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1 Precision Measurements
Future lepton colliders offer 
opportunity for precise 
measurements of the ! lineshape.

2 Interference Contribution
As the SM ! − # interference 
contribution, shows linearly  right 
off the ! pole scale. 

3 Probing New Physics
Line-shape scan from a “humongous” right-off-the ! pole data can be 
utilized for searching possible NP contribution of interference type.

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√
s for the

four solutions of eq.(6). The signs in the parentheses refer to those for (ḡbL, ḡ
b
R) in the

same order as in eq.(6) with (+,+) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡbL ≈ −gbL(SM) can be summarily discarded. Interestingly enough, the
data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gbR| $ |gbL| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.
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Figure 3. The differential cross section and AFB from the Z, � and interfering term in gg ! bb̄`
�
`
+

process. With the dotted data from MG 10 GeV bin simulation. Overall polynomial function F (m``)

and G(m``) with mild dependence on m`` are applied only to fit the total curves. The ratio among
channel contribution without resorting to the overall functions also match well with data, as can
be deduced from these plots.

Figure 4. The cross section (a) and asymmetric (b) observable over the interested m`` range at
parton level with basic selection cuts defined in Eqn 4.6, for the individual signal and dominant
background processes. (c) shows the absolute Asymmetric cross section �

A for the different channels,
displaying the relative size of �

A
tot contribution when adding them together. The cc̄`` process is

reweighted with a factor of 0.0178 in the total cross section, to account for its loss from double
b-tagging ((0.1/0.75)2) compared to the other non-fakes. Note that the magenta line qq̄ ! bb̄``

process is mostly from qq̄ ! g
⇤
Z/�, (g

⇤ ! bb̄, Z/� ! ``) contribution and background like.

Fakes such as jj``, cc̄`` from the same topology contributes the same way as our signal.
For the light jets jj`` and cc̄`` processes, we assume a mis-tagging efficiency of 1% and 10%
for j ! b and c ! b respectively, over our selected parton level. Inclusively the jj``=139
pb, where cc̄``=3.1 pb, c(c̄)q``=13.8 pb, here q = g, u, d, s, ū, d̄, s̄ and j includes c as well.
They are dominated by the Z-pole contribution, and adding a mis-tagging efficiency, their
contribution become negligible compared to the bb̄`` signal, on or off-Z-mass shell in our
estimate.

Z``, Z ! bb̄ process comes in at one higher EW order but gets resonance enhancement
around Z mass. It contributes about 2% in total cross section thourgh out the on/off-shell
region, and about -4% to the Asymmetric observable.

There is also the sizeable contribution from a leptonic decay of the tt̄ process. It could be
reduced by missing ET cut, with MET< 20 GeV and the same jets and leptons requirement,
it still contributes about 0.28 pb at LO in our interested range of 35 < m`` < 125 GeV
range. Additionally, it contribute sizeably to the asymmetric observable, due to the decay
structure. The signal and these sizeable background contribution are presented in fig. 4
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They are dominated by the Z-pole contribution, and adding a mis-tagging efficiency, their
contribution become negligible compared to the bb̄`` signal, on or off-Z-mass shell in our
estimate.

Z``, Z ! bb̄ process comes in at one higher EW order but gets resonance enhancement
around Z mass. It contributes about 2% in total cross section thourgh out the on/off-shell
region, and about -4% to the Asymmetric observable.

There is also the sizeable contribution from a leptonic decay of the tt̄ process. It could be
reduced by missing ET cut, with MET< 20 GeV and the same jets and leptons requirement,
it still contributes about 0.28 pb at LO in our interested range of 35 < m`` < 125 GeV
range. Additionally, it contribute sizeably to the asymmetric observable, due to the decay
structure. The signal and these sizeable background contribution are presented in fig. 4

– 10 –

ZQ, Fady Bishara (2023)

Off the  !-Pole



Inclusive Asymmetries Forward-Backward Asymmetries Polarization Asymmetries
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Fig. 2: The inclusive A
q
� (Left) and forward-backward A

c
FB (Right) asymmetries from both SM (solid) and the

SM+NP four-fermion operator O
t
LQ (dashed) with ⇤ = 1TeV. The e↵ect of SM LO (blue) and NLO (yellow)

calculations are also shown for comparison.

2.4. Forward-Backward Asymmetry

As elaborated in Sec. 3, the precision measurement around the Z pole has large enough statistics

but su↵ers from experimental uncertanties, such as the luminosity and energy uncertainties.

Especially, the cross section asymmetry measurement involves two energy points that can have

uncorrelated uncertainties that cannot cancel out and will cause a huge problem.

The forward-backward asymmetry defined at a single energy point has the benefit of allowing

the luminosity uncertainties to cancel. To be concrete, the forward-backward asymmetry AFB,

AFB(
p
s) ⌘

�F(
p
s)� �B(

p
s)

�F(
p
s) + �B(

p
s)
, (2.9)

is defined as the asymmetry between the forward (�F) and backward (�B) cross sections. The

forward (backward) events have negatively charged final-state fermion moving in the same

direction as the initial-state electron. In other words, the scattering angle ✓ between the

negatively charged final-state fermion and the initial electron should be smaller than 90�. Given

the fact that flavor and charge identification for muon, bottom quark, and charm quark is

welll studied at the lepton collider 1, we consider and combine forward-backward asymmetry

measurement from these three cases of final states in our analysis.

The FB cross sections can be obtained by integrating over the scattering angle ✓ in two

regions: (0, ⇡/2) (forward) and (⇡/2, ⇡) (backward),

�SM,F =
X

f

Nf

(
1

384⇡

⇥
g2eL

�
7g2fL + g2fR

�
+ g2eR

�
g2fL + 7g2fR

�⇤
s

(s�M2
Z)

2 + �2
ZM

2
Z

+
↵

48

QeQf [geL (7gfL + gfR) + geR (gfL + 7gfR)] (s�M2
Z)

(s�M2
Z)

2 + �2
ZM

2
Z

+
2⇡↵2

3

Q2
eQ

2
f

s

)
, (2.10a)

1Jet flavor and charge identification is ongoing and fastly improving study at the CEPC [40]. The strange quark is foreseeable

to contribute with slightly lower flavor tagging rate and reasonable charge determination
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Fig. 6: The polarization asymmetry Apol (Left) and its uncertainties �Apol (Right) for the O
t
LQ operator with

⇤ = 1TeV. For Apol, both SM (solid) and SM+NP (dashed) contributions are shown with LO (blue) and NLO

(yellow) calculations, respectively, for comparison. On the other hand, the �Apol panels illustrates the size

of statistical (stat), experimental luminosity (lumi) and collision energy (eng) systematic, and theoretical (th)

uncertainties in addition the total (tot) one with all uncertainties combined.

be omitted. In reality, the beam polarization cannot be pure and is always a hybrid,

N+ ⌘ fe�fe+N+� + (1� fe�)(1� fe+)N�+, (4.1a)

N� ⌘ (1� fe�)(1� fe+)N+� + fe�fe+N�+. (4.1b)

Between N+ and N�, both the electron and positron beam polarizations are reversed, fe± $

1 � fe± . It is then possible to define a polarization asymmetry Apol between these two beam

polarization configurations,

Apol ⌘
N+ �N�

N+ +N�

= Pe↵
N+� �N�+

N+� +N�+
, with Pe↵ ⌘

fe� + fe+ � 1

1� fe� � fe+ + 2fe�fe+
. (4.2)

It is interesting to see that the beam polarizations factorize out as an overall prefactor Pe↵ .

Fig. 6 takes the O
t
LQ operator to illustrate the polarization asymmetry Apol and its uncer-

tainties �Apol in the left and right panels, respectively. The left panel shows that its value is

at the level of 0% ⇠ 20% level around the Z pole and can be further enhanced to the range

of �20% ⇠ 30% by O
t
LQ with ⇤ = 1TeV in the similar way as the inclusive A� and FB asym-

metries as shown in Fig. 2. One may expect the polarization asymmetry to have comparable

sensitivity on the NP four-fermion operators.

With beam polarization, the luminosity for the Z line shape scan at each collision energy

as summarized in Table 3 needs to be redistributed for the two polarization configurations.

A reasonable scheme is dividing the luminosity equally among the two configurations, each

with L0 = 0.5 ab�1. Although the event rates are reduced by half at each point, the sta-

tistical uncertainty is still negligibly small as shown in the right panel of Fig. 6. With the

polarization asymmetry Apol defined at a single energy point, the two beam polarization con-

figurations however can not run simultaneously. Consequently, the luminosity and collision

energy uncertainties are uncorrelated and have two independent copies for the two polarization
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Of the SM amplitude MSM ⌘ M
Z
SM +M

�
SM in Eq. (2.2a), the first term is the Z (MZ

SM) and

the second the photon (M�
SM) mediated contributions. The Z pole line shape is captured by

the Z mass MZ and its decay with �Z . The spinor ui
f,e (v

i
f,e) denotes the left- and right-handed

final-state fermion f ⌘ µ, q (anti-fermion) and initial-state electron (positron). For generality,

we use gfL,R and geL,R to denote the coupling of left- and right-handed fermion and electron

with the Z gauge boson. In SM, these couplings are,

gfL ⌘
g

cW
(T 3

W,f �Qfs
2
W ), and gfR ⌘ �

g

cW
Qfs

2
W , (2.3)

where Qe(f) is the electric charge of the initial/final-state fermions. Some new physics may

enter as correction to the Z couplings, such as oblique corrections, to modify gfL and gfR. For

simplicity, we omit such corrections and focus on the four-fermion operators.

For the new physics contribution MOi , the prefactor F is 1 except for the following cases,

F = 1/2 for Os,t
LL and O`` operators while F = �1 for the O

t
LQ operator when the final states

are up-type quarks. Note that two kinds of OL` operators contribute to the e�e+ ! µ�µ+

process with L = µ and ` = e or L = e and ` = µ.

The di↵erential cross section for the fermion pair production e+e� ! ff̄ contains the purely

SM contributions / |M
Z
SM +M

�
SM|

2, the dimension-6 operator contribution / |MOi |
2, as well

as the interference between them. While the purely new physics term |MOi |
2 is order 1/⇤4, the

interference term MOi ⇠ 1/⇤2 is less suppressed. It is reasonable to expand as power series of

1/⇤2. Up to the linear term of 1/⇤2, the four-fermion operator contribution is,

d�Oi ⇡
1

2s

X

f

Nf

4
2Re

⇥
MOi ·

�
M

Z
SM +M

�
SM

�⇤⇤
d�2, (2.4)

where 1/4 is from averaging over the initial-state spins and Nf the color degree of freedom of

the final states with Nf = 1 for leptons and Nf = 3 for quarks, respectively. The SM and

interference contributions can be analytically obtained using various tools such as FORM [22,23],

Package-X [24, 25], and FeynCalc [26–28].

Integrating (2.4) over the two body phase space d�2, one obtains the analytical expression

for the leading order total cross sections [29],

�Z
SM =

X

f

Nf

48⇡

(g2eL + g2eR)
�
g2fL + g2fR

�
s

(s�M2
Z)

2 + �2
ZM

2
Z

, (2.5a)

�Z�
SM =

X

f

Nf

48⇡

2(4⇡↵)QeQf (geL + gfR) (gfL + gfR) (s�M2
Z)

(s�M2
Z)

2 + �2
ZM

2
Z

, (2.5b)

��
SM =

X

f

Nf

48⇡

4(4⇡↵)2Q2
eQ

2
f

s
, (2.5c)

�⇢�
Oi

=
X

f

F
Nf

48⇡
2ci

"
ge⇢gf�s (s�M2

Z)

(s�M2
Z)

2 + �2
ZM

2
Z

+ 4⇡↵QeQf

#
. (2.5d)
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Our paper is organized as following. We first define in Sec. 2 those dimension-6 four-fermion

operators that can contribute to the e+e� ! ff̄ scattering process via SM-NP interference

o↵ the Z pole. The same section also elaborates the asymmetry observables, the next lead-

ing order (NLO) radiative corrections to the SM contributions, the symmetrization and anti-

symmetrization decomposition of o↵-Z-pole observables. The uncertainties (including statis-

tical, theoretical, and experimental ones) and projected sensitivities at future lepton colliders

with CEPC as illustration can be found in Sec. 3. We further explore the possible improvement

with beam polarization and polarized asymmetry in Sec. 4. The final Sec. 5 shows the combined

sensitivities and our conclusions.

2. Observing New Physics with O↵-Z Interference

With good agreement between SM and existing collider searches, new physics should appear

at much higher energy than the Z pole. If there is any new physics, its e↵ect around Z pole

should manifest itself as e↵ective operators. Especially, the Z pole searches at future lepton

colliders involves at least two electron fields for the electron and positron beams as initial states.

In addition, the final state typically involves two fermions, either two charged leptons or two

quarks. The lowest order of e↵ective operators that can accommodate these four fermion states

is dimension six,

Le↵ = LSM +
X

i

ciOi, (2.1)

where Oi is a set of dim-6 operators and ci is the corresponding coe�cients with dimension of

inverse mass squared. Additional dimension-6 operators that can modify the Zff̄ couplings

such as (Qi�
µQi)(iH†

$

DµH) can also contribute, but are constrained much better at the Z pole.

The concrete four-fermion operators have been summarized in Table 1.

µ
+
µ
�

qq̄

O
s
LL ⌘

1
2 (L̄�

µ
L)(L̄�µL) O

s
LQ ⌘ (L̄�µ

L)(Q̄�µQ)

O
t
LL = 1

2

�
L̄�

µ
�
a
L
� �

L̄�µ�
a
L
�

O
t
LQ =

�
L̄�

µ
�
a
L
� �

Q̄�µ�
a
Q
�

OL` =
�
L̄�

µ
L
� �

¯̀�µ`
�

OQ` =
�
Q̄�

µ
Q
� �

¯̀�µ`
�

O`` =
1
2

�
¯̀�µ

`
� �

¯̀�µ`
�

OLu =
�
L̄�

µ
L
�
(q̄u�µqu)

OLd =
�
L̄�

µ
L
�
(q̄d�µqd)

O`u =
�
¯̀�µ

`
�
(q̄u�µqu)

O`d =
�
¯̀�µ

`
�
(q̄d�µqd)

Table 1: The dimension-6 four-fermion operators that can interfere with the SM contributions to the e+e� ! ff̄

process around the Z pole [14].

These dimension-6 four-fermi operators are divided into two groups according to the final

state of the e+e� collision. For charged leptons, the e+e� ! µ+µ� leaves the most clear signal

in the detector. Requiring the SM SU(2)L ⇥ U(1)Y symmetries, the lepton bilinear can be

constructed in terms of either left-handed doublets (L) or right-handed singlets (`). Being

doublet, the left-handed leptons can form either SU(2)L singlet or triplet where the latter has
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3

a �a matrix. So the purely left-handed operators have singlet (Os
LL) and triplet (Ot

LL) forms

while those involving right-handed leptons have only singlet forms (OL`) and (O``). We have

omitted the s subscript for simplicity. For hadronic final states, e+e� ! jj with j ⌘ udscb, the

operators contain one lepton bilinear and a quark one. While L (Q) denotes the left-handed

lepton (quark) field, ` (qu,d for up and down type quarks) denotes the right-handed components.

As elaborated in Sec. 2.1, we consider only vector currents such that the dimension-6 operator

can interfere with the SM contributions to make its e↵ect already appear at order O(1/⇤2).

For comparison, the scalar and tensor bilinears involve both left- and right-handed fermions.

It is possible to also construct scalar operators like (L̄`)(¯̀L) where the two scalar bilinears

L̄` and ¯̀L are SU(2)L doublets. Note that the initial e+e� can be contributed by L̄ and L

(¯̀ and `) while the final state by ¯̀ and ` (L̄ and L) which can still have interference with

the SM contributions. Nevertheless, the L̄` and ¯̀L bilinears indicate that the scalar mediator

has flavor changing Yukawa couplings. For simplicity, we also impose flavor conservation to

forbid such scalar and tensor operators. The combination of interference and flavor conservation

significantly reduces the number of four-fermion operators. In addition, flavor universality and

lepton number conservation are also assumed.

O
s
`` O

t
`` O

s
`q O

t
`q O`e Oqe O`u O`d Oee Oeu Oed

95% CL
|ci|

max 9.2 1.3 4.3 5.5 5.5 4.5 7.8 8.3 10.1 9.0 6.7

⇤min
i /TeV 11.7 30.7 17.1 15.1 15.0 16.8 12.7 12.3 11.2 11.8 13.7

Table 2: The allowed maximum of Wilson coe�cients |ci|max and corresponding NP scales ⇤min
i ⌘

p
4⇡/ |ci| in

the unit of 10�8GeV�2.

The operator coe�cient ci can also be parametrized in terms of the corresponding NP scale

⇤i, with |ci| ⌘ 4⇡/⇤2
i . Current bounds on the set of dim-6 operators are obtained from a �2

fit with uncertainties and best fit values calculated from Eq.(A1) and coe�cients in Tables III

& IV of [14]. By implementing one operator at a time, the allowed largest value of the Wilson

coe�cients |ci|max and the corresponding NP scale ⇤min
i are calculated and listed in Table 2.

The bounds include data from the LEP-I Z-pole scan, the LEP-II run with energy range up to

200 GeV, the Z-pole scan at SLD with polarized beams, and the neutrino-nucleus scattering

measurements.

2.1. Manifesting New Physics with Interfence around the Z Pole

We study the processes e�e+ ! µ�µ+ and e�e+ ! qq̄ (q = u, d, c, s, b) near the Z-pole region.

Both SM with an s-channel Z/� mediator and new physics via the four-fermion opearators in

Table 1 can contribute,

MSM =
ūf�µ(gfLPL + gfRPR)vf iv̄e�µ(geLPL + geRPR)ue

s�M2
Z + iMZ�Z

+ i
QfQee2

s
(ūf�µvf )(v̄e�

µue), (2.2a)

MOi = F ⇥ ici(ū
i
f�µv

i
f )(v̄

i
e�

µui
e). (2.2b)
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The Set of 4-fermion Operators

Han and W. Skiba (2005)

The dimension-6 four-fermion 
operators that interfere with 
the SM contributions to the 
!! → ## processes.
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(
p
s > MZ) with s�M2

Z dependence in the numerators of Eq. (2.5b) and Eq. (2.5d). The major

SM contribution from the Z mediation is symmetric while the anti-symmetric part at leading

order (LO) comes from the Z-� interference �Z�
SM as summarized in Eq. (2.5b). However, the

NLO radiative correction contributes much larger anti-symmetric components. As shown in the

lower panels of Fig. 1, the NLO anti-symmetric part is several times of its SM LO counterpart

and the new physics one with ⇤ = 1TeV. It is necessary to incorporate the SM NLO radiative

corrections when studying the four-fermion operators with o↵-Z-pole run.

The anti-symmetric parts in the lower panels of Fig. 1 vanishes at the Z pole with s�M2
Z = 0.

When moving away from the Z pole, their sizes first increase with the distance |s �M2
Z | and

reaches the maximum values with an o↵set around |
p
s � MZ | ⇡ 1GeV before starting to

decrease. Around the deviation around 1GeV, both SM and new physics predicts the largest

asymmetries with a relative size reaching around 35% and 7% with ⇤i = 1TeV as benchmark,

respectively. So a reasonable o↵-Z-pole run scheme should have O(GeV) o↵set. Not too far

and not too close.

Currently, the CEPC already has a Z lineshape scan scheme with five energy points around

the Z pole. The typical o↵sets are 1GeV and 3GeV, respectively, which fits the o↵-Z-pole run

for the four-fermion new physics searches.

p
s (GeV) 87.9 90.2 91.2 92.2 94.3

Luminosity (ab�1) 1 1 100 1 1

Table 3: The updated CDR luminosity and energy scan design of CEPC claims a total of 100 ab�1 lumi around

Z pole and about 4⇥ 1012 Z boson to be produced in total. The lumi o↵-peak is assumed to be 1 ab�1. [8]

.

For quantitative evaluation of the asymmetry to extract the new physics contribution, we

define the o↵-Z-pole cross section asymmetry Ai
� (i = {µ, q}),

A�(�±) ⌘
�(MZ +�+)� �(MZ ���)

�(MZ +�+) + �(MZ ���)
, (2.8)

between two running points,
p
s± ⌘ MZ + �±, where �± are the energy o↵sets above and

below the Z pole, respectively. In principle, the two o↵sets �± can be di↵erent. For simplicity,

we take the same o↵set, � = �±.

As pointed out above, both SM and four-fermion operators can have anti-symmetric contri-

butions. Fig. 2 shows the SM contribution ASM
� at both LO (blue) and NLO (yellow). The SM

prediction increases quite significantly after including the NLO radiative corrections. For com-

parison, the new physics contribution via four-fermion operators with ⇤ = 1TeV is relatively

smaller but still at the same order. An indication of new physics occurs when ANP
� exceeds the

uncertainty in the experimental measurement of A�. For all cases, the asymmetry increases

with the o↵set �.

8

Experiment !-pole Int. Lumi.  ("#$%) # of !’s produced

LEP-I + SLC Legacy 160 +20 ~10)

ILC-GigaZ 10* (100 +#$%) ~ 4×10-

CEPC 10. (100 /#$%) ~ 4×10%0

FCC-ee 1.5×10. (150 /#$%) ~5×10%0
CEPC FCC-ee ILC Current

�MZ (MeV) 0.1 0.1 0.2 2.1

�↵s(MZ) 0.0002 0.0002 0.0005 0.0009

�Mh (MeV) 5.9 [45] 4.3 14 ⇠ 170

�Mt (MeV) 25 [46] 17 16 ⇠ 300

�L/L (%) 0.005 0.005 0.01 0.034

�
p
s (MeV) 0.1 0.1 0.2 1.7

Table 4: The projected uncertainties at future colliders (CEPC [8], FCC-ee [10], ILC [47–49]) and the existing

results from PDG2022 [1] for comparison. Both theoretical parametric uncertainties for the Z mass (�MZ)

and decay width (��Z), the Higgs mass (�Mh), and the top mass (�Mt) as well as the experimental systematic

uncertainty for the luminosity (�L) and collision energy �
p
s are shown together for completeness.

and hodronic branching ratio R` [6]. With a relative error at almost the 10�3 level, �↵s(MZ)

dominates the uncertainty for the cross section asymmetry Aµ,j
� . From the current to the future

expectation, the corresponding uncertainty reduces from 10�5 to 10�6.

Further, the Higgs mass Mh and top mass Mt can also enter through loop corrections [50].

Especially, their uncertainties [1],

Mh = 125.25± 0.17GeV, Mt = 172.69± 0.3GeV, (3.5)

have sizeable contribution among parametric uncertainties [50]. The current uncertainty con-

tributions from Mh and Mt are smaller or about the level of 10�6 and 10�5 across the three

asymmetry observables. They can significantly reduce with the future lepton collider Higgs-

struglung data and top threshold scan data by about 40 and 20 times, respectively, with

uncertainty contributions of at most 10�7 and 10�6 to be expected.

Overall, a �2 summation of all dominant parametric errors discussed above (�Mt, �Mh,

�↵(MZ), �MZ , and ↵s(MZ)) give an overall uncertainty of O(10�6) for all the three o↵-Z-pole

asymmetry observables. Comparing with the theoretical systematic uncerntainties from the

missing higher-order calculations detailed below, the parametric uncertainties would not be a

dominant issue.

3.2.2. Theoretical Systematics from Missing Higer-Order Calculations

In the framework of perturbative calculation with Feynman diagrams, a concrete theoretical

calculation has to truncate at some order. With missing higher-order calculations, the di↵er-

ence between the true value of an observable and the truncated theoretical calculation would

introduce some theoretical systematics. One may estimate their values according to the existing

calculations at lower orders based on the observation that higher-order corrections are typically

smaller than the corresponding lower-order counterparts. As a conservative estimation, one

may simply take the relative size of the existing highest order calculation as the theoretical

systematics from the missing higher-order corrections.
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!"#$ Uncertainties?

Statistical Uncertainties

Decrease significantly with these 

future large samples of Z pole data

1/ ' . ( ~!"#$)

Theoretical Uncertainties

• higher-order corrections 
• (input) parametric uncertainty
• modeling of hadronic final states

Experimental Uncertainties

• Luminosity/flux

• beam energy calibration

• Polarization

• background processes

Correlation Pattern �N± (stat) �N±(para) �N±(higher) �N±(�L) �N±(�
p
s) �N± (Pol)

A� ⇥ X X ⇥ ⇥

AFB ⇥ X X X
Apol ⇥ X X ⇥ ⇥ ⇥

Table 5: The e↵ect of the statistical (stat), parametric (para), theoretical systematics from missing higher-order

calculations (higher), and experimental systematic uncertainties (�L for luminosity and �
p
s for collision energy)

on the asymmetry observables A�, AFB, and Apol with (X) or without (⇥) correlation between the two event

rates N+ and N� used to define the asymmetry observables.

and hence cancels out in the inclusive asymmetry A� which is defined as a ratio of event

rates N±. So A� is a↵ected by only the uncorrelated luminosity uncertainty. For the forward-

backward asymmetry AFB that is defined at a single energy point, the luminosity uncertainties

all cancel out and there is no need to put a correlation pattern for this item in Table 5. For the

collision energy, each point has its own uncertainty �
p
s. Being defined at two energy points,

the inclusive asymmetry A� is subject to uncorrelated �
p
s. On the contrary, the FB asymme-

try AFB is defined at single collision energy and hence the single �
p
s a↵ects both event rates

N± with full correlation.

The experimental precision goals at the CEPC and FCC-ee in comparison with the LEP

precision are summarized in Table 4. The luminosity uncertainty reduces from the LEP achieve-

ment by at least 3 times to 0.01%, and the uncorrelated luminosity between energy points is

further expected to reach below 5 ⇥ 10�5 [10]. Since only the uncorrelated luminosity uncer-

tainty can leave e↵ect in asymmetry observations, its value shown is for the uncorrelated one.

For comparison, the collision energy uncertainty �
p
s improves by more than 10 times from

LEP to only 0.1MeV [10,57].

According to the error propagation rule, the uncorrelated uncertainties a↵ect the asymmetry

observables (A�, AFB, Apol) in the following way,

�A2
⌘

4N2
�
(�N+)2

(N+ �N�)4
+

4N2
+(�N�)2

(N+ �N�)4
, �N± ⌘

@N±

@X±

�X±, (3.6)

which �X± = {��, �L, �Pol}. The error propagation for the correlated uncertainties, such as

the energy resolution on AFB, is much simplier,

�A =
@A

@X
�X =

2 �X

(N+ �N�)2

✓
N�

@N+

@X
+N+

@N�

@X

◆
, (3.7)

Uncorrelated means there are two uncertainties �X± of the same type but without correlation

while correlated means the two uncertainties �X± are actually the same �X.

The e↵ect of various uncertainties on the inclusive and FB asymmetries are illustrated in

Fig. 3. With significantly enhanced event rate at future lepton colliders, the statistical uncer-

tainty is the least important. The experimental uncertainties, including both luminosity and

collision energy systematics, dominates at small o↵set � for the inclusive asymmetry. With

increasing o↵set, the luminosity uncertainties persists to be almost constant while the collision
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and hence cancels out in the inclusive asymmetry A� which is defined as a ratio of event
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backward asymmetry AFB that is defined at a single energy point, the luminosity uncertainties
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collision energy, each point has its own uncertainty �
p
s. Being defined at two energy points,

the inclusive asymmetry A� is subject to uncorrelated �
p
s. On the contrary, the FB asymme-

try AFB is defined at single collision energy and hence the single �
p
s a↵ects both event rates

N± with full correlation.

The experimental precision goals at the CEPC and FCC-ee in comparison with the LEP

precision are summarized in Table 4. The luminosity uncertainty reduces from the LEP achieve-

ment by at least 3 times to 0.01%, and the uncorrelated luminosity between energy points is

further expected to reach below 5 ⇥ 10�5 [10]. Since only the uncorrelated luminosity uncer-

tainty can leave e↵ect in asymmetry observations, its value shown is for the uncorrelated one.

For comparison, the collision energy uncertainty �
p
s improves by more than 10 times from

LEP to only 0.1MeV [10,57].

According to the error propagation rule, the uncorrelated uncertainties a↵ect the asymmetry

observables (A�, AFB, Apol) in the following way,
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which �X± = {��, �L, �Pol}. The error propagation for the correlated uncertainties, such as

the energy resolution on AFB, is much simplier,
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Uncorrelated means there are two uncertainties �X± of the same type but without correlation

while correlated means the two uncertainties �X± are actually the same �X.

The e↵ect of various uncertainties on the inclusive and FB asymmetries are illustrated in

Fig. 3. With significantly enhanced event rate at future lepton colliders, the statistical uncer-

tainty is the least important. The experimental uncertainties, including both luminosity and

collision energy systematics, dominates at small o↵set � for the inclusive asymmetry. With

increasing o↵set, the luminosity uncertainties persists to be almost constant while the collision
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s for collision energy)
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and hence cancels out in the inclusive asymmetry A� which is defined as a ratio of event

rates N±. So A� is a↵ected by only the uncorrelated luminosity uncertainty. For the forward-

backward asymmetry AFB that is defined at a single energy point, the luminosity uncertainties

all cancel out and there is no need to put a correlation pattern for this item in Table 5. For the

collision energy, each point has its own uncertainty �
p
s. Being defined at two energy points,

the inclusive asymmetry A� is subject to uncorrelated �
p
s. On the contrary, the FB asymme-

try AFB is defined at single collision energy and hence the single �
p
s a↵ects both event rates

N± with full correlation.

The experimental precision goals at the CEPC and FCC-ee in comparison with the LEP

precision are summarized in Table 4. The luminosity uncertainty reduces from the LEP achieve-

ment by at least 3 times to 0.01%, and the uncorrelated luminosity between energy points is

further expected to reach below 5 ⇥ 10�5 [10]. Since only the uncorrelated luminosity uncer-

tainty can leave e↵ect in asymmetry observations, its value shown is for the uncorrelated one.

For comparison, the collision energy uncertainty �
p
s improves by more than 10 times from

LEP to only 0.1MeV [10,57].

According to the error propagation rule, the uncorrelated uncertainties a↵ect the asymmetry

observables (A�, AFB, Apol) in the following way,
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which �X± = {��, �L, �Pol}. The error propagation for the correlated uncertainties, such as

the energy resolution on AFB, is much simplier,
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Uncorrelated means there are two uncertainties �X± of the same type but without correlation

while correlated means the two uncertainties �X± are actually the same �X.

The e↵ect of various uncertainties on the inclusive and FB asymmetries are illustrated in

Fig. 3. With significantly enhanced event rate at future lepton colliders, the statistical uncer-

tainty is the least important. The experimental uncertainties, including both luminosity and

collision energy systematics, dominates at small o↵set � for the inclusive asymmetry. With

increasing o↵set, the luminosity uncertainties persists to be almost constant while the collision
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Uncertainties for Cross section Asymmetry !"

Uncertainties reaching #($%&')

• Theory Uncertainty: Missing higher Order #((), (+(,) _.,+

• Theory  Uncertainty: Input Parameter (δ01)
• Experimental Uncertainty: Luminosity and Energy 

v Statistical Uncertainty: rises with decrease of 3 (negligible)

1. Theory Uncertainty estimated with a relative 10&6 uncorrelated uncertainty on the ± cross sections
2. A. Freitas, “Theory Needs for Future e+e− Colliders,” Acta Phys. Polon. B 52 no. 8, (2021) 929–946. 
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Fig. 3: The e↵ect of various uncertainties (statistical �Astat, the experimental luminosity �A
lum and collision

energy �A
eng, as well as the theoretical �Ath) on the inclusive asymmetry �A� (Left) and FB asymmetry �AFB

(Right). For comparision, the combined experimental uncertainty �A
exp and the total uncertainty �A

tot are

also shown. These results take the CEPC luminosity projection as a conservative illustration.

all cancel out and there is no need to put a correlation pattern for this item in Table 5. For the

collision energy, each point has its own uncertainty �
p
s. Being defined at two energy points,

the inclusive asymmetry A� is subject to uncorrelated �
p
s. On the contrary, the FB asymme-

try AFB is defined at single collision energy and hence the single �
p
s a↵ects both event rates

N± with full correlation.

The experimental precision goals at the CEPC and FCC-ee in comparison with the LEP

precision are summarized in Table 4. The luminosity uncertainty reduces from the LEP achieve-

ment by at least 3 times to 0.01%, and the uncorrelated luminosity between energy points is

further expected to reach below 5 ⇥ 10�5 [11]. Since only the uncorrelated luminosity uncer-

tainty can leave e↵ect in asymmetry observations, its value shown is for the uncorrelated one.

For comparison, the collision energy uncertainty �
p
s improves by more than 10 times from

LEP to only 0.1MeV [11,58].

According to the error propagation rule, the uncorrelated uncertainties a↵ect the asymmetry

observables (A�, AFB, Apol) in the following way,

�A
2
⌘

4N2
�
(�N+)2

(N+ +N�)4
+

4N2
+(�N�)2

(N+ +N�)4
, �N± ⌘

@N±

@X±

�X±, (3.6)

which �X± = {��, �L, �Pol}. The error propagation for the correlated uncertainties, such as

the energy resolution on AFB, is much simplier,

�A =
@A

@X
�X =

2 �X

(N+ +N�)2

✓
N�

@N+

@X
�N+

@N�

@X

◆
, (3.7)

Uncorrelated means there are two uncertainties �X± of the same type but without correlation

while correlated means the two uncertainties �X± are actually the same �X.

The e↵ect of various uncertainties on the inclusive and FB asymmetries are illustrated in

Fig. 3. With significantly enhanced event rate at future lepton colliders, the statistical uncer-

16



Uncertainties

~ !("#$%)

• Parametric (δ'())
• Missing Higher Order 

• Statistics ∶ ,(few 10$2)

~ !("#$%)

• Parametric (δ'()) ∶ ,(10$3)

• Higher Order ('4, '6'7):,(10$2)

• 3 Experimentals: ,(few 10$2)

�Astat

�Aexp-lum
�Aexp-eng

�Ath-mho
�Ath-param

�Atot

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

� [GeV]

�A
�
(N
LO

)

(  )� 10�4 (  )� 10�4
�Astat

�Aexp-lumi
�Aexp-eng

�Ath-mho
�Ath-param

�Atot

86 88 90 92 94 96

0.0

0.5

1.0

1.5

Ecm [GeV]

�A
cc
fb
(N
LO

)
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lum and collision

energy �A
eng, as well as the theoretical �Ath) on the inclusive asymmetry �A� (Left) and FB asymmetry �AFB

(Right). For comparision, the combined experimental uncertainty �A
exp and the total uncertainty �A

tot are

also shown. These results take the CEPC luminosity projection as a conservative illustration.

all cancel out and there is no need to put a correlation pattern for this item in Table 5. For the

collision energy, each point has its own uncertainty �
p
s. Being defined at two energy points,

the inclusive asymmetry A� is subject to uncorrelated �
p
s. On the contrary, the FB asymme-

try AFB is defined at single collision energy and hence the single �
p
s a↵ects both event rates

N± with full correlation.

The experimental precision goals at the CEPC and FCC-ee in comparison with the LEP

precision are summarized in Table 4. The luminosity uncertainty reduces from the LEP achieve-

ment by at least 3 times to 0.01%, and the uncorrelated luminosity between energy points is

further expected to reach below 5 ⇥ 10�5 [11]. Since only the uncorrelated luminosity uncer-

tainty can leave e↵ect in asymmetry observations, its value shown is for the uncorrelated one.

For comparison, the collision energy uncertainty �
p
s improves by more than 10 times from

LEP to only 0.1MeV [11,58].

According to the error propagation rule, the uncorrelated uncertainties a↵ect the asymmetry

observables (A�, AFB, Apol) in the following way,
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which �X± = {��, �L, �Pol}. The error propagation for the correlated uncertainties, such as

the energy resolution on AFB, is much simplier,
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@X
�X =
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Uncorrelated means there are two uncertainties �X± of the same type but without correlation

while correlated means the two uncertainties �X± are actually the same �X.

The e↵ect of various uncertainties on the inclusive and FB asymmetries are illustrated in

Fig. 3. With significantly enhanced event rate at future lepton colliders, the statistical uncer-
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Fig. 6: The polarization asymmetry Apol (Left) and its uncertainties �Apol (Right) for the O
t
LQ operator with

⇤ = 1TeV. For Apol, both SM (solid) and SM+NP (dashed) contributions are shown with LO (blue) and NLO

(yellow) calculations, respectively, for comparison. On the other hand, the �Apol panels illustrates the size

of statistical (stat), experimental luminosity (lumi) and collision energy (eng) systematic, and theoretical (th)

uncertainties in addition to the total (tot) one with all uncertainties combined.

Fig. 6 takes the O
t
LQ operator to illustrate the polarization asymmetry Apol and its uncer-

tainties �Apol in the left and right panels, respectively. The left panel shows that its value is

at the level of 0% ⇠ 20% level around the Z pole and can be further enhanced to the range

of �20% ⇠ 30% by O
t
LQ with ⇤ = 1TeV in the similar way as the inclusive A� and FB asym-

metries as shown in Fig. 2. One may expect the polarization asymmetry to have comparable

sensitivity on the NP four-fermion operators.

With beam polarization, the luminosity for the Z line shape scan at each collision energy

as summarized in Table 3 needs to be redistributed for the two polarization configurations. A

reasonable scheme is dividing the luminosity equally among the two configurations, each with

L0 = 0.5 ab�1. Although the event rates are reduced by half at each point, the statistical

uncertainty is still negligibly small as shown in the right panel of Fig. 6. With the polarization

asymmetry Apol defined at a single energy point, the two beam polarization configurations how-

ever can not run simultaneously. Consequently, the luminosity and collision energy uncertainties

are uncorrelated and have two independent copies for the two polarization configurations. In

other words, these two experimental uncertainties for Apol are more or less the same as for

the inclusive asymmetry A� defined between two collision energy points rather than the FB

asymmetry AFB at a single energy point. In addition to the luminosity and collision energy

uncertainties whose e↵ect is relatively small, the major experimental systematic uncertainty

comes from the beam polarization uncertainties. Unfortunately, there is no reliable estimation

about this polarization uncertainty. So we simply take �fe± = 10�3 as requirement to reach a

reasonable sensitivity. With this conservative 0.1% requirement, the polarization uncertainty

dominates over the other two experimental systematics. Fortunately, the polarization system-

atics could potentially be controlled to the level comparable to the statistic uncertainty [62].

We thus take the polarization uncertainty to be twice the statistical uncertainty in the current

study. In short, the polarization asymmetry can help to identify the NP operators after the
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UncertaintiesSignal-Uncertainty Ratio
Representative Benchmark !"#$ (⋀'( = 20 TeV) 

Offset ∆= ±3 GeV taken as decent choice, could extend further. 
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UncertaintiesProjected Sensitivity

• !"# reaches overall better bounds 

• !$ reaches with overall biggest bounds before experimental error (lumi)

• !"# has controlled Experimental Uncertainty and best reach before theory

• !%&' gives minor improvement
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UncertaintiesCombined Sensitivity and Last Slide

• Off-Z-pole asymmetry signals alone 

reach 10～30 TeV for the 4f-operators.

• Sensitivities reduced significantly by 

theory uncertainties.

v Complementary bounds from higher 

c.o.m data considering all realistic 

uncertainties will be interesting for 

further comparison and discussed.
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Thank you for listening!



UncertaintiesMore Information on the !! → ## observable
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More Information on the !! → ## observable


