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Abstract

The forward–backward asymmetry (AFB) in light-quark production is a sensitive
probe of the electroweak sector and potential flavour-dependent BSM effects. We
present a study of e+e− → ss̄ at

√
s = 250 GeV at future linear colliders,

using full ILD simulation and reconstruction tools for ILC and LCF@CERN.
We assess the impact of particle identification on charge reconstruction and AFB

extraction, considering software improvements using CPID for optimal dE/dx
usage, as well as hardware scenarios including cluster counting (dN/dx) and
ideal TPC performance. Statistical precision gains are evaluated, with corrections
for charge misidentification and acceptance applied.
Results indicate that precise Ass̄

FB measurements are feasible and that advanced
PID is key to maximising sensitivity to electroweak and new-physics effects.
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1 Introduction

The study of quark pair production in e+e− collisions provides a precise probe of
electroweak interactions and is sensitive to the chiral structure of the SM, which would
be modified by BSM contributions. This in turn would lead to measurable modulations
of the differential cross section that impact the Forward-Backward Asymmetry (AFB),
defined as:
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Aqq̄
FB =

σF − σB

σF + σB
. (1)

Here, σF/B is the differential cross-section integrated over the forward/backward
hemisphere. This work focuses on e+e− → ss̄ at

√
s = 250 GeV, comparing ILC250 [1–

5] and LCF@CERN250 [6, 7]. Both feature polarised beams (80% e−, 30% e+) and
foreseen integrated luminosities of 2 ab−1 (ILC) and 3 ab−1 (LCF). Four beam polar-
isation schemes are envisioned: P(e−, e+)=(±0.8,±0.3). For simplicity, we denote
(+0.8,−0.3) as e−Le

+
R and (+0.8,+0.3) as e−Re

+
L . In this work, we consider only the

e−Le
+
R and e−Re

+
L polarizations, each with 45% of the total integrated luminosity.

Following previous heavy-quark studies [8–15], we extend the analysis to strange-
quark production [14, 16].

2 Methodology and results in the baseline dE/dx
analysis

Preselection of qq events

The events are simulated (Refs. [17–20]) and reconstructed with the standard ILD
chain (Refs.[21–23]), producing Particle Flow Objects (PFOs), jets and flavour-tagging
information.

After reconstruction of the main physics objects (tracks, jets, PFOs, heavy quark
tagging, and PID), an event preselection is applied using kinematic cuts to enrich
the signal and reduce backgrounds. The backgrounds suppressed by this preselection
arise from heavy boson pair production (W+W−, ZH, ZZ). The same set of cuts
also mitigates the impact of radiative return events, which would otherwise dilute the
measured cross section. The preselection at 250 GeV is as in Ref. [12]:

1. Photon veto cuts, rejecting events if:
(a) at least one jet contains only one PFO;
(b) at least one jet contains a reconstructed γcluster with E > 115 GeV or located

in the forward region | cos θ| > 0.97;
2. Events with sinΨacol > 0.3 are rejected;
3. Events with mjj < 140 GeV are rejected;
4. Events with y23 > 0.02 are rejected.

Strange tagging based on kaon PID

Until recently, no strange tagging algorithm was available. Therefore, a simple cut-
based s-tagger was developed in Ref. [14]. The cut-flow of the s-tagging in this analysis
is slightly different from that of the reference and is listed in Tab. 1.

The event selection cuts are grouped as follows: cuts 1–3 suppress heavy-quark
backgrounds, 4–7 select s-jets via kaon PID, and 8–9 reduce migration effects.

Compared to the analysis in Ref. [14], the main modification concerns cut 7. A
two-dimensional mapping of the PID observables is used to define a region identifying
a PFO as a kaon. The track dE/dx significance quantifies the compatibility of a track
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# Name Quantity
1 b-tag b-tag < 0.3
2 c-tag c-tag < 0.65
3 nvtx nvtx = 1
4 LPFO momentum pLPFO > 15 GeV
5 LPFO acollinearity cos θLPFO1,2

> 0.95

6 Offset V0 =
√

d20 + z20 < 1 mm
7 dE/dx PID K If | cos θ| < 0.85, |kdist| < 1.5,

else |kdist| < 0.5
8 SPFO pSPFO < 10 GeV and QSPFO = QLPFO

9 Charge QLPFO1
×QLPFO2

< 0

Table 1 Summary of the event selection cuts used in the baseline
dE/dx analysis.

with a given particle hypothesis, and it is defined as SdE/dx = ∆(dE/dx)/σdE/dx,
where ∆(dE/dx) = (dE/dx)meas − (dE/dx)exp. In this work, we take the Bethe-
Bloch expectation for kaons as reference, which defines the dE/dx k-distance, shown
in Fig. 1.

Fig. 1 Kaon selection region in the k-distance plane used in cut 7.

The total and angular efficiencies for all quark flavours and for each s-tagging cut
are reported in the Appendix.

For the AFB measurement, the jet charge is taken from the leading PFO, identified
as a primary kaon from the s or s̄ quark. The selected sample is corrected sequentially:
backgrounds are subtracted using templates scaled by their efficiencies, the signal
is corrected for polar-angle-dependent selection and reconstruction efficiencies, and
residual charge misidentification is corrected using the p–q method.

Template Subtraction and Efficiency Correction

Background contributions are estimated using truth-level Monte Carlo templates,
scaled by the corresponding selection efficiencies ϵ = Nsel/Ngen for each background
b. The corrected signal yield in each bin is

Nsignal = Nobs −
∑
b

ϵbNb, (2)
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after which, the signal is corrected for angular-dependent reconstruction and selection
efficiency:

Ncorr =
Nsignal

ϵsignal
. (3)

Migration Correction (p-q method)

Let Pchg be the probability that the sign we infer from the LPFO correctly reproduces
the charge of the initial quark produced in the hard scattering. The probability of
misidentification is then Qchg = 1−Pchg. Assuming that the jet-charge measurements
in the two hemispheres are independent and symmetric, the number of events with
compatible charges (opposite sign) in a given | cos θ| bin can be written as

NM
acc(| cos θ|) =

(
P 2
chg +Q2

chg

)
N(| cos θ|). (4)

Once Pchg is determined from Eq. 4, the observed events in the forward and back-
ward regions can be unfolded to recover the true distributions. The corrected event
yields are obtained by inverting the corresponding 2× 2 migration system:

Ncorr(+| cos θ|) =
P 2
chg Nacc(cos θ > 0)−Q2

chg Nacc(cos θ < 0)

P 4
chg −Q4

chg

,

Ncorr(−| cos θ|) =
P 2
chg Nacc(cos θ < 0)−Q2

chg Nacc(cos θ > 0)

P 4
chg −Q4

chg

.

(5)

This expression corresponds to the analytical inversion of the 2×2 charge-migration
matrix under the assumption of identical charge-measurement performance in both
jets.

Fit

After applying the correction procedure, the resulting differential cross-section repre-
sents the parton-level distribution. This distribution is fitted using

dσ

d cos θ
= S(1 + cos2 θ) +A cos θ, (6)

neglecting the term proportional to sin2 θ, as it is strongly suppressed by the large
Lorentz boost of the s-quarks. The fit is restricted to the barrel region, | cos θ| < 0.8,
where the PFO information is not significantly affected by detector acceptance. The
AFB value is obtained by extrapolating this function to the full angular range.
This method is motivated by the reduced statistics and degraded reconstruction
performance in the very forward/backward regions (| cos θ| > 0.8).

An example of these fits for the baseline dE/dx case for e−Le
+
R and e−Re

+
L is shown in

Fig. 2, comparing parton-level and reconstructed distributions for both polarizations.
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Fig. 2 Comparison of the angular fits to the reconstructed and corrected data with respect to the
parton level distributions. Plots for the e−L e+R (left) and e−Re+L (right) cases using dE/dx.

3 Improvements in PID

Software improvements

The same analysis as described in Sec. 2 was repeated using the Comprehensive PID
(CPID) framework (Ref. [24]). In this approach, the particle identification for each
PFO is based on the likelihood outputs of BDT classifiers. In particular, cut 7 was
modified such that a PFO is considered a kaon if LK > 0.5 and Lπ < 0.7, where
LK/π are the kaon/pion likelihood outputs of CPID. All other cuts are applied as in
the dE/dx analysis.

Hardware improvements

Two scenarios are considered to evaluate the potential gain from improved PID. A
pixel-based TPC is expected to improve kaon/pion separation by ∼ 30–40% for track
momenta between 3 and 50 GeV [25] by using Cluster Counting (dN/dx). Since dN/dx
reconstruction is not yet available in ILD, its effect is emulated by narrowing the PID
likelihood distributions, following Refs. [13, 15]. In the dN/dx scenario, the standard
deviation of the k-distance is reduced by 25% (corresponding to∼ 33% improvement in
separation), while in the PerfectTPC case it is reduced by 99%, representing near-ideal
PID. The baseline dE/dx analysis flow is applied in both cases for direct comparison.

4 Estimation of systematic uncertainties

Systematic uncertainties are evaluated by propagating the uncertainties on the selec-
tion efficiencies for both signal and background through the template subtraction
procedure:

1. For each efficiency, variations are applied according to its uncertainty, generating
pseudo-experiments (toys) in which efficiencies are fluctuated independently.
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2. For each toy, the template subtraction is repeated, yielding a set of corrected signal
distributions.

3. For each bin, the systematic uncertainty is computed as

∆ =
√

∆2
disp +∆2

rms, (7)

where ∆disp is the mean shift of the toy results relative to the nominal value, and
∆rms is the root-mean-square of the fluctuations around this mean.

This method naturally combines bias and spread in a single systematic uncertainty,
and can account for correlations between bins if needed.

There are other sources of systematic uncertainties that haven’t been considered
here, such as polarization in the initial state or hemisphere correlation in the detec-
tor, but, as can be seen in Ref. [12], their size is minimal compared to the template
subtraction.

5 Results for ILC250 and LCF@CERN250

Figures 3 and 4 summarise AFB results for ILC250 and LCF@CERN250. Statisti-
cal uncertainties are scaled to expected integrated luminosities. Improvements from
CPID and hardware upgrades reduce uncertainties, with PerfectTPC providing a lower
benchmark.
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Fig. 3 Expected uncertainties for ss in the ILC250. Right: Comparing different hardware settings
(dE/dx vs dN/dx in a pixel TPC vs An ideal TPC)

6 Possible impact on GHU phenomenology

Figure 5 shows the potential impact of improved ss̄ forward-backward asymmetry
measurements on discriminating Gauge-Higgs Unification (GHU) scenarios. The plots
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Fig. 4 Expected uncertainties for ss in the LCF@CERN250. Left: Comparing different software
approaches (dE/dx vs CPID dE/dx). Right: Comparing different hardware settings (dE/dx vs dN/dx
in a pixel TPC vs An ideal TPC)

follow the methodology of Ref. [15], using projected experimental uncertainties from
Ref. [26] as input. These uncertainties are indicative estimates for the bb and cc chan-
nels using the Particle Transformer (ParT); a dedicated analysis will be required. The
figures demonstrate that even modest improvements in ss̄ AFB can enhance sensitivity
to GHU parameters.

Fig. 5 Expected impact in the discrimination power for GHU models assuming a 1% (left) or 0.1%
(right) uncertainty for ss.

7 Conclusions

This study highlights the improvements achievable in ss̄ forward-backward asymme-
try measurements using advanced particle identification. Upgrading from standard
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dE/dx to emulated dN/dx or applying CPID likelihood-based selection both reduce
uncertainties and enhance the signal purity.

The results also illustrate the potential of this channel for probing BSM scenarios
such as GHU. While the current cut-based approach provides a first estimate of the
achievable precision, it does not fully exploit all available kinematic and PID informa-
tion. Future studies using the ParT framework will allow more sophisticated selections,
further improving sensitivity and maximizing the impact of this channel.
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Appendix A Appendix

A.1 Efficiencies for the dE/dx case

Efficiency (%)
dd uu ss cc bb

+ Cut 1 93.9 93.9 93.1 69.3 2.11
+ Cut 2 91.8 91.6 90.9 14.0 1.35
+ Cut 3 91.8 91.6 90.9 14.0 1.35
+ Cut 4 44.9 51.8 42.3 4.01 0.07
+ Cut 5 38.2 43.9 35.9 3.35 0.06
+ Cut 6 36.8 42.4 34.0 3.10 0.05
+ Cut 7 2.38 2.91 4.80 0.22 <0.01
+ Cut 8 0.29 0.46 0.63 0.04 <0.01
+ Cut 9 0.17 0.33 0.48 0.02 <0.01

Table A1 Efficiencies per cut in the e−L e+R case.

Fig. A1 Efficiencies per cut in the e−L e+R case.
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Efficiency (%)
dd uu ss cc bb

+ Cut 1 94 93.9 93.2 69.3 3.45
+ Cut 2 92 91.7 91.1 14.6 2.46
+ Cut 3 92 91.7 91.1 14.6 2.46
+ Cut 4 38.2 50.4 35.9 3.92 0.07
+ Cut 5 32.4 42.7 30.4 3.30 0.06
+ Cut 6 31.3 41.2 28.8 3.04 0.05
+ Cut 7 1.99 2.84 4.07 0.22 <0.01
+ Cut 8 0.26 0.44 0.53 0.04 <0.01
+ Cut 9 0.15 0.32 0.40 0.02 <0.01

Table A2 Efficiencies per cut in the e−Re+L case.

Fig. A2 Efficiencies per cut in the e−Re+L case.
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