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Abstract. Top quark width measurement is important and complex task. Most measure-
ments are done in assumption of the SM top quark interactions. We would like to discuss
model independent way of measuring the top quark width. Experimental accuracies of
the top quark fiducial cross section measurements from 2% to 10% may allow to put
constrains on the top quark width with 6% to 29% precision.

1 Introduction

The top quark was discovered more than 20 years ago [1, 2] and it still remains the heaviest known
elementary particle. This fact probably makes it the most promising window to the Beyond Standard
Model (BSM) physics. The top quark parameters measurement is critical for testing deviations from
the Standard Model (SM) predictions. During LHC operation period mass and inclusive cross sections
were measured at the percentage level [3]. Indirect top quark width measurements in assumption
of only SM decay modes have reached ten percent accuracy [4, 5]. However direct measurements
of the top quark width are far from that precision because of experimental resolution limitations
of the top-quark mass spectrum [6]. Recent direct measurements presented by CMS and ATLAS
collaborations are mostly limited by the jet energy scale and resolution [7, 8]. To improve accuracy
of direct measurements usage of the b-charge asymmetry in the s- and t-channels of the single top
production was recently proposed [9].
In our paper we present first steps of putting model independent and fully gauge invariant limits on
the top quark width using combinations of resonant and non resonant cross sections.

2 Simulations

Model-independent constrains on the Higgs boson width can be done from comparison of the on-/off-
shell regions. Importance of the off-shell region in Higgs production first time was mentioned in [10].
In paper [11], the method for deriving model-independent upper bound on the Higgs boson width
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from pp → ZZ, pp → H → ZZ events was proposed. These ideas can not be directly applied to
the top quark. First, the Higgs is match more narrow resonance than the top quark, in other words
ΓH
mH
<< Γt

mt
. Second, in case of the Higgs, we can calculate separately amplitude for the pole, non pole

and interference amplitude for pp → ZZ and pp → H → ZZ contributions. In case of the top quark
pair production with subsequent decay to Wb one can not separate contributions in gauge invariant
way for the top pair and the single top production parts. Therefore we perform the computation of the
complete gauge invariant set of diagrams and investigate sensitivity of different kinematic regions to
deviations from the SM caused by the top quark width and related coupling. This approach allows to
put model independent and fully gauge invariant constrains on the top quark width.

2.1 Modeling details

For simplicity we take into account only main signal events on the parton level for final states as the
first step of our investigation. We model gg → tW−b̄, when one top quark decays and another comes
on its mass shell. Additional sub-processes with quarks in the initial state does not make significant
impact on results since the gluon fusion gives up to 90% at LHC energies [13, 14]. Hadronization and
fragmentation effects, as well as backgrounds impact are postponed to the next more realistic analysis.
We use CompHEP generator [15] with MSTW2008 PDF [16] to generate events for the full gauge
invariant diagram set Fig. 1 which include both single top quark and the top quark pair production. We
take SM values of the top quark mass and width MS M

t = 172.5 GeV, ΓS M
t = 1.49 GeV . Process gg→

tW−b̄ at tree level includes eight diagrams Fig. 1. We do not take into account NLO corrections since

g
t

t b

W−

g

g

t

b

W−

t

t

g

g

t

t

t

b

W−

g

g

g

g

b

b

t

W−

t

g
b

b t

W−

g

g

b

b

W−

b

t

g

g

b

b

b

t

W−

g

g

g

g

t

t

b

W−

b

Figure 1. Full gauge invariant tree level diagram set for the gg→ tW−b̄ process.

their influence on the top quark width kinematic dependence is negligible. NLO QCD corrections to
W+W−bb̄ production at hadron colliders were calculated in [12]. We use notations shown in Eq. 1 and
Eq. 2 to parametrize different kinematic regions of the t W−b̄ mass spectrum named as double pole
(DP) and single pole (SP) respectively.

MS M
t − n · ΓS M

t ≤ MW−b̄ ≤ MS M
t + n · ΓS M

t (1)

MW−b̄ ≤ MS M
t − k · ΓS M

t or MS M
t + k · ΓS M

t ≤ MW−b̄ (2)

Parameters n and k are taken to be integer numbers that allow to change kinematic regions. They
should fill the following relation n ≤ k as regions may not include the hole mass spectrum but should
not overlap. The DP region determined in Eq. 1 and shown in Fig. 2 by the dark blue includes the
areas around to the top quark mass peaks, one of the top is on shell in our simple example. In the SP
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Figure 2. Differential mass spectrum of the W−b̄. Double pole(DP) corresponds to the tt̄ kinematic region Eq. 1,
single pole(SP) corresponds to the single top quark region Eq. 2.

regions (Eq. 2) shown by light blue in Fig. 2 one of Wb invariant mass is close to the top mass shell
(on the mass shell in our example) while the second invariant mass is out of the top pole aria. ΓS M

t is
a constant, in its units it is shown how far from the top quark pole the Wb invariant mass is taken.

2.2 Top quark width parametrization

For the top quark width parametrization we use following notations

Γt = ξ
2 · ΓS M

t + ∆, (3)

reflecting the fact that the top quark width might be different from the SM width either by a modifi-
cation of the Wtb coupling or by an existence of some non-SM additional decay modes [17–21]. In
Eq. 3 the parameter ξ is used to reweight simultaneously the top quark width and the Wtb coupling,
note that the production cross section times the branching ratio remains unchanged. It is useful to
parametrize the deviation ∆ also in terms of the SM width as ∆ = δ · ΓS M

t . Details are given in Ap-
pendix 5. The invariant W−b̄ mass distribution for different values of ξ and δ is shown in Fig. 3. The
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Figure 3. Differential mass
spectrum of the W−b̄ for
different ξ and δ.

influence of the n and k parameter variation on the cross section in DP and SP regions is demonstrated
in Fig. 4. We see that DP region loose sensitivity to ξ variation for n ≥ 15 Fig. 4 (top left) and influ-
ence of δ parameter keeps valuable for all n values Fig.4 (bottom left). In contrast for the SP region
the sensitivity to ξ variation is visible for all physically meaningful k values, while δmodification dose
not make any influence. This observation allows to put constrains on the ξ and δ using two dimension
scan over the n and k parameters.
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Figure 4. Influence of n and k parameters variation on the cross section in DP and SP regions.

2.3 Cross section parametrization

Now the cross sections in DP and SP regions can be parametrized in terms ξ and δ. Current experi-
mental data [4–8] indicate that the deviations from the SM for the top width should be small. To keep
deviations on both ξ and δ small let us make the following substitution

ε = ξ2 − 1 (4)

and perform the linear expansion of the fiducial cross sections with respect to small parameters ε and
δ as follows:

σDP = σ
S M
DP + ADP · ε + BDP · δ (5)

σS P = σ
S M
S P + AS P · ε + BS P · δ (6)

A, B are numerically calculated from DP and SP regions for different n, k.

Using the standard χ2 method ( χ2(σ) =
(
σS M−σ
∆σ

)2
) and requiring that the SM and modified cross

sections are within two standard deviations from each other, we derive an upper limits on ε and δ at
the 95% confidence level. Figures 5, 6 show fits for different expected experimental measurements
accuracies of 2, 5 or 10. As it was mentioned in 2.2, DP region has sensitivity mostly to δ parameter,
while SP region is more sensitive to ε (or ξ see Eq. 4). Choice of the kinematic region boundary by
varying n and k parameters make some shifts on the plots, but do not change the general dependence
for each region. This fact allows to put much stronger combined limits on δ and ε Fig. 7, were two
combinations n = k = 15 and n = 15, k = 30 are shown. We use Eq. 3 and take obtained parameters
limits in quadratures to get predictions on the top quark width measurement precision Tab. 1.
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DP fit, uncertainty of 10, 5, 2 %

Figure 5. Constraints on the ε and δ parameters from DP region for boundary of ±5 (top row) and ±15 (bottom
row) ΓS M

t from the top quark mass value. Cross section experimental measurements accuracies are taken 10, 5
and 2% (from left to right). Green and yellow arias correspond to exclusion limits at 68% and 95% CL on ε and
δ.

SP fit, uncertainty of 10, 5, 2 %

Figure 6. Constraints on the ε and δ parameters from SP region for k = 15 (top row) and k = 30 (bottom
row). Cross section experimental measurements accuracies are taken 10, 5 and 2% (from left to right). Green and
yellow arias correspond to exclusion limits at 68% and 95% CL on ε and δ.
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Combined fit, uncertainty of 10, 5, 2 %

Figure 7. Limits on the ε and δ parameters obtained from DP and SP regions simultaneously. Region boundaries
are taken as n = k = 15 (top row) and n = 15, k = 30 (bottom row). Green and yellow arias correspond to
exclusion limits at 68% and 95% CL on ε and δ.

Experimental CS accuracy Obtained limit on the top quark width
2% ≥ 6%
5% ≥ 14%
10% ≥ 29%

Table 1. Estimations on achievable constrains on the top quark width for different experimental accuracies of
the top quark fiducial cross section measurement.

3 Results

Gauge invariant estimation of deviations of the top quark width from its SM value is obtained in
different kinematic regions. It is shown that top quark production cross section in the Double Pole(DP)
region is more sensitive to δ, while in the Single Pole(SP) to ε (ξ) parameter. This fact allows to put
combined limits on both parameters simultaneously and using these limits obtain constrains on the
top quark width. Achievable constrains on the model independent top quark width measurement are
estimated to be 6% to 29% for corresponding experimental accuracies from 2% to 10%. This results
are achieved using simplified model, all effects as hadronization and fragmentation, detector response
and background events will be taken into account in the following study.
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5 Appendix

The general answer for the Breit-Wigner type integral has the following form

IBW =

q2
min∫

q2
max

dq2

(q2 − M2)2 + Γ2M2 =
1
ΓM

[
arctg

(q2
max

MΓ
− M
Γ

) − arctg
(q2

min

MΓ
− M
Γ

)]
. (7)
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If we define different kinematic regions as in Fig. 8, then I1 can be interpreted as DP region Eq. 1 and
I2 + I3 as SP region Eq. 2. In the limit Γ << M and ∆M± < M

I1 =
π

MΓ
− 1

2M
( 1
∆M+

− 1
∆M−

)
+ ...

I2 =
1

2M
( 1
∆M+

− 1
M
− 2M

M+cut − M2 + ...
)
+ ...

I3 =
1

2M
( 1
∆M−

+
1
M
− 2M

M2 − M−cut
+ ...
)
+ ...

(8)

The Equation 8 allows to understand qualitatively observed properties in Fig. 4 if one takes into

Figure 8. Definition of kinematic regions.

account the dependence of the top quark width on both parameters ε and δ and the fact that the
numerator of the matrix element squared depends only on the parameter ε via the Wtb coupling.
Furthermore, one can see that if M−cut → −∞ and M+cut → +∞

IBW = I1 + I2 + I3 =
π

MΓ
. (9)

At ∆M+ = ∆M− = n · Γ we get formula (19) [22]

I1 =
π

MΓ

(
1 − 1

nΓ
+ ...
)
. (10)

For our consideration this formula (19) [22] is not useful since we want to study dependence on Γ, but
∆M+ and ∆M− are cuts and do not depend on Γ.
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