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We propose a new method for measuring the top-quark width based on the on-/off-shell ratio of
b-charge asymmetry in pp — Wbj production at the LHC. The charge asymmetry removes virtually
all backgrounds and related uncertainties, while remaining systematic and theoretical uncertainties
can be taken under control by the ratio of cross sections. Limited only by statistical error, in an
optimistic scenario, we find that our approach leads to good precision at high integrated luminosity,
at a few hundred MeV assuming 300-3000 fb~! at the LHC. The approach directly probes the total
width, in such a way that model-dependence can be minimized. It is complementary to existing cross
section measurements which always leave a degeneracy between the total rate and the branching
ratio, and provides valuable information about the properties of the top quark. The proposal opens
up new opportunities for precision top measurements using a b-charge identification algorithm.

Introduction. As the heaviest elementary particle
known to date, the top quark plays a unique role in re-
vealing physics beyond the Standard Model (BSM). It
is often said that the LHC has already moved the top-
quark physics into a precision era. In fact, many key ob-
servables, such as mass and inclusive cross sections, are
already measured at the percentage level [1]. However,
the situation becomes much worse once the top-quark
width, T'¢, is taken into account. Since all the cross sec-
tion measurements involve also the branching ratio to a
given final state, our inadequate knowledge on the total
width of the top quark prevents us from directly inter-
preting them as model-independent constraints on the
top-quark couplings. Currently, direct measurement on
top-quark width is only possible through (partially) re-
constructing the top-quark kinematics. The most recent
limit from CMS [2] still allows for O(1) deviation from the
Standard Model (SM) value. Indirect measurement using
Br(t — Wb)/Br(t — Wq) could give much more precise
limits [3], however, they are based on strong assumptions
including Br(t — Wq) = 1. As a result, BSM physics
that enhances the major production mechanisms and at
the same time increases the top-quark width, e.g. through
undetectable decay channels, can still leave the measured
cross sections unchanged, and will not be directly ex-
cluded by existing measurements.

To break this degeneracy, top-width measurements
have been proposed at the future lepton colliders [4H9].
In this letter, instead of resorting to future colliders, we
propose a new way to directly measure the width of the
top quark at the LHC, by using the b-charge asymmetry.
The approach probes the total width, including exotic
channels, but is approximately independent of BSM cou-
plings, thus placing direct limits on I'; and resolving the
degeneracy between top couplings and the total width.
The main feature of this method is that the background is
essentially removed by the asymmetry, while systematic
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and theoretical errors are largely canceled by taking the
ratio of the asymmetries in on-/off-shell regions, there-
fore we expect this approach to reach a good precision at
high integrated luminosity.

b-charge asymmetry. The basic idea is to probe the
bW* — ¢t — bW resonance (see Figure (1| left), which
is sensitive to I';, and compare with a different probe
of the same amplitude that is not sensitive to I';. One
possibility is to measure the same process but in both
on-/off-shell regions. This has been proposed as a way to
constrain the Higgs width [TOHI5]. Another possibility is
to measure the bW+ — bW scattering amplitude, which
is related to bW T — ¢ — bW by the crossing symmetry,
as shown in Figure [1| right. It tests the same amplitude,
but is insensitive to I'y, as the top quark is now in the
t-channel. At a hadron collider, the initial state W is
emitted from the proton, so the full process of interest
is pp — Wbj, which contains both channels. However,
unlike the Higgs-width measurement where the off-shell
contribution gives roughly 20% of the total signal due to
ZZ threshold [14], the top-resonance does not have this
“high-tail” in its off-shell region. For this reason both
measurements (off-shell and ¢-channel) are difficult due to
overwhelming backgrounds from QCD and ¢t production.

W+ M7+

FIG. 1: bW — bW scattering amplitude in s- and ¢-channels.
Top quark is represented by double lines.

We propose to measure the difference between s- and
t-channel bW scattering, which essentially corresponds
to a b-charge asymmetry, o* = o(b) — o(b), and take its
on-/off-shell ratio. The main reason is that, even though
the b-charge is symmetric in the proton, in the signal
the difference between s-/t-channels translates the W-
charge asymmetry in the proton into a b-charge asymme-
try, while in the background the b-charge remains sym-



metric to a good approximation. This makes o4 an ideal
observable to remove backgrounds. Let’s consider the
following background sources:

QCD. The dominant contribution to Wbj final state
comes from QCD production, where the W is emitted
from a light quark, see Figure 2| (a). At the leading or-
der (LO) this process is symmetric under the exchange
of b and b, due to the fact that the b-quark couples only
to one gluon. The color charge carried by b transforms
as T4 — —T4*, which means that 642 and fABC are
even while d48¢ is odd under charge conjugation. Since
the b color charge is present only as 4% at the LO,
partonic cross section of this process is invariant under
b <+ b. Given that b/b has the same PDF, o(bW¥) will
be equal to o(bW*). This statement does not hold at
the next-to-leading order (NLO) in QCD, because the
box diagrams will induce a d48¢ in the b-quark current.
However, with numerical simulation we will show that
the resulting asymmetry is tiny. Note that under C or
CP the process is not invariant due to a difference in the
PDF of the initial state quark.

tt production. The ¢t production can mimic the signal
if one of the W-bosons decays hadronically, see Figure
(b). Unlike the QCD background, they are not invariant
under b-charge conjugation, but are invariant under CP
(we assume Vj, = 1). For gg — ¢ component we thus
expect o(bW*) to cancel o(bWT). The ¢q initial state
gives a different boost to the center of mass frame under
charge conjugation, leading to the ¢t charge asymmetry
at the LHC. This could in principle result in a small bb
asymmetry if cuts on rapidities are imposed. However,
the top-quark charge asymmetry is only an NLO effect,
at roughly ~ 1% at the LHC [16]. Given that our cuts
will not be sensitive to the difference in rapidity between
b and b, this is again expected to be a tiny effect.

tW production. See Figure 2| (c). Similar to ¢£ produc-

tion, this process, with g and b in its initial state, is
invariant under CP conjugation. We expect the result-
ing bb asymmetry to vanish up to NLO in QCD. The
same argument applies also to WWb production.

EW. These consist of all the non-top diagrams in the

bW — bW scattering amplitude. Even though we call
them electroweak (EW) background, they actually be-
long to the same gauge group of the signal process,
and in principle should be defined as part of the sig-
nal. We list them here because they do not probe the
desired amplitudes in Figure[} and may lead to a model-
dependence, for example, if the tbW coupling gy devi-
ates from the SM. Nevertheless, under the b charge con-
jugation only the V' — A interference could contribute.
We will show that, after imposing kinematic cuts that
suppress the unwanted topologies, the remaining asym-
metry from EW production is at the 1% level for back-
ground and ~ 10% for the interference with signal.

In conclusion, the b-charge asymmetry o4 = o(b) —

o(b) is almost free of background. Two comments are

FIG. 2: Background processes in pp — Whj production, in-
cluding QCD (a), tt (b), tW (c), and EW (d-f).

in order. First, from a 4-flavor scheme point of view
the process is pp — Wbbj, which always gives the same
number of b and b. A non-zero o arises because we
measure only the charge of the b-jet with a higher pr,
which is more likely to have interacted with the W-boson
from the other proton. Second, when defining o4 we do
not distinguish between W+ and W, because o (bW *) —
(W) will cancel only the QCD (with part of EW)
background, while o(bW*) — o(bWT) will cancel only
the tt and tW backgrounds.

In order to measure o4, we need to identify the charge
of the b jets. At the LHC, reconstruction of b-jet charge
was already used (see e.g. Refs.[I7H20].) Recently, the
ATLAS collaboration has developed a jet vertex charge
(JVC) tagger, which also makes use of the reconstructed
displaced vertices. While technical details can be found
in Ref. [2I], here we simply point out that by selecting
a symmetric working point, where the correct tagging of
a b-jet and a b-jet are the same, the efficiency of charge
tagging can reach € ~ 65%, which implies that 2¢ — 1 =
30% of the actual b-charge asymmetry will be measured.

With the asymmetry we define an on-/off-shell ratio:
R =og/og, (1)

where Ué‘}l’oﬁ represents the asymmetric cross section
with the top being on-/off-shell, defined by some mass
window cut. Both 05‘}1 and ag“ﬂ probe the same ampli-
tude, but o7} is dominated by the s-channel and is thus
inversely proportional to I'y, while 05‘% is insensitive to
T";. Their ratio will be a direct probe of I';.

Apart from removing backgrounds, there are several
advantages of using the ratio between the asymmetric
cross sections:

e Systematic uncertainties, such as uncertainties related
to luminosity and tagging efficiency, including the b-
charge tagging efficiency, are expected to cancel to
large extent.

e Theoretical uncertainties for the signal, due to radia-
tive corrections should partly cancel. We will show



that the ratio is stable under QCD correction.’

e Dominant model-dependence should cancel in the ra-
tio.

Simulation. To find the relation between R and T',
we simulate both the signal and the background processes
using MADGRAPH5_AMC@NLO [22] and PYTHIAS [23].
Given that the asymmetry in background could be in-
duced by radiative corrections, we simulate our back-
ground processes at NLO in QCD with parton shower
(PS), where results are obtained with NNPDF3.0 [24]
and are matched by using MC@NLO [25]. For tf and
tW background we use MADSPIN [26] to decay the top
quarks. Signal processes are computed at LO+PS for
various g;pw and I'y including full off-shell effects. A K-
factor computed under the SM assumption is applied.

We take m; = 173.2 GeV and '™ = 1.37 GeV. Renor-
malization and factorization scales are set to one half of
the total transverse mass. Scale uncertainties are ob-
tained by varying both scales independently by a factor
of two in both directions. Jets are clustered with anti-kp
algorithm, as implemented in FASTJET [27], with R = 0.4
and a 25 GeV pp cut. We require only one lepton in the
final state. We assume perfect b jet-tagging and W-boson
reconstruction. A more complete analysis could include
errors due to mistagging and acceptance, etc., but is un-
likely to change our result as these effects are expected
to cancel in the R ratio.

Despite no contribution to the asymmetry, the abso-
lute number of background events will contribute to the
statistical error. To reduce the background events, we
apply the following kinematic cuts:

77(]1) > 2.3, n(]bl) < 2.5,
pT(.jbl) > 25 GeV7 pT(.]2) < 50Gev7 pT(ij) < 50Gev7
n(W) < 4.0, pr(W) < 120 GeV, m(Wj;) > 140 GeV.

Here ji2 (jb12) represent the non-b (b) jets with the
largest and the second largest pr. We consider events
with at least one b and one non-b jet, and at most two b
and two non-b jets. Cuts on the first b-jet are to be consis-
tent with the b-jet charge tagger simulation in Ref. [21].
On-/off-shell events are defined by a mass window cut of
my£20 GeV. If either m(Wjp,) or m(Wjp,) falls into the
window, we consider the event as an on-shell event. We
further smear m(Wj, o) by a Gaussian with a 10 GeV
width to account for possible errors in reconstructing the
top. These cuts only serve as a simple way to suppress
the background. A sophisticated signal/background dis-
crimination is not strictly required, thanks to the charge
asymmetry, but certainly helps to further reduce the sta-
tistical uncertainty. In particular, multi-variate analy-
sis based approaches have been widely used in single-top

1 We expect the EW corrections to be small. A complete com-
putation would be necessary, but it is beyond the scope of this
letter.

measurements (see, for example, refs. [28H32]), and it is
probably straightforward to apply them also to the off-
shell region.

Signal+EW EW only QCD tt tW

Offshell o  5.08(2) 0.512(2) 4.68(3) 4.39(4) 1.04(1)
o 1.40(1)  0.009(1) -0.04(3) 0.02(3) -0.005(6)
On-shell o 32.61(5) 0.135(1) 1.32(2) 12.47(9) 1.56(1)
o 10.21(3)  0.002(1) -0.02(1) -0.07(8) 0.01(1)

TABLE I: Total cross sections (o) and b-charge asymmetry
(o) at the LHC 13 TeV, in pb, from signal and background
processes. The first column includes both signal and EW
background, and their interference.

Our results for the total and asymmetric cross sections
under the SM assumption are shown in Table [l As we
have expected, the b-charge asymmetry removes nearly
all of the background, while leaving about 30% of the
signal.

Uncertainties. The main feature of our approach is
that systematic errors are expected to be negligible. The
b-charge asymmetry is background free, so we have no
error from background modeling; errors related to lumi-
nosity and tagging efficiency are expected to cancel out in
the R ratio. While a complete study of systematic errors
can be performed only by experimental collaborations,
here we simply assign a 2% error to possibly uncanceled
systematic effects. This estimate may be a bit optimistic,
as we do not take into account possible contaminations
from mistagged b-jets. The mistagging from a c-quark
would not affect the signal because cc is symmetric in a
proton, but those from u- and d-quarks may lead to a
charge asymmetry that is not negligible. However, we
do not have enough information to assess how much of
this asymmetry would survive the JVC charge tagger.
In an optimistic scenario, these mistagged b-jets would
not lead to an observable charge asymmetry, as the tag-
ger uses the information from displaced vertices and soft
muons from the b decay. For this reason, we will aim
at providing the best possible scenario, keeping in mind
that the mistagging-related errors should be determined
by a full experimental analysis.

Another important source comes from perturbative
QCD corrections. The Wb invariant mass distribution
can be changed by additional gluon emission from both
decay and production [33H36]. However, such effects are
partly captured by PS simulation. Complete single-top
production including off-shell and PS effects has shown
that, when matched to PYTHIAS, NLO correction is at
the level of < 20% and does not significantly change the
shape [36] (see also ref. [37]). To find out the radiative
correction on the ratio R, we simulate the Wbj produc-
tion at the NLO matched to PYTHIAS. We approximate
the W*b and Wb events by single tops produced on-
shell and decayed by MADSPIN. This is a good approxi-
mation near the resonance [36], while in the off-shell re-
gion, we already see in Table [[| that neglecting the EW



background has only a small effect on the asymmetry.
On the other hand, for W~b and Wb production we
compute the full process.

ogir [pb] oo [pb] ‘R ratio
LO  1.32(2)70%, 9.0(1))%, 0.146(3)7) 1%

NLO 1.41(8)783% 9.8(1)F23% 0.144(8)71 57

TABLE II: Approximate LO and NLO asymmetries for on-
/off-shell cross sections and their ratio. Uncertainties shown
in percentage come from scale variation.

Our results are shown in Table [[Il As expected, the
ratio partly reduces the scale uncertainties of individual
cross sections. Given that the central value of the ratio
seems stable under QCD correction, we believe that the
remaining ~ 1.5% scale uncertainty is a good estimate
for our theoretical error.

Finally, we estimate the relative statistical error by
§ =\0oL/(2e—1)cAL, i.e. the fluctuation is given by the
root of the total number of events (including background)
while the central value is 2¢ — 1 ~ 30% of the actual b-
charge asymmetry.

Luminosity [fb™"'] 30 300 3000
Limits [GeV]  [0.40,2.30] [1.01,1.73] [1.14,1.60]
Stat. error 11% 3% 1%

TABLE III: One-sigma exclusion limit on I'y, expected at
LHC 13 TeV.

Results. The exclusion limits on I'; are given in Ta-
ble [[T]] for LHC 13 TeV, together with corresponding sta-
tistical errors. Our limit at 30 fb~! is not as good as
the current limits put by CMS, mainly because of the
lower production rate of single-top process, but is al-
ready competitive. Moreover, the direct measurement
in Ref. [2] has larger systematic uncertainties and will
eventually become systematics-dominated at high lumi-
nosity, and further improvements beyond that point will
be difficult. In contrast, our approach should scale better
with luminosity, since it is limited mainly by statistical
uncertainty, and therefore its precision is expected to im-
prove quickly as the integrated luminosity increases. At
HL-LHC we expect to reach a precision of roughly 250
MeV. We should also mention that, in any case, an in-
dependent new measurement on the same observable is
always valueable as a consistency check.

We briefly discuss the model dependence of this ap-
proach. Assuming that BSM effects enter as a constant
deviation in the coupling g«w from its SM value, we
would expect the measurement on the width to be in-
dependent of g;pp, as both the on- and off-shell cross
sections scale as gbe. In practice, a small dependence
remains, from the interference between the signal and
the EW background (QCD background does not inter-
fere), which scales as gbe. In Figure |3| we show the
expected limits on the (T, g1pw ) plane. We can see that
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FIG. 3: Constraints on I'; and gww at 68% confidence level.

the allowed region (represented by the green band), while
mainly constraining I't, is not exactly vertical. However,
this remaining dependence on g4,y can be taken under
control, by imposing further kinematic cuts that suppress
the interference. One possible way is to select only the
transversely polarized component Wr, using the angular
distribution of the decay products of W. To illustrate the
idea, we simply assume that the transverse components
can be perfectly identified. The resulting constraint is
given by the red band in Figure [3] displaying a much
smaller model-dependence.

A more reliable way is to combine this measurement
with the single-top cross-section measurement, which
probes a different combination, gbe /T't. The projected
precision for t-channel single top is roughly 5% at the
HL-LHC [38], given by the yellow band in Figure [3| We
see that the Iy and the single-top measurements nicely
complement each other. Note also that under the same
assumption we have I'y > ['(t — bW) = T¥Mg2 /g%,
which bounds I'; from below, as illustrated by the purple
area in Figure 3] By naively combining all constraints,
we expect the following one-sigma limit at 3000 fb=!:

1.31GeV < T, < 1.57GeV (2)

Similar to the Higgs-width measurement case, a po-
tential worry is that an energy-dependent coupling could
generate additional model-dependence. The problem is
less severe here, as ~ 90% of the off-shell events do not
go beyond m; + 40 GeV. In addition, the off-shell con-
tribution in gy will be canceled by a contact bbWW
coupling required by gauge symmetry (see ref. [39] for a
similar case). Other momentum dependence could exist
but is insensitive to on-/off-shellness, and only leads to
less than a few percent deviation on R.

We emphasize that the main purpose of this work is
to present the idea of using b-charge asymmetry to probe



T'y, and perform a first analysis to estimate its perfor-
mance. Further improvements are possible, and deserve
more investigations. For example, the precision level of
this approach relies on the JVC tagging efficiency e. If
future developments improves €, say from 65% to 80%,
the precision on the width can be improved by a factor of
two. In addition, using the charge information of the W
could help. Even though o(bW¥*) — o(bW¥) is not com-
pletely free of background, it is interesting to see if one
can gain further information by measuring/constraining
the remaining background. Finally, in the current analy-
sis we only distinguish between on-/off-shell events with a
simple mass-window cut. In principle one could also con-
sider dividing the m(Wb) distribution into more bins, so
that more information from the distribution can be used.

Summary. We proposed the on-/off-shell ratio of b-
charge asymmetry from pp — Wbhj as a direct probe
of the top-quark width I';. We pointed out that this
asymmetry is virtually free of any background related un-
certainties. Remaining systematic uncertainties are ex-
pected to cancel by taking the ratio of cross sections, and
we also showed that theoretical uncertainties from QCD
radiative corrections are under control. The approach
is therefore dominated only by statistical error, which
means good precision can be expected at high integrated

luminosity. Using the state-of-the-art Monte Carlo tools,
we found that in the optimistic scenario a 200 ~ 300 MeV
precision can be expected at the HL-LHC, and we en-
courage the experimental collaborations to perform more
detailed analyses to determine the final reach. The ap-
proach directly probes the total width, and is insensitive
to BSM couplings.

We demonstrated that the b-charge tagging algorithm
developed by ATLAS, even with only ~ 65% efficiency,
is already a powerful tool if used in a special way. In
additon to improving the precision of top-width mea-
surement, we also hope that the key idea of using the
b-charge information will open up new opportunities for
doing precision top physics.
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