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Abstract: We present a study of the measurement of the effective weak mixing angle parameter (sin’ Hgff) at the
Circular Electron Positron Collider (CEPC). As a fundamental physics parameter, sin? Hgff plays a key role not only
in the global test of the standard model electroweak sector, but also in constraining the potential beyond standard
model new physics at the high energy frontier. CEPC proposes a two year running period around the Z boson mass
pole at high instataneous luminosity, providing a large data sample with 4x 10'2 Z candidates generated in total. It
allows a high precision measurement of sin? Hgff both in the lepton and quark final states, where the uncertainty can
be one order of magnitude lower than any previous measurement at the LEP, SLC, Tevatron, and LHC. It will im-
prove the overall precision of the sin’ Ggﬁ experimental determination to be comparable to the preicision of the theor-
etical calculation with two-loop radiative corrections, and it will also provide direct comparisons between different
final states. In this paper, we also study the measurement of sin’ Hgff in the high mass region. Taking data for one
month, the precision of sin’ 9£ff measured at 130 GeV from b quark final state is 0.00010, which will be an import-
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I. INTRODUCTION

The weak mixing angle, 0y, is a fundamental para-
meter of the standard model (SM). It governs the relative
strength of the axial-vector couplings to the vector coup-
lings in the neutral-current interactions with Lagrangian

Lz_iifw (g\f/_g/bs)fzw M

2cos Oy

where g and g/, are the axial-vector and vector coup-
lings, defined as gf: = I{ and g(, = I{ -2Q;- sin® 6y, where
13f and Qy are the weak isospin component and the
charge of the fermion f. Z, describes the Z boson ex-
change. To include higher order electroweak radiative
corrections, the effective weak mixing angles are defined
as

sin’ Ggﬁc =Ky sin® Oy, 2)

where « is a flavor-dependent effective scaling factor
absorbing the higher order corrections [1]. By doing this,
sin? ngf can be directly measured from the experimental
observations; thus, it is very sensitive to both the preci-
sion validation of SM and the search for new physics
beyond SM.

It is customary to quote the leptonic effective weak
mixing angle sin?@/;, so that the measurements at the
LEP, SLC, Tevatron, and LHC can be directly compared
with each other. For this, shifts between sin? Hgff and
sin? 6Z; need to be calculated under the standard model
assumptions. Herein, it is calculated using the ZFITTER
package [2], which gives a shift of —0.0001 and —0.0002
for sin?@%; and sin®#%; with respect to sin®6’;, respect-
ively. For sin?¢@%; as a special case, the shift is +0.0014E.
Such a calculation has a high precision as long as the en-
ergy of the interaction does not approach 160 GeV, where
the correction from the box-diagrams becomes sizable
[3].

sin® % has been measured in the past two decades us-
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Fig. 1.  (color online) Previously measured sin?¢/; from
LEP, SLD, Tevatron, and LHC.

ing the fifi > Z/y* — f;f; productions. The results are
shown in Fig. 1. The most precise determinations of
sin? 6% come from the electron-positron colliders, which
are 0.23221+0.00029 from the combined LEP 5 quark
production, and 0.23098+0.00026 from the SLD [1]. A
similar precision was achieved at the proton-antiproton
collider Tevatron as 0.23148+0.00033 [4]. sinzegf:f was
also measured by ATLAS, CMS, and LHCb collabora-
tions [5—7]. sin”#%; was extracted from the forward-back-
ward charge asymmetry (Arp, to be introduced in the fol-
lowing sections) in all the measurements above, except
for the SLD result which also used the left-right polariza-
tion asymmetry.

Previous measurements achieved a relative precision
at 0(0.1%) with respect to the central value of sin® 6. It
played an important role in the global fitting of the SM
electroweak sector in the past years. However, the experi-
mental precision, which is generally limited by the size of
the data sample, is much worse than the precision of the
theoretical calculations. At the two-loop level, the uncer-
tainty in sin’ 6’ calculation is reduced to 0.00004 [8]. It
is essential to improve the experimental precision on
sin? 6, for it to be comparable to the theoretical calcula-
tions.

Though a large data sample will be collected at the
LHC in the next 10 years, it will be very difficult to re-
duce the uncertainty of sin?¢/; to less than 0.00010 us-
ing the LHC data. At the hadron colliders, the initial state
fermions of the neutral-current interactions are quarks
and antiquarks that act as partons in the hadrons. Their ef-
fective momentum are described by the parton distribu-
tion functions (PDFs), which extrapolate large uncertain-
ties to the sin®#’; extraction. In the recent LHC measure-
ments, the PDF-induced uncertainties of sin?6’; are
greater than 0.00020 [5, 6], and it will become the most

leading uncertainty in the future. Such uncertainty will
not be naturally reduced as the LHC data is introduced in
the PDF global analysis, owing to a strong correlation
between the PDF and the sin?6’; in the LHC observa-
tions [9]. The QCD-induced uncertainty is also greater
than 0.00010 at the LHC [6], extrapolated via the soft-
gluon radiations in the initial state. In conclusion, it
would be most likely to achieve a high precision determ-
ination on sin” 6@’ at the next generation electron-positron
colliders, which are generally free from PDF and QCD
and have the capability to generate a large data sample.

In this paper, we study the measurement of sin®6’;; at
the proposed Circular Electron Positron Collider (CEPC).
CEPC is a powerful machine providing physics interac-
tions with high energy electron-positron initial state [10].
It is proposed to have a two-year running plan around the
Z boson mass pole. We focus on the precision of sin? 6
in lepton and b quark final states, considering both statist-
ical uncertainty and potential experimental systematics.

II. FORWARD-BACKWARD CHARGE
ASYMMETRY

The forward-backward charge asymmetry Apg of the
fifi = Z]y* > f;f; processis an ideal experimental ob-
servable to probe the electroweak interaction with a high
precision. It is defined as

Nr—Np

_—, 3
Nr+ Np ( )

Apg =

where Ny and Np are the numbers of the forward and
backward events, respecitvely, judged by the scattering
angle 6;; formed by the directions of the initial state neg-
ative charged electron beam and the final state fermion.
Events with cosf;; >0 are classified as forward (F) and
those with cos6;; <0 as backward (B). At the CEPC, the
initial state fermions are electrons and positrons, while
the final state fermions can be leptons and quarks. The
asymmetry arises from the interference between the vec-
tor and axial vector coupling terms, and they are pre-
cisely governed by sin?6’;. The value of Arp changes
with the center-of-mass energy +/s. Figure 2 shows the
App spectrum as a function of +/s for different produc-
tions. The predictions are calculated using the effective
born approximation package ZFITTER corresponding to
the next-to-next-to-leading order (NNLO) radiative cor-
rections [2]. Arp is very sensitive to sin? 6’ around the Z
mass pole. In the low mass region, the asymmetry ap-
proaches zero as +/s reduces owing to the rising contribu-
tion of the photon exchange. In the high mass region, the
asymmetry is roughly constant, dominated by the inter-
ference between the y and Z boson exchanges. Therefore,
the sensitivity of off-pole Arp to sin®6’; is significantly
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Fig. 2.
ete” = Z/y* — ¢*¢~ and e*e” — Z/y* — bb productions.

reduced. The sensitivity, defined as

S = dArp/dsin 6,

is given as a function of +/s in Fig. 3 for b quark and
lepton productions as an example. Predictions are calcu-
lated using zfitter as well. In the following sections, we
estimate the uncertainty of sin?6’; based on the sensitiv-
ity S of AFB to sin2 Hgﬁc.
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Fig. 3. (color online) Sensitivity of S = dApp/dsin®6'; as a
function of +/s for ete™ — Z/y* = ¢~ and e*e™ — Z/y* — bb
productions.

III. EXPERIMENTAL OBSERVATION ON A
AND EXTRACTION OF sin’6f,,

The observed asymmetry, denoted as A%, could be
biased because of the imperfect detector performance.
Three major contributions of the potential experimental
systematics are discussed in this work, which come from
the +/s determination, charge measurement, and ineffi-
ciency of particle reconstruction and selection. These sys-
tematics are generally small. At lepton colliders, +/s of an
event can be precisely controlled by the beam energy, in-
stead of reconstructing from the final state particles meas-
ured in the detector. According to the CEPC conceptual

design report, the uncertainty of the electron and positron
beam energy can be controlled by around 100 keV [11],
extrapolating the relative uncertainty of sin’6’; to be
much lower than 0.01%. The inefficiency of particle re-
construction and selection could have a large effect espe-
cially in quark productions. However, Arp is defined as a
relative asymmetry where the total cross section is per-
fectly cancelled. Therefore, the limited efficiency only
enlarges the statistical uncertainty of the App observation
and sin®#’; extraction and causes no systematics, as long
as there is no difference between the forward and back-
ward event efficiencies. With the large data sample of
CEPC, the statistical uncertainty will be negligible any-
way.

A more complicated case is the charge mis-identifica-
tion of the final state particles, which can increase both
systematic extrapolation and statistical uncertainty. The
forward and backward categories are classified according
to the charge of the final state particles. If an event has a
probability of f to be wrongly classified as forward or
backward owing to the mis-identification of charge, the
observed App will be diluted from the original Agp, writ-
ten as

AT = (1-2/)Arp. 4)

When f=50%, there will be no observed asymmetry.
Such dilution causes reduction in the App to sin® Hgff sens-
itivity, appearing as an enlarged statistical uncertainty.
For the selected e*e™ — Z/y* — ff events, f can be de-
termined from the following relationship:

Ny = 20w(1 = w) - Niotal, %)

where N, is the number of selected events with the same
charge sign as the final state fermions, while Ny 1S the
total number of selected events. @ is the probability for
mis-identifying the charge of a single fermion, and we
have f = w?/(w? + (1 — w)?). The precision of the f determ-
ination is dominated by the statistics. Considering the
large data sample at the CEPC, f could be precisely de-
termined by this data-driven method, and it causes very
small systematics. Besides, the final state fermions should
usually have opposite charge in order to suppress the mis-
identification of the forward and backward categories.

According to the definition of Arp in Eq. (4) and as-
suming that the value of App around Z pole is close to
zero, the statistical uncertainty of the observed asym-
metry A% is approximately written as

1- (A%)?

N \/g ©

OAy =
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where N is the number of the selected events. Consider-
ing the above effects, the statistical uncertainty of sin”6%;
measured from App can be expressed as

/1 1 1
Ssi 295 — . - . 7
S Ggpr N E‘(I—Zf)z |S| ( )

where € is the overall efficiency of detecting and select-
ing an e*e” — Z/y* — ¢~ event. The term e-(1-2f)? is
defined as the tagging power parameter. For the lepton fi-
nal states, the overall efficiency is very close to 100%,
and fis negligibly small. Therefore, the tagging power is
almost 100% [10]. It is considerably more complicated
for the b quark final state. It is difficult to determine the b
quark charge by measuring the final state jet. To obtain a
better charge measurement, only a small part of the b
quark production events, where b quarks decay to leptons
or Kaons, could be used in the sin2«9§ff measurement.
Therefore, the tagging power parameter for the b quark
productions needs to be optimized between the overall ef-
ficiency and the charge mis-identification probability.
According to the CEPC simulation study [10, 12], with a
selection of b quark with 98% purity, the optimized tag-
ging power for b quark production is 0.088.

The number of the selected events N depends on the
luminosity of the proposed running plan and the cross
section of each channel of the Z boson decay. The latest
CEPC studies propose a two-year running period around
the Z boson mass pole, with 50 ab~! integrated luminos-
ity per year. That is, the CEPC can provide 1.7x10'! Z
boson events every month. Considering the branching ra-
tio [8] and Eq. (7), the expected statistical uncertainty of
sin? 6 measured from the lepton final state (eetpuu) is
Ssin® 04(0) = 5% 107 using one month data. For b quark
productions, the uncertainty is dsin”6.(b) =4x107° us-
ing one month data. This uncertainty can be further re-
duced by using the proposed two-year data sample.
However, it would be more useful to run at different col-
lision energy points off-pole rather than simply collect-
ing data at the very peak of the Z mass line shape. When
changing the collision energy in this study, the cross sec-
tion of the Z boson production is altered according to its
mass line shape. The drop of the instantaneous luminos-
ity is estimated approximately as the third power of the
increase in the collision energy [11]. The expected statist-
ical uncertainties of sin’ 6 with the one month data col-
lection at different collision energy points are summar-
ized in Table 1.

As we can see, both the lepton final state and b quark
final state can provide precise determination of sin®6%; at
the Z boson mass pole. For the measurement of the en-
ergy running effect, b quark production has higher preci-
sion because the sensitivity S off-pole drops much slower

Table 1.
ults are estimated according to one month data collection.

Expected statistical uncertainties on sin?6%;. Res-

sin? Hsff in lepton Ssin? E)gff in b quark

collision energy/GeV

final state final state
70 1.5x 107 4.1x1073
75 6.8x1073 33x1073
92 49x107° 3.5x107°
105 1.7x107* 2.7%1073
115 2.0x1073 48x1073
130 40x1073 9.8x 1073

than that for the lepton final state cases. To make a con-
servative estimation, the precision of the sin®6#’; determ-
ination, considering both the statistical uncertainty and
the experimental systematics at the CEPC, can be
0.00001 in both the lepton and b quark productions with
the one month data collection. The sin’ 6’ can be meas-
ured as a function of the collision energy up to 130 GeV,
with a precision of approximately 0.0001 from the b
quark productions.

Owing to the contribution of the #-channel and the s-¢
interference in the electron final state, the uncertainty of
the theoretical calculation in the electron final state can
be very large, 0.00085 for the weak mixing angle accord-
ing to Ref. [1]. However, such an uncertainty only af-
fects the dielectron events. For other channels, the resid-
ual theoretical uncertainties can be much smaller, 0.00006
for the weak mixing angle [1]. Therefore, the best preci-
sion of the sin?6’; determination relies on the muon
channel. The uncertainty of the calculations of the
ete” — ff process is much greater than the statistical un-
certainty and experimental systematics; thus, it will be the
major source limiting the final precision of the experi-
mental measurement of sin’ Ggff. However, it will still be
considerably better than the expected precision at the
hadron colliders.

IV. SUPPLEMENTARY DISCUSSION ON THE
sin’’; MEASUREMENT

Aside from electron, muon and b quark channel Apg
measurement, other channels such as ¢ quark can also be
utilized to extract sin®6#’;. With the predicted sensitivity
S ;7 listed in Table 2, the precision of sin’6%; from App
measurement can be predicted using Eq. (7), after invest-
igating the performance of different final state particles.
For instance, a recent CEPC simulation study [13] used
leading particle and weighted jet charge combined in-
formation to achieve better performance of heavy flavor
jet charge measurement, and the bare tagging power" of

1) Here "bare" means the tagging power was estimated using a pure b/c jet, while the flavor tagging of b/c filnal state in Zbb/Zcc event was not taken into consideration.
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Table 2. Sensitivity S of different final state particles.

V5/GeV Sof A% Sof AL, Sof Aty Sof Ay, Sof AL, Sof AL,

70 0.224 4.396 1.435 4.403 1.445 4352
75 0.530 5.264 2.598 5.269 2.616 5.237
92 1.644 5.553 4.200 5.553 4.201 5.549

105 0.269 4.597 1.993 4.598 1.994 4.586
115 0.035 3.956 1.091 3.958 1.087 3.942
130 0.027 3.279 0.531 3.280 0.520 3.261

b/c quark was determined. The tagging power of the b
quark final state is doubled; therefore, the estimated
ssin® 6’ with the b quark final state is 2.5x 107° (with the
one month data collection at Z pole). However, for the ¢
quark circumstance, owing to the low purity of ¢ flavor
tagging, the estimation will need a detailed simulation
study of flavor tagging using Z — ¢g samples.

Tau lepton is the only final state fermion for which
the polarizarion (P;) can be measured at an unpolarized
leptonic collider [1] with

_d(oy—op) sd(o,+07y)
T dcosd dcosd

where o, is the cross section for producing right/left-
handed final state tau leptons. P; is related to sin® 6’ by

P _ Ac-(1+cos’f) + A, - (2cos6) ®)
T (1+cos20)+AA, - (2cosb)

where

= 2¢}84 _ 2¢7/84
(e +@h? 1+l /gh»

is the asymmetry parameter. This property was utilized
by LEP to perform an independent measurement for
sin?@’;;. Compared with the whole lepton channel, the
statistics of the tau channel are small, and the efficiency
and purity of tau reconstruction are low. However, with a
very high sensitivity of P, to 7—Z vector coupling con-
stant, a high precision extraction of sin?¢; can be
achieved.

The measurement of P, is based on the fact that 7 has
a short lifetime and that the kinematic spectrum of its de-
cay production is different when tau has different helicity
(shown in Fig. 4 and Fig. 5). We used the PYTHIAS pro-
gram [14] to generate e*e” — 77~ events, and then, we
used the TAUOLA interface [15] to decay the taus.

Using two templates with helicity=+1 and -1, re-
spectively, we can fit to the pseudo-data, whose P, is a
given number. Owing to limited computing resources,

Branch ratio of the five t decay modes

Ht—>mnv _
2)T— pv 25

p — nn’ wb
Ht—>ay tsF

a, - nn or Tn’nd na
4) T > uvwv 5S¢

1 1 1 1
5) T evv mode1 mode2 mode3 mode4 mode5
Fig. 4. (color online) Relative contributions of different de-

cay modes in the 7 final state.
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Fig. 5.  (color online) Kinematic spectrum of different tau
decay modes. The red solid line and blue dashed line repres-
ent the kinematic spectrum of taus with helicity=+1 and -1,
respectively. All the spectra are generated using PYTHIA8 gen-

arator and TAUOLA interface.

only 2x 108 Z — 17 events are generated for the pseudo-
data and each template. The extrapolation of the fitting
results shows that the statistical uncertainty of sin?6/
with the one month data collection at the Z pole is 2.15x
1076 using the P, measurement.

Experimentally, the 7 lepton is reconstructed from its
daughter particles in the decay, thus relying on the preci-
sion of the measurement of the particle energy and the
background control. This makes the detector systematics
extrapolate more significantly to the weak mixing angle
than that in other channels, According to the study of
LEP [1], the systematics in the 7 measurement is on an or-
der of O(107*) for the weak mixing angle. Given that the
statistical uncertainty at the CEPC would be much smal-
ler, the total uncertaintt in the 7 channel measurement will
be dominated by the systematics.
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V. CONCLUSION

We present an estimation of the precision of sin® 6%
determination at the CEPC in the lepton final state and b
quark final state. With a high instantaneous luminosity,
the statistical uncertainty can be reduced to be negligible.
The experimental systematics are also negligible in gen-
eral since App is defined as a relative asymmetry so that
the systematics cancel out. The dominant uncertainty
arises from the theoretical calculation of the e"e* — ff
process. As a result, the precision of sin’ 6l can be im-
proved to O(107°), from the current precision of O(107%)
at the LEP, SLC, and Tevatron. Owing to a large model
uncertainty from the QCD calculations and PDF model-
ing, it is difficult to achieve such precision using the LHC
data in the future. This precision will, for the first time,
be comparable to the precision of the theoretical calcula-
tion of sin’ Ggff with radiative corrections at the two-loop
level, meaning that the precision of the SM electroweak
global fit can be significantly improved. Note that the
high precision measurement of sin” 6/ at the CEPC is es-
sential to the QCD studies at the LHC. As discussed in
the introduction section, the observation of the proton
structure and electroweak symmetry breaking is highly
correlated in pp(qq) = Z/y* — €*¢~ events. In Ref. [9], it
is proved that the single Z boson production can provide
unique information of the relative difference between the
quarks and antiquarks. However, it is not available yet in
the PDF global fitting because of the large uncertainty in-
duced by the experimental determination of sin®6’;. By
using the electron-positron interaction from the CEPC,
the measured sin® 6’ can be used as high precision input
in the PDF global fitting, fixing the electroweak calcula-
tions for predicting the single Z boson production cross
sections.

Table Al.
ing the ZFITTER package. Values of the fundamental paramet-
ers are set as mz =91.1875 GeV, m, = 173.2 GeV, my = 125 GeV,
a;=0.118 and my = 80.38 GeV.

Cross section of process ete™ — ff calculated us-

\s5/GeV  oyu/mb  oy/mb  o,/mb og/mb o./mb op/mb
70 0.039 0.032 0.066 0.031 0.058 0.028
75 0.039 0.047 0.073 0.046 0.065 0.043
92 1.196 5.366 4.228 5.366 4.222 5.268
105 0.075 0.271 0.231 0.271 0.227 0.265
115 0.042 0.135 0.122 0.135 0.118 0.132
130 0.026 0.071 0.068 0.071 0.066 0.069

Finally, our analysis uses high purity bb sample to ex-
clude the contamination of other quark flavors. With a
properly designed working point for jet flavor tagging,
we can also use other quark flavors to measure sin”6/;.
Future development of detector optimization and ad-
vanced reconstruction algorithm, especially those based
on machine learning, for example such as those recently
used at the CMS experiment [16], could also boost per-
formance.
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