagging at LHC?
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d, s, b

d

t

W

u

d

d, s, b

t

W

d, s, b

g

W

t

t

Figure 1: Representative Feynman diagrams for single top production in the t-channel

(left), s-channel (center) and tW processes (right).

the final state is in all cases the same (a top quark plus a jet or a W boson) and the

total cross sections have the form in Eq. (3) with Ad > As > Ab because of the larger

parton distribution functions (PDFs) for d and s initial states. If the produced top

quarks are reconstructed in the decay t → Wb with a tagged b jet (as it is likely to

happen in present and future analyses) the single top cross sections must also include

an extra R factor as in Eq. (1) to take into account the branching ratio into b quarks.

For s-channel production the final state is a b or a light quark. Dedicated searches

for this process require two b tags in order to distinguish it from t-channel production

(as well as other selection criteria, as for example the absence of energetic forward

jets). Hence, the only contribution to the measured cross section results from the |Vtb|2

term in Eq. (3), multiplied by a R factor. On the other hand, s-channel td̄ and ts̄

production will contribute to the tj final state but the extra jet is more central than

in the t-channel process, and depending on the particular event selection criteria these

extra contributions may be highly suppressed. In the rest of this section we discuss the

results for LHC and Tevatron in turn.

2.1 Constraints at LHC

At LHC (with a centre of mass energy of 14 TeV) the tree-level single top and antitop

cross sections, including the branching ratio for t → Wb, are

σ(tj) =
[

678.6 |Vtd|
2 + 270.2 |Vts|

2 + 149.1 |Vtb|
2
]

R pb ,

σ(t̄j) =
[

233.3 |Vtd|
2 + 163.0 |Vts|

2 + 84.17 |Vtb|
2
]

R pb ,

σ(tb̄) = 4.28 |Vtb|
2R pb ,

σ(t̄b) = 2.61 |Vtb|
2R pb ,

σ(tW ) =
[

259.4 |Vtd|
2 + 59.78 |Vts|

2 + 27.57 |Vtb|
2
]

R pb ,

σ(t̄W ) =
[

94.81 |Vtd|
2 + 59.78 |Vts|

2 + 27.57 |Vtb|
2
]

R pb . (4)

3

(with q = d, s, b), by comparing event samples with zero, one and two b tags. Recently,

the possibility of s tagging has been explored [6], which would yield a measurement of

R′ =
Br(t → Ws)

Br(t → Wb)
=

|Vts|2

|Vtb|2
, (2)

by comparing the number of events with b, s tags and with two b tags. Single top

production processes have total cross sections which can be generically written as

σ = Ad|Vtd|
2 + As|Vts|

2 + Ab|Vtb|
2 , (3)

with Ad,s,b numerical constants (see the next section). But clearly, the ratios R,R′ and

the several single top and antitop cross sections do not exhaust all possible observables

sensitive to Vtd, Vts and Vtb. In this paper we will show that the rapidity distribution

of single top quarks is a very good discriminant between initial states with d valence

quarks against s and b. Therefore, the inclusion of this observable in global fits allows to

obtain much better constraints on Vtd, which also translate into more stringent bounds

on Vtb, once that the three top CKM mixings must be simultaneously obtained from

the fit. Besides, we note that rapidity analyses are well known for the determination

of Z ′ boson couplings to quarks [7] but have been rarely used in top physics.

In the following section we review the constraints that R and the different single

(anti)top cross sections place on the (Vtd, Vts, Vtb) parameter space, extending previous

work in Ref. [8] to the Large Hadron Collider (LHC) for which single top production

has many different features from Tevatron. In section 3 we discuss the top rapidity

distributions and their uncertainties, including a brief analysis of the experimental

issues regarding the top rapidity measurement. In section 4 we incorporate the rapidity

distributions into global fits to Vtd, Vts and Vtb for LHC and Tevatron, showing how they

may improve the determination of Vtd and Vtb. We point out that the full explotation

of the top rapidity distribution, as any other precision analysis, requires sufficient

statistics and excellent knowledge of the SM backgrounds. For this reason we limit

ourselves to LHC at 14 TeV with 10 fb−1, giving for completeness results for Tevatron.

We summarise our results in section 5.

2 Constraints from cross sections and R

There are three single top production processes at hadron colliders, usually denoted

as t-channel (also abbreviated here as tj), s-channel (also tb̄) and tW production.

Representative Feynman diagrams for these processes are depicted in Fig. 1, including

top quark mixing with the down-type quarks d, s, b. For t-channel and tW production

2

Single top production

Future prospects? 
Additional variables? 

Complementary colliders?
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Future

• Update NP signal expectations to reflect current 
LHC limits on model spectra (and potential limits 
by end of LHC run). Need this to know the target.

• Perform detailed study of indirect limits on 
operator. Indirect limits may be competitive.

• Determine sensitivity of Snowmass benchmark 
colliders to top FCNC (trilepton, Wb, Wb+  q)

• Develop strategy for optimal determination of Vts 
and Vtd at LHC and other colliders.

γ

t→ hq

Wednesday, January 30, 2013


