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Future high-energy 𝑒 + 𝑒 − colliders will provide some of the most precise tests of the Standard
Model. Statistical uncertainties on electroweak precision observables and triple gauge couplings
are expected to improve by orders of magnitude over current measurements.
This provides a new challenge in accurately assessing and minimising the impact of systematic
uncertainties. Beam polarisation may hold a unique potential to isolate and determine the size of
systematic effects. So far, studies have mainly focused on the statistical improvements from beam
polarisation. This study aims to assess, for the first time, its impact on systematic uncertainties.
A combined fit of precision observables, such as chiral fermion couplings and anomalous triple
gauge couplings, together with experimental systematic effects is performed on generator-level
differential distribution of 2-fermion and 4-fermion final-states. Different configurations of available beam polarisations and luminosities are tested with and without systematic effects, and will
be discussed in the context of the existing projections on fermion and gauge boson couplings from
detailed experimental simulations.
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1. Introduction

Proposed future colliders motivate the polarisation and luminosity configurations used in this
study [4]. The polarisation scenarios are an unpolarised scenario (P𝑒− = P𝑒+ = 0%) with only one
unpolarised dataset, a 𝑒 − -only polarised scenario with P𝑒− = ±80% and P𝑒+ = 0% and a luminosity
sharing of 50 : 50 between the two datasets, and a fully polarised scenario with P𝑒− = ±80% and
P𝑒+ = ±30% and an optimized luminosity sharing of 45 : 45 : 5 : 5 where the first two are the
opposite-sign and the second two the same-sign datasets. Two luminosity scenarios with a factor 5
difference are tested: L = 2 ab−1 and L = 10 ab−1 .
All polarisations and the luminosity can vary freely and can be given a Gaussian constraint
to represent external measurements, e.g. here [5, 6]: Δ𝐿/𝐿 = 3 × 10−3 and ΔP/P = 2.5 × 10−3
(ΔP = 2.5 × 10−3 ) for polarised (unpolarised) beams. The helicity flip between polarised datasets
is not assumed to be perfect, so that each signed polarisation is a separate parameter.
As a prototype for shape-depending systematic effects, a simplified model of the muon acceptance is introduced as a parametrised detector effect as described in [3]. The model assumes
that muons are perfectly reconstructed in the central region down to a specific limiting angle below
which they can not be reconstructed. The limiting angles can be varied independently for the
forward and backward direction; their nominal values are chosen to be 7◦ here, inspired by the ILD
detector [7].

2. Physical parameters and systematic effects
This contribution focuses on di-muon production at 250 GeV, separated into events returning
√
to the 𝑍 pole and high- 𝑠 0 events, using generator-level events created for the 250 GeV ILD
production [8], produced with WHIZARD2.8 [9, 10]. Previous work used a set of processes with
two and four fermions in the final state [3, 11], so far without considering the angular acceptance.
The di-muon distributions are one-dimensional distributions of the 𝜇− polar angle in the di√
muon rest frame, separated into a high-energy part with 𝑠 0 ∈ [180, 275] GeV (“high-𝑄 2 ”) and
√
radiative-return part with 𝑠 0 ∈ [81, 101] GeV (“return-to-Z”).
2
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The latest update of the European strategy of particle physics identifies “[a]n electron-positron
Higgs factory [as] the highest-priority next collider” [1]. Proposed future 𝑒 + 𝑒 − Higgs factories have
either no beam polarisation, 𝑒 − beam polarisation or polarisation of both beams. This situation
raises the question which expected advantages beam polarisation can bring. Among the frequently
studied advantages are the increase in effective luminosity, the suppression of backgrounds and
the analysis of chiral behaviour. In the context of dark matter searches, it has also been shown
that the combination of datasets with different beam polarisations reduces the impact of global
scaling systematic uncertainties drastically, if they are at least partially correlated between the data
sets [2]. The study presented here investigates to which extent beam polarisation could help to
control both global and shape-dependent systematic effects in the context of electroweak precision
measurements. For this purpose a framework to simultaneously fit differential distributions from
multiple physics processes and various data sets with different polarisations has been developed [3].
The fit performs a Poissonian log-likelihood maximisation using the Minuit2 framework of ROOT.

Jakob Beyer

Interplay of beam polarisation and systematic uncertainties at future e+e- colliders

35

(Pe , Pe+), L

30

Uncertainty [1E-4]

(80%, 30%), 2ab 1
(80%, 0%), 2ab 1
(0%, 0%), 2ab 1
all P fixed

25
20
15
10
0

0/ 0SM

A
Ae
+
e e

kR
AFB, 0 kL
parameters at return-to-Z

k0

Figure 1: Precision on the return-to-Z muon pair production parameters for varius collider setups.
Crosses represent result with fixed polarisation amplitudes.

√
These distributions are described by six fit parameters for each of the two 𝑠 0 ranges. The
first three are the unpolarised total cross-section 𝜎0 as well as the initial- and final-state fermion
√
asymmetries 𝐴𝑒 and 𝐴 𝜇 , as known from classic 𝑍-pole physics, e.g. at LEP and SLC [12]. At 𝑠
above the 𝑍-pole, a fourth parameter 𝜖 𝜇 is needed to model the effect of 𝑍/𝛾 interference. Finally,
two correction parameters 𝑘 𝐿 and 𝑘 𝑅 account for radiative corrections in the shape of the initial
state radiation included in the Monte-Carlo samples.
In the case of an unpolarised collider, the 𝐴𝑒 , 𝐴 𝜇 and 𝜖 𝜇 parameters combine to 𝐴𝐹 𝐵 , and 𝑘 𝐿
and 𝑘 𝑅 merge into the unpolarised 𝑘 0 . A measurement of all chiral parameters at an unpolarised
collider would require the reconstruction of final state polarisations, i.e. from 𝜏-leptons.

3. Accessing chiral behavior with beam polarisation
Figure 1 shows the resulting precisions on the six (or three in the unpolarised case) fit parameters
describing the 𝑍-return samples for various assumptions on the availability of beam polarisation,
all for an integrated luminosity of 2 ab−1 , and with fixed angular acceptance parameters.
The total unpolarised cross-section is determined in all cases at the level of 3 × 10−3 , i.e. is –
in this setup – only limited by the assumed precision of the luminosity measurement. In the case
that both beams are polarised (blue), the two asymmetry parameters 𝐴𝑒 and 𝐴 𝜇 can be determined
at the level of 7 × 10−4 , which is about two times more precise than 𝐴𝐹 𝐵 in the unpolarised case
(grey). This illustrate the significant additional information provided by the polarised data sets. It
can also be noted that if both beams are polarised, there is hardly any additional uncertainty from
the finite knowledge of the beam polarisation, which can be seen from the fact that there is no (𝐴 𝜇 )
or just a tiny (𝐴𝑒 ) improvement when the polarisation parameters are fixed in the fit (crosses). The
situation changes drastically in the absence of positron polarisation (orange): in this case, 𝐴𝑒 cannot
be disentangled from the positron polarisation parameter and is limited directly by the assumed
3
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(b)

Figure 2: Correlation matrices of all parameters included in the fit for L = 2 ab−1 and scenarios
of: (a) only 𝑒 − polarisation, (b) both beams polarised. The correlations between the return-to-Z
𝐴𝑒 parameter and the polarisation amplitudes are emphasized.

polarimeter precision — in other words, a deviation from 𝑃(𝑒 + ) = 0 cannot be distinguished from
a non-SM value of 𝐴𝑒 .
This can be seen more explicitly in Fig. 2, which shows the degree of correlation between all the
parameters in the fit, in Fig. 2a for the case of only the electron beam polarised, and in Fig. 2b for the
case of both beams polarised. The orange boxes highlight the correlation between the polarisation
parameters and 𝐴𝑒 in the 𝑍-return sample, clearly showing how a non-zero positron polarisation
reduces the correlations. The same effect can also be seen for 𝐴𝑒 in the high-𝑄 2 sample. On a more
subtle level, also correlations between the radiative correction parameters on one hand and the total
cross section and the 𝐴𝑒 parameters on the other hand are reduced if both beams are polarised.
Once the 4-fermion processes will be included, there will be further constraints on the polarisation amplitudes, so that the polarisation will be known better than just the polarimeter precision [13].
Still, the full correlation between 𝐴𝑒 and P𝑒+ remains, propagating any potential bias of P𝑒+ directly to 𝐴𝑒 . For the same reason, a contribution of the di-fermion final states to the polarisation
measurement is only possible if both beams are polarised.

4. Isolating detector effects with beam polarisation
The notion of separating effects by their chiral behavior can be translated to the interplay of
physical and systematic effects. Detector effects are uniquely chirality-independent, compared to
their generally chirality-independent physical counterparts. A combined fit to all polarised datasets
of a polarised collider could use the different chiral behaviour to reduce correlation between physical
and systematic effects. This may reduce the impact of systematic uncertainties (e.g from detector
effects) which can be assumed to be correlated between data sets with different polarisation signs.
This is usually the case when the beam helicities can be flipped sufficiently fast, e.g. at the level of
4
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Figure 3: Precision on the radiative correction parameters for return-to-Z muon pair production
for varius collider setups. Stars represent result with fixed muon acceptance parameters.

a few Hz, and in a randomised way. This has been shown for global scaling uncertainties, like the
luminosity measurement [2], and will be investigated in this study with a shape-dependent effect,
taking as example the angular acceptance for muon reconstruction introduced above.
In this very simplified case of just two parameters describing a perfect “box-like” acceptance, it
turns out that the only change to the results presented in the previous section occurs for the radiativecorrection parameters 𝑘. Figure 3 compares the precisions on these parameters for the case of fixed
muon acceptance (stars) with the case of two additional free acceptance parameters. The additional
systematic uncertainty due to the muon acceptance makes up 14% of the total uncertainty on the
𝑘 parameters in the unpolarised case. Adding 𝑒 − beam polarisation leads to a relative impact of
7(5)% on individual 𝑘 𝐿 (𝑘 𝑅 ) parameters. An additional polarisation of the 𝑒 + does not lead to a
further reduction of the relative systematic uncertainty.1
In case of the di-muon events, small variations in the perfect box-acceptance around the default
7◦ in the detector system thus lead to very limited changes in the angular distributions in the di-muon
restframe. The acceptance-related changes have a distinct shape compared to the effects of the other
parameters and thus can be easily determined from the data themselves. Even if so far only tested
in this very simplified Ansatz, this robustness of the physics parameters w.r.t. the acceptance is in
principle very good news.
It remains to be studied in the future whether this statement holds up also for the four-fermion
case, with more subtle angular effects e.g. from anomalous triple gauge couplings, and for more
realistic parametrisations of the acceptance.

5. Conclusion
Beam polarisation separates effects by their chiral behaviour. This is especially relevant for
those effects with the same or a similar differential shape. This chiral sensitivity is essential to gain
1Subsequent studies have shown that this a consequence of the choice of parameters which lead to correlations
between 𝑘 𝐿 and 𝑘 𝑅 . The same 14% impact is observed in the polarised cases when choosing a more appropriate linear
combination of 𝑘 𝐿 and 𝑘 𝑅 .
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direct access to all chiral parameters in muon pair production - and difermion production in general.
A single polarised beam gives access to the full set of chiral parameters. Polarising both beams also
removes remaining full correlations between the chiral parameters and the polarisation amplitudes.
In general, every additional beam polarisation decreases correlations between parameters. A first,
very simplified Ansatz to include a systematic uncertainty on the muon acceptance proofed the fit
results to be very robust against the exact knowledge of the onset of the acceptance in the forward
(and backward) region of the detector. In the future it needs to be investigated in how far this result
holds also in the case of more realistic parametrisations.
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