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将来の電子・陽電子 
円型コライダーでの精密測定

遠藤基 (KEK)



将来の円型e+e-コライダーってどんな実験？

      ChatGPT:

電子・陽電子を円形加速器で加速し衝突させることで、ヒッグス、Z、W、トップ 
などの精密測定を主目的とする。LEP (CERN) の後継機に相当するが、周長100km 
級のリングを前提としており、より高ルミノシティと広いエネルギー範囲を狙う。

なぜ電子・陽電子衝突か？ 
 初期状態が陽子衝突に比べ単純であり、PDFの不確定性が存在しない。 
ISR/FSR や beamstrahlung はあるが、理論的に精密に取り扱える。 

円型加速器（線型加速器と比較して） 
円形加速器ではビームがリング状の軌道を何度も周回して衝突するため、衝突回数 
（ルミノシティ）が非常に高くなる。ただし、軽い粒子（特に電子や陽電子）は 
円形軌道で加速するとシンクロトロン放射によるエネルギー損失が非常に大きい。



約91km

(~240GeV)



今日の内容

将来の電子・陽電子 
円型コライダーでの精密測定

1. 電弱精密測定とその周辺の話 
2. フレーバーの精密測定の話 
3. まとめ

Zポールでの物理
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* ヒッグスの話は次の奥村さん。あとは兼村さんあたりにお願いしたい



電弱精密測定とは

電弱セクターに関連する物理量を高精度に測定して理論と比較・検証する 
複数の独立な物理量を測定することで標準理論の検証と新物理の間接的探索 

Tera-Z計画：ZボソンをO(1012)生成   [WW: O(108), tt: O(106)]

factory, with high potential for discoveries. The baseline plan, confirmed by the feasibility study mid-
term review recommendations, considers operating detectors at four interaction points (IPs), spanning
the e

+
e
→ centre-of-mass energies around the Z pole, the WW threshold, the ZH production maximum,

up to the tt threshold and just above. The current values for the luminosities expected at these energies
are displayed in Fig. 1 and the envisioned 15-year experimental programme is summarised in Table 1,
together with the numbers of events expected at each energy.

Fig. 1: The FCC-ee baseline design luminosity, summed over 4 IPs, displayed as a function of the centre-of-mass
energy, from the Z pole to the tt threshold and beyond (red curve). The luminosity typically achievable by linear
e
+
e
→ Higgs factories with a single IP in their baseline design between 250 and 380 GeV is also indicated (dash-

dotted oval in the lower-right corner of the figure).

Table 1: The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass energies,
design instantaneous luminosities for each IP, and integrated luminosity per year summed over 4 IPs. The integrated
luminosity values correspond to 185 days of physics per year and a 75% operational efficiency (i.e., 1.2 → 10

7

seconds per year) [15], in the Z, WW, ZH, and tt baseline sequence. The last two rows indicate the total integrated
luminosity and number of events expected to be produced in the four detectors. The number of WW events
includes all

↑
s values from 157.5 GeV up.

Working point Z pole WW thresh. ZH tt↑
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (10
34 cm→2s→1) 140 20 7.5 1.8 1.4

Lumi/year (ab→1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated lumi. (ab→1) 205 19.2 10.8 0.42 2.70

2.2 → 10
6

ZH 2 → 10
6

tt

Number of events 6 → 10
12

Z 2.4 → 10
8

WW + + 370k ZH

65k WW ↓ H + 92k WW ↓ H

The currently envisioned working hypotheses for the operation model [16], i.e. for the overall
sequence and the duration of each step, will be continuously optimised in the coming years. An example
of a baseline sequence is displayed in Fig. 2, with the Z, WW, and ZH runs assumed to happen in this
chronological order. In reality, however, there will be quasi-total flexibility in the choice of the running
sequence. (See inset below: ‘A quasi total flexibility’.) This flexibility will accommodate the likely
requests of the user community and will also fit the possible need for runs at different energies in view
of complementary measurements.

3

# of Z:  LEP/SLC: O(107), ILC(GigaZ): O(109), FCC-ee/CEPC: 6/4x1012

cf. LEP3: 2x1012 for Z, 4x107 for WW, 
               5x105 for ZH, no ttbar



なにを測定するの？

Table 2: Experimental (statistical and systematic) precision expected for a selection of measurements accessible
at FCC-ee, compared with the present world-average precision [35]. Some of the FCC-ee experimental systematic
uncertainties (4th column) are initial estimates from early 2021 [36] and others have been improved and consol-
idated during the Feasibility Study. A goal of further studies will be to improve them down to the level of the
statistical uncertainties (3rd column) with new ideas and innovative methods. This set of measurements, together
with those of the Higgs boson properties, achieves indirect sensitivity to new physics up to a scale ! of 100 TeV in
an Effective Field Theory (EFT) description with dimension-6 operators (Chapter 2) and possibly much higher in
specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± uncertainty Stat. Syst. leading uncertainty

mZ (keV) 91 187 600 ± 2000 4 100 From Z line shape scan
Beam energy calibration

”Z (keV) 2 495 500 ± 2300 4 12 From Z line shape scan
Beam energy calibration

sin
2 ωeff

W
(→10

6
) 231,480 ± 160 1.2 1.2 From A

µµ
FB at Z peak

Beam energy calibration

R
Z

ω (→10
3
) 20 767 ± 25 0.05 0.05 Ratio of hadrons to leptons

Acceptance for leptons

ε0

had (→10
3
) (nb) 41 480.2 ± 32.5 0.03 0.8 Peak hadronic cross section

Luminosity measurement

Rb (→10
6
) 216 290 ± 660 0.25 0.3 Ratio of bb to hadrons

A
b,0
FB (→10

4
) 992 ± 16 0.04 0.04 b-quark asymmetry at Z pole

From jet charge

Apol,ε
FB (→10

4
) 1 498 ± 49 0.07 0.2 ϑ polarisation asymmetry

ϑ decay physics
mW (MeV) 80 360.2 ± 9.9 0.18 0.16 From WW threshold scan

Beam energy calibration
”W (MeV) 2 085 ± 42 0.27 0.2 From WW threshold scan

Beam energy calibration

mtop (MeV) 172 570 ± 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

”top (MeV) 1 420 ± 190 10 6 From tt threshold scan
QCD uncert. dominate
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Rq =
!(Z → qq̄)

!(Z → hads)

R→1
ω =

!(Z → ω+ω→)

!(Z → hads)

精度が1-2桁で良くなる

and more



なにができるの？

これまでのパズルの検証・解消や新物理探索

Forward-backward asymmetry
of bottom quark

• Solve old and new “puzzles” in current EWPO

Jorge de Blas - U. of Granada 30

Forward-Backward Asymmetry 
Bottom quark

Electroweak precision constraints at present and future colliders Jorge de Blas
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Figure 2: (Left) 68%, 95%, and 99% probability contours for the dg
b

V
, dg

b

A
couplings. (Center) 68%

and 95% probability contours for dg
b

R
, dg

b

L
, together with the constraints from R

0
b
, A

0
FB

and Ab. (Right)
Expected sensitivities to dg

b

R
, dg

b

L
at future colliders. Different shades of the same colour correspond to

results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

dg
b

R
0.016±0.006 1.00

dg
b

L
0.002±0.001 0.90 1.00

Table 4: Results of the fit for the shifts in the left-
handed and right-handed Zbb̄ couplings.

Result Correlation Matrix

dg
b

V
0.018±0.007 1.00

dg
b

A
�0.013±0.005 �0.98 1.00

Table 5: Results of the fit for the shifts in the vector
and axial-vector Zbb̄ couplings.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory
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W mass after CDF measurement
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FIG. 2. P.d.f’s for oblique parameters from a global fit to all EWPO for the standard average scenario. (Left panel) Scenario
with U = 0. (Center and right panels) Scenario with U 6= 0. Dark (light) regions correspond to 68% (95%) probability ranges.

Measurement ST STU SMEFT
MW [GeV] 80.4133± 0.0080 80.4100± 0.0077 80.4133± 0.0080 80.4133± 0.0080
�W [GeV] 2.085± 0.042 2.09214± 0.00072 2.09251± 0.00075 2.0778± 0.0070

sin2 ✓lepte↵ (Qhad
FB ) 0.2324± 0.0012 0.23142± 0.00013 0.23147± 0.00014 –

P pol
⌧ = A` 0.1465± 0.0033 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

�Z [GeV] 2.4955± 0.0023 2.49812± 0.00099 2.4951± 0.0022 2.4955± 0.0023
�0
h [nb] 41.480± 0.033 41.4910± 0.0077 41.4905± 0.0077 41.481± 0.032
R0

` 20.767± 0.025 20.7506± 0.0084 20.7510± 0.0084 20.769± 0.024
A0,`

FB 0.0171± 0.0010 0.01638± 0.00023 0.01630± 0.00024 0.01659± 0.00032
A` (SLD) 0.1513± 0.0021 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

R0
b 0.21629± 0.00066 0.21591± 0.00010 0.21591± 0.00010 0.21632± 0.00065

R0
c 0.1721± 0.0030 0.172198± 0.000054 0.172200± 0.000054 0.17159± 0.00099

A0,b
FB 0.0996± 0.0016 0.10362± 0.00075 0.10336± 0.00077 0.1008± 0.0014

A0,c
FB 0.0707± 0.0035 0.07407± 0.00058 0.07387± 0.00059 0.0734± 0.0022
Ab 0.923± 0.020 0.934812± 0.000097 0.934779± 0.000099 0.903± 0.013
Ac 0.670± 0.027 0.66815± 0.00052 0.66796± 0.00053 0.658± 0.020
As 0.895± 0.091 0.935710± 0.000096 0.935676± 0.000097 0.905± 0.012

BRW!`⌫̄` 0.10860± 0.00090 0.108386± 0.000022 0.108380± 0.000022 0.10900± 0.00038
sin2 ✓lepte↵ (HC) 0.23143± 0.00025 0.23142± 0.00013 0.23147± 0.00014 –

Ruc 0.1660± 0.0090 0.172220± 0.000032 0.172222± 0.000032 0.17161± 0.00098

TABLE IV. Posterior distributions for the global fit to all EWPO in the NP scenarios discussed in the text. For the reader’s
convenience we also report experimental data in the first column. The measurements interpreted as determinations of the
e↵ective leptonic weak mixing angle, namely sin2 ✓lepte↵ (Qhad

FB ) and sin2 ✓lepte↵ (HC), are not included in the SMEFT fits.

changes in their correlations as well as mild changes, of
order ten percent, in their uncertainties, whereas the cen-
tral values of the Wilson coe�cients stay approximately
the same. The posterior for the EWPO in this case is
also reported in Tables IV and IX.

In conclusion, recent measurements of mt [1] and
MW [2] are introducing some tensions in global fits of
EW precision observables. In this Letter we have stud-
ied their impact on electroweak precision fits both in the
SM and in some prototype scenarios of NP beyond the
SM. Future EW precision measurements at both the LHC
and the HL-LHC will add to this picture and contribute
to confirm or resolve potential tensions in the SM.
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APPENDIX ON THE CONSERVATIVE AVERAGE

SCENARIO

In this appendix we present the results of our analy-
sis in the conservative average scenario for mt and MW .
Figure 3 presents the posteriors for di↵erent fits in the
mt vs MW and sin2 ✓lepte↵ vs MW planes in the SM. Re-
sults of SM fits are reported in Table VI, while Figure 4
and Table VII present results obtained in the scenario
with dominant oblique NP contributions, and Table VIII
presents the corresponding results for the SMEFT. Pos-
teriors for all EWPO in the NP scenarios considered are
reported in Table IX.

SM
SM

What can we do with future EW measurements?

Precision physics at e+e- Electroweak factories

Physics case for Higgs and Electroweak precision 
July 8, 2024

CDF tension of W boson mass

before CDF W boson mass

2 54. Mass and Width of the W Boson

been evaluated in detail and used in the combination: the central values are corrected to a common
theory description and PDF set, and the uncertainties and correlations due to PDFs have been
re-evaluated. The group reported in 2023 [9] that a combination of all W -mass measurements has
a probability of compatibility of only 0.5%, and is therefore disfavoured. A 91% probability of
compatibility is obtained when the CDF Run-II measurement is removed. The corresponding value
of the W boson mass is mW = 80369.2±13.3 MeV, which we currently quote as the World Average.
The results on the W mass published by the experiments are shown in Figure 54.1.
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/dof = 49/412χ
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 0.019±80.370 ATLAS
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 0.0133±80.3692 World Avg 
/dof = 0.5/32χ

 0.0094±80.4335 CDF 2022

 0.0159±80.3665 ATLAS 2024

 0.0099±80.3602 CMS 2025

April 2025

 [GeV]Wm
Figure 54.1: Measurements of the W -boson mass by the LEP, Tevatron and LHC experiments
as well as their combination. Below the combination, three further measurements are shown that
are currently not used in the world average: the CDF 2022 result, the ATLAS 2024 result that
supersedes their previous measurement, and the first result by the CMS Collaboration submitted
for publication in December 2024.

Two new results have appeared since this combination. The ATLAS Collaboration published
a refined analysis of their data used in [5] and obtained a more precise mass value of 80.3665 ±
0.0159 GeV [10]. The CMS Collaboration submitted for publication their first measurement, reach-
ing a precision close to the CDF Run-II result of mW = 80.3602 ± 0.0099 GeV [11]. While these
measurements are close to the value currently quoted as the World Average [9], a detailed combi-
nation by the LHC-TeV W-mass Working Group is still ongoing.

Similarly, the W boson total width has been measured in e+e≠, pp̄ and pp collision data. The
combined LEP average of the W boson total width was determined to be ≈W = 2.195±0.083 GeV [1],
with a good internal consistency of 27% ‰2 probability. The most recent width measurements from
the Tevatron experiments CDF and D0 were combined to ≈W = 2.046 ± 0.049 GeV [12], also with
very good internal compatibility of 84%. The latest and most precise measurement to date was

30th May, 2025

Tera-Zによって不定性がO(0.1)MeV



なにができるの？

これまでのパズルの検証・解消や新物理探索

hadronic contribution to 
running QED coupling at MZ
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EW global fits

Figure 14: Compilation of results for ∆–(5)
had(M2

Z
). The first two data points (red symbols)

represent the results from the Euclidean split technique using our lattice estimate for
∆–(5)

had(≠Q2
0). Green circles denote results based on the standard dispersive approach,

where the R-ratio integration is performed over the entire momentum range. From
top to bottom, we plot the results from refs. [ 11 ,  31 ], [ 12 ], and [ 13 ]. The estimate
based on the Adler function in ref. [ 13 ] is shown as a green diamond. Blue symbols
represent the results from global EW fits, published in refs. [ 34 – 36 ,  142 ,  143 ] (see
the text for further details). The upper triangle point from ref. [ 36 ] does not use the
Higgs mass. The gray band represents our final result quoted in eq. ( 56 ).

in the region Q2
0 œ [3, 7] GeV2.

For completeness, we also list the result obtained via the KNT18[data] approach, which yields

∆–(5)
had(M2

Z
)|Lat+KNT18[data] = 0.02786(9)lat(2)bottom(10)KNT18[data]

= 0.027 86 ± 0.000 13 ,
(57)

where the meaning of the errors is similar to eq. ( 56 ). The relative di�erence to the result obtained
via the Adler function amounts to less than 0.5 % and is indicative of the di�erent treatment of
the non-lattice contribution in eq. ( 52 ).

In figure  14 , we present a compilation of results for ∆–(5)
had(M2

Z
) obtained using our lattice

estimate of the HVP, the standard dispersive approach, as well as global EW fits. The first two
symbols (red filled diamond/square) show our results represented by eqs. ( 56 ) and ( 57 ).

We shall first focus on our main result — the red filled diamond (Lattice + pQCDÕ[Adler]).
The inner and outer error bars represent the total uncertainty and the combination of the first
two errors in eq. ( 56 ), respectively. The total error of about 0.5 % is close to the precision of the
dispersive approach (open green circles/diamond). Our main result is consistent with the latter
and also broadly agrees with the estimates from global EW fits (blue upper/lower triangles).

It is instructive to compare our main result — which is represented by the gray vertical band
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Mainz collaboration, JHEP 08 (2022) 220

格子QCD

▽: fit w/o Δαhad

▼: fit w/ R:Δαhad

△: fit w/o Δαhad, mH

♦: fit w/ BMW:Δαhad

R-ratio

CERN-TH-2025-005

On the extraction of ωem(m2

Z) at Tera-Z

Marc Riembau
Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

The current projected sensitivity on the electromagnetic coupling ωem(m
2
Z) represents a bottleneck

for the precision electroweak program at FCC-ee. We propose a novel methodology to extract this
coupling directly from Z-pole data. By comparing the di!erential distribution of electrons, muons
and positrons in the forward region, the approach achieves a projected statistical sensitivity below
the 10→5 level, representing a significant improvement over other methods. We assess the impact of
leading parametric uncertainties including that of the top quark mass.

INTRODUCTION

The Z-pole run and its potential production of
6 · 1012 Z bosons is emerging as the flagship of the
future FCC-ee program [1]. However, the near per-
million statistical precision on some observables is
useless unless accompanied by a herculean e!ort to
bring theoretical and experimental uncertainties to a
comparable level, and to design well-motivated ob-
servables. A replica of the LEP program is insu”-
cient. For instance, the 10→4 relative uncertainty on
the electromagnetic coupling at the Z pole ωem(m2

Z)
is a major obstacle for obtaining accurate Standard
Model (SM) predictions.

The current uncertainty on ωem(m2
Z) is dominated

by the hadronic contribution #ω
(5)
had(m

2
Z) to the run-

ning from its low energy measurement [2], while the
leptonic contribution is known at four loops [3, 4].
Di!erent approaches for the hadronic contribution
lead to#ω

(5)
had(m

2
Z)→104 = 276.1±1.0 [5], 275.23±1.2

[6, 7], 276.0± 1.0 [8], 276.1± 1.1 [9], the lattice value
277.3 ± 1.5 [10], and the PDG average 278.3 ± 0.6
[11]. The main sources of uncertainty come from the
e
+
e
→ ↑ hadrons cross section below

↓
s < 2GeV

and un-calculated higher order perturbative and non-
perturbative corrections, see [6, 8]. In the future,
bringing the cross section measurement below the 1%
level and the perturbative calculation below the 0.1%
level translate to 4 · 10→4 uncertainty on #ω

(5)
had(m

2
Z)

[6]. Since the electroweak precision program at FCC-
ee requires a relative precision on ωem of 10→5, equiv-
alent to an absolute precision of 10→4 on#ω

(5)
had(m

2
Z),

and given potential tensions between data and lattice
results [12, 13], an alternative, complementary, and
direct extraction of ω(m2

Z) is highly desirable.

A proposal to extract ω(m2
Z) directly at FCC-ee is

found in Ref. [14], based on measuring the forward-
backward asymmetry of muon production, Aµµ

FB , dur-

ing o!-peak runs at
↓
s→ = 87.9GeV and

↓
s+ =

94.3GeV and comparing it with the one measured
on-peak. At

↓
s±, A

µµ
FB depends on both ω(m2

Z) and

the e!ective mixing angle sin2 εe!W , whereas at the Z-
pole it is sensitive only to sin2 εe!W . The measurement
of ω(m2

Z) is statistics limited, with an expected rela-
tive uncertainty of 3·10→5, equivalent to a 4·10→4 ab-
solute uncertainty on #ω

(5)
had(m

2
Z), comparable to the

10→5 expected relative sensitivity on sin2 εe!W . Addi-
tionally, as we discuss in this work, the quoted pre-
cision leverages the top mass accuracy that will be
obtainable after the tt̄ threshold run at FCC-ee.

In this Letter we present a novel method to extract
ω(m2

Z) directly from Z pole measurements, which
presents a significant improvement in statistical sen-
sitivity compared to other methods. The production
rates of electrons as a function of the scattering angle
is compared with those of muons and of positrons. In
the forward region, for angles ε ↭ 30↑ but still well
within the detector acceptance, muon and positron
production are driven by the Z pole exchange, while
electron production receives an equally sizable con-
tribution from the forward photon pole. We demon-
strate that the proposed observables reach a statisti-
cal sensitivity on ω(m2

Z) below the 10→5 level.
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格子QCDの結果がEW fitより
大きい傾向 → Tera-Z

Riembau, PRL 134 (2025) 22,221802



             (light fermion) : Full EW 2-loop + leading higher order

             : Full 2-loop + leading higher order
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The fitting formulae for the EWPOs have the form

X =X0 + a1LH + a2L
2

H
+ a3L

4

H
+ a4�H + a5�t + a6�

2

t
+ a7�tLH + a8�tL

2

H

+ a9�↵s + a10�
2

↵s
+ a11�↵s�H + a12�↵s�t + a13�↵ + a14�↵�H

+ a15�↵�t + a16�Z, (2.9)

LH = log
MH

125.7 GeV
, �H =

MH

125.7 GeV
� 1, �t =

⇣ mt

173.2 GeV

⌘2

� 1,

�↵s =
↵s(MZ)

0.1184
� 1, �↵ =

�↵

0.059
� 1, �Z =

MZ

91.1876 GeV
� 1.

The coe�cients X0 and a1, . . . a16 are obtained from fits to a grid of 8750 data points

of the full computation. The latter includes

• Complete one-loop corrections [23], which have been re-computed for this work,

and full two-loop [33, 35, 37] electroweak corrections;

• Corrections of order O(↵↵s) to vector-boson self-energies [63–67], which have

been re-evaluated for this work;

• Non-factorizable O(↵↵s) Zqq̄ vertex contributions [68–73], which are not cap-

tured in the products Rf

i
F f

i
(i = V,A);

• Higher-loop QCD corrections in the limit of a large top Yukawa coupling yt, of

orders O(↵t↵2

s
) [74, 75], O(↵2

t
↵s), O(↵3

t
) [76, 77], and O(↵t↵3

s
) [78–80], where

↵t ⌘ y2
t
/(4⇡).

• Final-state QED and QCD radiation e↵ects, which enter through the radiator

functions RV,A, up to the orders O(↵2), O(↵↵s) and O(↵4

s
) [56, 81, 82].

Both the Z vertex corrections as well as the prediction of MW from Gµ have been

computed to this same level of perturbation theory.

Numerical values for the coe�cients are given in Tab. 1. Some of the numbers for

X0 deviate slightly in the last digit from those in Ref. [37]. This is due to the larger

grid of input parameters used here, which can exert a pull on the fit parameters.

The di↵erences are well within the accuracy quoted in the last column of Tab. 1.

3 Asymmetries and e↵ective weak mixing angles

The e↵ective weak mixing angle for the Zff̄ vertex is defined, from the theory side,

as

sin2 ✓f
e↵

⌘
1

4|Qf |

✓
1� Re

⇢
vf (M

2

Z
)

af (M
2

Z
)

�◆
. (3.1)
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Fitting formulaがある：



tree levelの予言に必要なインプット：精度の良い物理量 
MZ : Zボソン質量、Zポール周りでのcross section vs Ecmで決定
GF : フェルミ結合定数、ミュー粒子の寿命で決定
α : 微細構造定数、原子のエネルギーレベルと原子の質量（電子の質量）で決定

さらに標準理論による量子補正には以下のインプットが必要 
αs(MZ2) : QCDの結合定数
Δαhad(5)(MZ2) : QEDの結合定数へのハドロン量子補正
mt : トップクォークの質量
MH : ヒッグス粒子の質量
mf : トップクォーク以外の軽いSMフェルミオンの質量

標準理論の予言に必要なインプット
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Fig. 1.12. Average over measurements of the hadronic cross-sections (left) and of the muon forward–backward asymmetry (right) by the four
experiments, as a function of centre-of-mass energy. The full line represents the results of model-independent fits to the measurements, as outlined
in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which define the Z parameters described in the text.

corrections only affect final states containing quarks. To first order in !S for massless quarks, the QCD corrections are
flavour independent and the same for vector and axial-vector contributions:

RA,QCD = RV,QCD = RQCD = 1 + !S(m2
Z)

"
+ · · · . (1.38)

The hadronic partial width therefore depends strongly on !S. The final state QED correction is formally similar, but
much smaller due to the smaller size of the electromagnetic coupling:

RA,QED = RV,QED = RQED = 1 + 3
4
Q2

f
!(m2

Z)

"
+ · · · . (1.39)

The total cross-section arising from the cos#-symmetric Z production term can also be written in terms of the partial
decay widths of the initial and final states, $ee and $ff ,

%Z
ff

= %peak
ff

s$2
Z

(s − m2
Z)2 + s2$2

Z/m2
Z

, (1.40)

where

%peak
ff

= 1
RQED

%0
ff

(1.41)

and

%0
ff

= 12"

m2
Z

$ee$ff

$2
Z

. (1.42)

The term 1/RQED removes the final state QED correction included in the definition of $ee.
The overall hadronic cross-section is parametrised in terms of the hadronic width given by the sum over all quark

final states,

$had =
∑

q "=t

$qq. (1.43)

274 The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 – 454

e+

γ

e−

γ/Z

f
−

f

e+

e−

γ/Z

f
−

γ

f
e+

e−
γ

γ/Z

f
−

f

e+

e−

γ/Z

f
−

f

γ

e+

γ

e−

γ/Z

f
−

f

e+

e−

γ/Z

f
−

γ

f

Fig. 1.11. Some of the lowest order QED corrections to fermion-pair production. Together with photonic box diagrams, which give much smaller
contributions, these form a gauge-invariant sub-set included in the radiator functions HQED. Weak boxes are added explicitly to the kernel cross-
section [32].

Photon radiation (Fig. 1.11) from the initial and final states, and their interference, are conveniently treated by
convoluting the electroweak kernel cross-section, !ew(s), with a QED radiator, H tot

QED,

!(s) =
∫ 1

4m2
f /s

dz H tot
QED(z, s)!ew(zs). (1.36)

The difference between the forward and backward cross-sections entering into the determination of the forward–
backward asymmetries, !F − !B, is treated in the same way using a radiator function H FB

QED. These QED corrections
are calculated to third order, and their effects on the cross-sections and asymmetries are shown in Fig. 1.12. At the peak
the QED deconvoluted cross-section is 36% larger than the measured one, and the peak position is shifted downwards
by about 100 MeV. At and below the peak A

"
FB and A#

FB are offset by an amount about equal to their deconvoluted
value of 0.017. The estimated precision of these important corrections is discussed in Section 2.4.4. It is important to
realise that these QED corrections are essentially independent of the electroweak corrections discussed in Section 1.4,
and therefore allow the parameters of Eq. (1.34) to be extracted from the data in a model-independent manner.

1.5.1. Cross-sections and partial widths
The partial Z decay widths are defined inclusively, i.e., they contain QED and QCD [35] final-state corrections and

contributions from the imaginary and non-factorisable parts [36] of the effective couplings,

$ff = N f
c

GFm3
Z

6
√

2%
(|GAf |2RAf + |GVf |2RVf) + &ew/QCD. (1.37)

The primary reason to define the partial widths including final state corrections and the contribution of the complex
non-factorisable terms of the couplings is that the partial widths defined in this way add up straightforwardly to yield the
total width of the Z boson. The radiator factors RVf and RAf take into account final state QED and QCD corrections as
well as non-zero fermion masses; &ew/QCD accounts for small contributions from non-factorisable electroweak/QCD
corrections. The inclusion of the complex parts of the couplings in the definition of the leptonic width, $!!, leads
to changes of 0.15 per-mille corresponding to only 15% of the LEP-combined experimental error on $!!. The QCD

QED補正
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標準理論による予言：FCC-eeで必要な精度　其の１

実データを理論解析に利用しやすいように加工する
remove initial-state effects, non-resonant photon
exchange, box and t-channel contributions

Future Circular Collider, Feasibility Study Report, 2505.00272
[40]  Freitas et.al., 1906.05379 [hep-ph]



標準理論による予言：FCC-eeで必要な精度　其の２

加工された量 (pseudo-observable) を標準理論と比較する → 新物理探索 
Full EW & QCD-EW 3-loop + leading 4 loop (Yt enhanced) が必要 
インプットの精度の向上も必要（将来的にはαs(MZ2), Δαがボトルネック）

Future Circular Collider, Feasibility Study Report, 2505.00272

Table 11: Required theory calculations for the prediction of the listed precision quantities within the SM. These
predictions are needed for comparison with the quantities extracted from data (Table 10), for the purpose of testing
the validity of the SM and probing BSM physics. More details in Ref. [40].

Quantity Required theory input Theory status
as of today

Needed theory
improvement‡

!Z vertex corrections for
Z → f f̄

NNLO + partial
higher orders

N3LO EW + partial
higher orderssin

2 ωωeff

mW SM corrections to the
muon decay rate

NNLO + partial
higher orders

N3LO EW + partial
higher orders

‡ The mentioned needed theory calculations are a minimum baseline;
additional partial higher-order contributions may also be required.

the ε3 QED contribution translates to a shift of the muon lifetime of (↑9 ± 1) ↓ 10
→8 µs. With the

current measurement of ϑµ = 2.1969811 ± 0.0000022 µs, the new correction terms are almost two
orders of magnitude smaller than the experimental uncertainty. Thus, an updated value of GF can only
be extracted once the latter has been improved.

The Fermi constant GF is one of several fundamental parameters that need to be precisely deter-
mined in order to make quantitative predictions for electroweak precision observables (EWPOs) within
the SM or concrete BSM realisations through data-theory comparisons. Other examples of such quan-
tities include the strong coupling εS and the top-quark mass mtop. Many of these parameters can be
obtained from FCC-ee data with much reduced uncertainty compared to today (Table 2), but their extrac-
tion from the experimental measurements requires significant theory input (as shown in Section 3.2 for
εS and in the last row of Table 10 for mtop).

Similarly, the interpretation of cross section measurements requires the precise determination of
the luminosity through measurements of small-angle Bhabha scattering and/or large-angle photon-pair
production (Section 6.13). For this purpose, the rates for these processes need to be computed at least
with NNLO QED corrections, logarithmically enhanced higher-order effects, and a careful treatment of
virtual hadronic corrections (which appear at NLO for Bhabha scattering and NNLO for two-photon
production) [319, 320].

To achieve the precision goals outlined in Tables 10 and 11, significant improvements in calcula-
tion techniques for higher-order radiative corrections are required, including full two-loop corrections for
2 → 2 scattering processes, as well as decay processes with full three-loop corrections and approximate
four-loop contributions in a large-mass expansion.

Recently, significant progress has been achieved in semi-numerical multi-loop calculation tech-
niques based on dispersion relations [321, 322] and on series solutions of differential equations [323–
328]. These techniques have enabled the first calculations of electroweak two-loop corrections for the
main Higgs boson production process at FCC-ee, e

+
e
→ → ZH [322, 329], and they are expected to be

useful for calculations of NNLO corrections for other pair production processes as well.
The approach of Refs. [321,322] exploits dispersion relations and Feynman parameters to express

one subloop of a two-loop diagram in terms of integrals with up to three variables. Then the second
subloop becomes a simple one-loop integral, with well-known analytical results. For divergent diagrams,
the singularities can be removed with systematically constructed subtraction terms, which can also be
evaluated analytically. These procedures lead to two- or three-dimensional finite numerical integrals that
can be evaluated with good precision within minutes on a single CPU core for a single diagram class.
The method does not use any reduction to master integrals, which saves computing resources.

Another powerful method for multi-loop integrals is the method of differential equations [330–

65

[40]  Freitas et.al., 1906.05379 [hep-ph]



高エネルギースケールの新物理の探索

BSMの効果は有効相互作用

New physics

SM

SM w/. EWSB

hadronization

UV scale

100GeV

~1GeV
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はSMEFTと呼ばれる



the Z-boson are generated. In fact we shall work under the specific assumption where
flavour universality is respected by the first two quark families, and violated by the
third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable
flavour non-universality without any flavour violation). We consider it principally
to test the essential constraining power of future machines and because it is widely
studied by the community. Moreover non-universality limited to the third quark
family is an often recurring feature of scenarios motivated by the hierarchy problem.
That is simply because the large top Yukawa makes it intricately involved in the EW
symmetry breaking dynamics and calls for the existence of various top partners.

Table 6. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
→
D and

→
D a are defined as:

→
Dµ →

↑
Dµ ↑

↓
Dµ and

→
D a

µ
→ ωa

↑
Dµ ↑

↓
Dµωa, while Bµω , W a

µω
and GA

µω

denote the SM gauge boson field-strengths. See text for details. Apart from these, the e!ects of
the four-lepton operator (Oll)1221 =

(
l̄1εµl2

) (
l̄2εµl1

)
, which modifies the prediction for the muon

decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM
input parameters.

Operator Notation Operator Notation
C

la
ss

1

X3 ϑabcW a ω
µ W b ε

ω W c µ
ε OW

ϖ6
(
ϖ†ϖ

)3
Oϑ

ϖ4D2
(
ϖ†ϖ

)
↭
(
ϖ†ϖ

)
Oϑ↭

(
ϖ†Dµϖ

)
((Dµϖ)† ϖ) OϑD

X2ϖ2 ϖ†ϖBµωBµω
OϑB ϖ†ϖW a

µωW
aµω

OϑW

ϖ†ωaϖW a
µωB

µω
OϑWB ϖ†ϖGA

µωG
Aµω

OϑG

C
la

ss
2

ϱ2ϖ2

(
ϖ†ϖ

)
(l̄i
L
ϖej

R
) (Oeϑ)ij(

ϖ†ϖ
)
(q̄i

L
ϖdj

R
) (Odϑ)ij

(
ϖ†ϖ

)
(q̄i

L
ϖ̃uj

R
) (Ouϑ)ij

C
la

ss
3

ϱ2ϖ2D

(ϖ†i
→
Dµϖ)(l̄i

L
εµlj

L
)

(
O

(1)
ϑl

)

ij

(ϖ†i
→
D a

µ ϖ)(l̄i
L
εµωal

j

L
) (O(3)

ϑl
)ij

(ϖ†i
→
Dµϖ)(ēi

R
εµej

R
) (Oϑe)ij

(ϖ†i
→
Dµϖ)(q̄i

L
εµqj

L
) (O(1)

ϑq
)ij (ϖ†i

→
D a

µ ϖ)(q̄i
L
εµωaq

j

L
) (O(3)

ϑq
)ij

(ϖ†i
→
Dµϖ)(ūi

R
εµuj

R
) (Oϑu)ij (ϖ†i

→
Dµϖ)(d̄i

R
εµdj

R
) (Oϑd)ij

(ϖ̃†iDµϖ)(ūi

R
εµdj

R
) (Oϑud)ij

Working in the unitary gauge and performing suitable redefinition of fields and input
parameters the e!ective Lagrangian can be conveniently expressed in the parameterization
of [35, 36], the so-called Higgs basis. Considering only the terms that are relevant for our

– 18 –

次元6のSMEFT有効相互作用の例



高エネルギースケールの新物理の効果

δgH δgH δgH δgHττ δgH
μμ δΓH

δgZ,Lee δgZ,Ree δgWeν δgZ,L
μμ δgZ,R

μμ δgW
μν δgZ,Lττ δgZ,Rττ δgWτν

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

δgZ,Luu δgZ,Ruu δgZ,Ldd δgZ,Rdd δgZ,Lbb δgZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

Figure 3: Precision reach on e!ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-”H (free-”H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e→ colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab→1. Note
the Higgs total width measurement from the o!-shell Higgs processes at the HL-LHC is not
included in the global fit.
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the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab→1. Note
the Higgs total width measurement from the o!-shell Higgs processes at the HL-LHC is not
included in the global fit.
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(Ĉi = v2Ci)Zボソン相互作用への寄与 SMEFT

HL-LHC: 3ab-1 
FCC-ee: Z,W,H 
FCC-ee: Z,W,H,t



電弱ゲージボソンの真空偏極に対する新物理への寄与 

くりこみの後、ゲージ結合定数やWeiberg angleに対する補正にまとめられる 

ただし
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SとかTとか習ったけど？
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多くの場合S, Tに注目：SMEFTのオペレータの関係 

Uはdim 8で現れる 
例： 

* いつもそうとは限らない 
例：Axion-like particle
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他に新物理の補正が無いと仮定して電弱精密測定と比較

cf. Aiko, Endo, JHEP 05 (2023) 147
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Fig. 3.7: Expected uncertainty contour for the S and T parameters for various colliders in their
first energy stage. For ILC and CLIC the projections are shown with and without dedicated
running at the Z-pole. All other oblique parameters are set to zero.

limits the precision of the electroweak precision tests when the experimental precision on MW
is reduced to below 8 MeV, as expected possibly with HL-LHC but definitely at future e+e�

colliders.
Tests of QED have so far been restricted mostly to the perturbative regime but already

in the first half of the 20th century it was pointed out that there is also a strong-field-limit in
QED, where QED becomes non-perturbative [53, 54]. This becomes relevant when the electri-
cal field, seen by an electron, attains a value close to the Schwinger field [55]. Several proposals
exist to probe this regime with a high energy electron beam and a high-power laser using the
AWAKE plasma wakefield accelerator at CERN [56], the European XFEL in Germany [57],
or the FACET facility at SLAC [58]. Previous experiments at SLAC and CERN did not quite
reach the critical field value [59,60]. The proposed new experiments will probe QED in the crit-
ical field regime, which is of relevance for instance for astrophysical phenomena (for instance
magnetars [61]), atoms with Z > 137 [62] and for high energy e+e� colliders [63, 64].

3.2.2 Higgs boson physics
The Higgs boson couplings
One of the most important open points after the discovery of the 125 GeV scalar at the LHC
is how this particle couples to the known fermions and bosons, compared to the uniquely de-
termined predictions from the Standard Model. Deviations in data from theory expectations
would definitively indicate New Physics (NP), going Beyond the Standard Model (BSM), and
as argued earlier in this chapter, they are a direct measure of the fine-tuning.

Higgs boson couplings can be determined from the measurement of rates of events with
given final states, which, using the fact that the Higgs width is very small, can be expressed in
terms of production cross sections times the decay branching fractions.

A simple yet powerful method to parameterise possible deviations from SM couplings
is the so-called k-framework [65, 66]. In this framework, the deviations of SM Higgs boson

European Strategy, Physics Briefing Book, 1910.11775



結局、どのような新物理模型の探索に向いているの？

LHC実験：直接生成 Tera-Z：間接探索

強い相互作用 電弱（セクターとの）相互作用

ハードなジェットや 
大きなmissingが必要

質量スペクトルの詳細には 
あまり依存しない

large mass hierarchy 
（ソフト：背景事象やトリガー）

degenerate mass spectrum 
でも探索可能

非常にmass gapが小さい場合 
LLP：displaced vertex

電弱セクターに結合する相互作用が弱い新物理の探索に向いている 
それほど質量スペクトルで制限されない（重くても探索可能）

軽い粒子の直接生成：得意 
ただし衝突エネルギーで質量に上限



具体的にはどんな模型？

例：強い相互作用をもたないSUSY粒子の探索 
slepton, Winoの探索：Rlに与える効果 

量子補正 
• vertex correction 
• lepton self-energy 
• oblique parameter: S, T 
Binoが十分に軽い場合 
大部分の領域 (FCC-ee Syst.) は 
HL-LHCでも探索可能 
Binoと縮退した場合 
FCC-eeが優れた探索感度
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FIG. 1. Left: |ωRω| for pure bino and a right-handed selectron simplified model. On the yellow (red) contour, |ωRω| matches

the anticipated FCC-ee 1ε statistical (systematic) uncertainty [1]. We also show the current limit from the ATLAS Ẽ → ϑ+MET

search [22] (gray), the LEP Ẽ → ϑ+MET bound (purple, below dotted line) [23] and LEP RPV squark limit, as a proxy for

the Ẽ → jj R-parity violating decay (purple, above dotted line) [24]. For mB̃ > mẼ , the bounds are significantly stronger

we assume R-parity conservation (RPC) by allowing the Ẽ to decay to a lepton and a nearly massless gravitino (dashed blue
line). Right: Same, for pure wino and a left-handed selectron simplified model. The LHC bounds are reinterpretations of
the ϑ+ϑ→ + MET bound (gray, below dotted line) [22] and the ϑ±ϑ± + MET search [25] (gray, above dotted line) (see text
for details). The LEP bounds (purple) were taken from [23, 26]. The LHC bounds from direct production assuming an
uncompressed spectrum, e.g., a nearly massless gravitino or bino LSP, are shown as a dashed blue line.

than considering only Rω in the mW̃ → mL̃ limit. We
see however that the non-universal vertex correction to
Rω provides sensitivity beyond the oblique parameters for
mW̃ ↭ mL̃. The case of squarks and gluinos is discussed
in Appendix II F, since the LHC constraints in this case
are significantly stronger (see Figure 4 therein).

LHC bounds and projections The LHC bounds
are model dependent, because additional assumptions
about the SUSY particle spectra1 and couplings are
needed. We consider three scenarios:

1. R-parity is conserved and the lightest supersym-
metric particle (LSP) (bino or gravitino) is light
enough such that phase space for the decay of the
next-to-lightest supersymmetric particle (NLSP) is
not significantly compressed. In this case we find
that the direct searches at the (HL-)LHC typically
outperform a precision measurement of Rω at the
FCC-ee or CEPC.

1
The mẼ , mL̃, m

W̃
and mB̃ refer to the soft masses, which

are the most relevant for the radiative corrections to Rω. The LHC

bounds on the other hand depend on the physical masses, which can

di!er slightly from the soft masses due to electroweak symmetry

breaking e!ects. For simplicity we neglect these di!erences in our

discussions of the LHC bounds, since they are smaller than our

current uncertainty on what the ultimate HL-LHC constraints will

be.

2. If R-parity is conserved, but the bino LSP is close
in mass to the NLSP (W̃ , L̃, or Ẽ), then the Rω

measurement can be competitive with (HL-)LHC
direct searches in part of the parameter space, as
shown in Fig. 1.

3. R-parity is violated through operators causing the
LSP to decay to first and second generations jets.
In this case there are no competitive LHC limits on
electroweak states and the Rω constraint may be a
major improvement upon the LEP bounds.

Below we explain these qualitative points in more detail.
For the (Ẽ, B̃) model the Ẽ ↑ ω+MET search [22]

applies if mẼ > mB̃ + mω (gray shading in Fig. 1).
Given that the HL-LHC is expected to add a few hundred
GeV in mass reach, we see that the FCC-ee/CEPC only
has sensitivity in the compressed region mẼ ↓ mB̃ . This
is complemented by the limited but robust bounds from
LEP [23].

If mẼ < mB̃ +mω, the Ẽ could decay to ω + gravitino.
This decay may be prompt or displaced, depending on the
gravitino mass. For a prompt decay, the current bound
is mẼ ↫ 450GeV [22], which already exceeds that from
a future Rω measurement at the FCC-ee/CEPC. This
bound can be evaded by allowing the Ẽ to decay to a pair
of jets, as can be realized in models of dynamical R-parity
breaking [29]. This case is unconstrained at the LHC due
to the low slepton production cross section relative to
that of the dijet background. While LEP did not search

Knapen, Langhoff, Ligeti, PRD 111 (2025) 11, 115007
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FIG. 3. The three types of diagrams contributing to the SUSY correction to the Z boson decay rate when considering only the
contributions from a pure wino and the right-handed sleptons.

of left to right) the following contributions to the coe!cient f̃L:
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while f̃R = 0. The oblique parameters are [50]3

S = →4s2Wε
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)
, (40)

T = →ε
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↑
εW cos2(2ϑ)

16ϖ

(
m

2
W

M
2
L̃

)
, (41)

with tanϑ = ↓Hu↔/↓Hd↔ the ratio of the vacuum expectation values of the Higgs doublets in MSSM. For our numerical
results we assume the large tanϑ limit, e”ectively setting cos(2ϑ) = →1.

F. The g̃ + q̃ simplified model

The final scenario we consider is where we the light particles are the gluino g̃ and the squarks q̃ (also investigated
in Ref. [14]). The Z cannot decay to a tt̄ pair, so the stop squark does not contribute to the vertex correction for
flavor diagonal squark masses, given that we take the charginos to be decoupled. We also assume that the left and
right handed squarks have the same mass and all five flavors of squarks contributing in the loops have the same mass.

3
Note that the definitions of S and T in [50] di!er by a sign relative to our definitions in (21) and (22) and in the PDG review [36].

direct production 
w/. massless Bino

LEP



具体的にはどんな模型？

例：Weakly interacting massive particle, SU(2)L n-plets 
W boson self-energyやe+e-→WWにループで寄与Figure 11: FCC-ee 95% CL exclusion for scalar WIMPs without hypercharge.

Figure 12: FCC-ee 95% CL exclusion for fermionic WIMPs without hypercharge.

4.2 Weakly interacting massive particles

Electroweak multiplets are motivated in many BSM extensions but are di!cult to search

for at hadron colliders, with current indirect exclusions in Drell-Yan being insensitive to

low n multiplets and probing only the higher multiplets in the O(100) GeV range up to

around 2 TeV for a 7-plet Dirac fermion [61]. Heavy Weakly Interacting Massive Particles

(WIMPs) therefore form a current blind spot in BSM searches that could be indirectly

explored at FCC-ee [61–65].

The matching conditions for an SU(2)L n-tuplet WIMP with hypercharge Y to the

SILH basis operators as normalised in Eqs. (3.16), (3.17) and (3.24) are

S2B =
g2
1

16ω2

nY 2

30M2

WIMP

N2, S2W =
g2
2

16ω2

n(n2
→ 1)

360M2

WIMP

N2, S3W =
g3
3

16ω2

n(n2
→ 1)

2160M2

WIMP

N3 ,

(4.4)

where the counting factors are N2 = 1/2, 1, 4, 8 and N3 = 1/2, 1,→1,→2 for real scalars,

complex scalars, Majorana fermions, and Dirac fermions, respectively. As discussed in the

above EFT analysis, these operators can be constrained by both o”-pole and on-pole data

where we expect similar sensitivity and an improved combined bound. This is shown in

– 18 –

* thermal relicでDM残存量を説明する 
  には質量が小さすぎる

Maura, Stefanek, You, 2412.14241
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軽い新粒子は直接生成が可能

背景事象が少ないため相互作用が弱くても探索できる 
ただし探索可能な質量の上限はエネルギーで制限される 
例：Axion-like particle

(この場合Zポールにこだわる必要はない)

Figure 14. Projected sensitivity for ALPs in the photon coupling versus ALP mass plane from
e+e→ → ωa → 3ω analysis (yellow area) and for the e+e→ → ωa → ω + invisible analysis (orange
area) at FCC-ee. The salmon area shows the coverage of the photon-fusion ωω → a → 2ω process
at FCC-ee from [14]. Other limits are adapted from Ref. [28, 29] updated to the latest LHC results.

7 Combined reach and Conclusions

The Z-pole run at FCC-ee will allow the development of a detailed search program for the
decay of a Z boson into a photon and an ALP, with the ALP subsequently decaying into a
pair of photons. Depending on the ALP mass and its coupling to the photon and to the Z,
di!erent search strategies have been identified, corresponding to di!erent times of flight of
the ALP before decaying. A detailed analysis has been performed for a three-photon signal,
addressing ALPs which decay inside the detector, and the monophoton search for ALPs
decaying outside of the detector. Significant complementary areas of the parameter space
are covered by the two analyses. The covered area depends on the energy resolution of the
electromagnetic calorimeter, on the resolution on the measurement of the impact position
of the photon on the calorimeter, and on how well the invariant mass can be reconstructed
when the two photons from the ALP decays are well collimated. Reach curves as a function
of these performance parameters have been obtained,

The results of this study are shown in Figure 14, together with the results from [14],
compared to existing ALP limits from Ref. [28, 29] updated to the latest LHC results. The
three-photon analysis would extend significantly the existing LHC limits in the mass region
1-90 GeV. The monophoton analysis covers the region below 0.1 and 1 GeV which is beyond
the reach of the beam dump experiments, and the ωω → a of Ref. [14] would extend the

– 17 –
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abovema ≈ 0.1 GeV can be searched for at current [15–31]
and future [32–41] high-energy colliders. The particle
physics priority for a post-LHC machine is an electron-
positron (e!e−) facility [42,43], such as the Future Circular
Collider (FCC-ee) [44,45] or the International Linear
Collider (ILC) [46], aiming at very precisely probing the
Higgs sector of the SM. Such machines have also the
capability to accurately search for new FIPs in low mass/
coupling regions inaccessible at the LHC. While new
particles with 0.1 to 100 GeV masses are difficult to access
at hadron colliders due to trigger limitations and large
backgrounds in p-p collisions—despite photon-fusion
processes in ultraperipheral collisions of heavy ions [47]
providing somewhat more favorable conditions in this mass
range [48–51]—the clean environment and large integrated
luminosities available at the FCC-ee and ILC lepton
colliders will render them very sensitive machines in
searches for EW-coupled ALPs.
In recent years, several projections for ALP search

reaches have been presented for different future lepton
colliders, including FCC-ee and ILC (see, e.g., [32]) based
on effective field theory models. In general, such studies
have focused on ALPs coupling preferentially to photons
(BC9 “photon dominance” benchmark point of Ref. [6])
and, more particularly, on e!e− → Z → aðγγÞγ production
(left diagram of Fig. 1), which has vanishingly small
backgrounds (the Z → 3γ decay has a SM branching
fraction of B ¼ 0.85 × 10−9, including exclusive Z boson
radiative meson decays [52]), although at best, only
approximate acceptances/efficiencies of the detectors have
been taken into account. Alternatively, in this work we
present an analysis of exclusive ALP production via photon
fusion (Fig. 1, center) on top of the diphoton continuum
from γγ interactions also known as light-by-light (LbL)
scattering [53] (Fig. 1, right), taking into account realistic
(fast) simulations of two typical future e!e− detectors
[54,55]. The ALPs event generation is performed with the
SuperChic 4.03 (SC4) Monte Carlo code [56], based on the
equivalent photon approximation (EPA) [57], accounting
for the (small) virtualities of the emitted photons from the
e!e− beams. The generated events are further passed to
parametrized responses of the FCC-ee and ILC detectors
simulated using the DELPHES3 package [58]. For the FCC-
ee, we consider the latest settings of the International

Detector for Electron-positron Accelerator (IDEA) appa-
ratus [55], and of the International Large Detector (ILD)
concept [54] for the ILC case. The full analysis, from
photon-photon scattering to the detector simulation is
performed for varying values of ALP masses and pho-
ton-ALP couplings, using up-to-date FCC-ee and ILC
integrated luminosities for their expected operation at
various center-of-mass (c.m.) energies. We apply relevant
event selection cuts in kinematic quantities reconstructed at
the detector level, and show the regions of phase space with
competitive sensitivities in the ALP mass versus γ-a
coupling plane. Preliminary results of this work have been
presented elsewhere [59,60]. This current work is the
follow-up of our previous generator-level-only results.
The paper is organized as follows. In Sec. II, we present a

brief review of the formalism needed to describe ALP and
LbL production in γγ collisions at e!e− colliders. In
particular, the EPA approach is reviewed and the
Lagrangian used in the derivation of the Feynman rules
relevant for the calculation of the photon-fusion ALP
production is presented. In Sec. III, the methodology of
our analysis and the basic event selection criteria applied
are discussed, and the kinematic distributions for ALP and
LbL diphoton pairs produced in e!e− collisions at FCC-ee
and ILC are presented. The expected upper limits on the
cross sections and ALP-photon couplings are presented as a
function of ALP mass for operation runs at different c.m.
energies and luminosities, and a comparison with current
upper bounds is also performed. Finally, the case where
light ALPs are long-lived and can be identified by a
macroscopically displaced diphoton vertex is discussed.
A summary of our main results and conclusions is
presented in Sec. IV.

II. SIMULATION SETUP

The rich physics possibilities of two-photon collisions
were proposed long ago [57,61] and have been an active
topic of research at lepton [62–64], proton [51,65–67], and
ion [47,51,68] colliders since. Future e!e− machines, in
particular, will also provide an ideal environment to study
γγ collisions at unprecedented energies and luminosities
[69], beyond their design program focused on precision
Higgs and electrowek physics. In the last decades, four
projects of e!e− colliders have been proposed: the

FIG. 1. Schematic diagrams of ALPs production in e!e− collisions via Z boson decays (left) and in γγ fusion (center), and light-by-
light background of the latter process (right). In the photon-fusion diagrams, the incoming (outgoing) photons have momenta q1;2 (k1;2).
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abovema ≈ 0.1 GeV can be searched for at current [15–31]
and future [32–41] high-energy colliders. The particle
physics priority for a post-LHC machine is an electron-
positron (e!e−) facility [42,43], such as the Future Circular
Collider (FCC-ee) [44,45] or the International Linear
Collider (ILC) [46], aiming at very precisely probing the
Higgs sector of the SM. Such machines have also the
capability to accurately search for new FIPs in low mass/
coupling regions inaccessible at the LHC. While new
particles with 0.1 to 100 GeV masses are difficult to access
at hadron colliders due to trigger limitations and large
backgrounds in p-p collisions—despite photon-fusion
processes in ultraperipheral collisions of heavy ions [47]
providing somewhat more favorable conditions in this mass
range [48–51]—the clean environment and large integrated
luminosities available at the FCC-ee and ILC lepton
colliders will render them very sensitive machines in
searches for EW-coupled ALPs.
In recent years, several projections for ALP search

reaches have been presented for different future lepton
colliders, including FCC-ee and ILC (see, e.g., [32]) based
on effective field theory models. In general, such studies
have focused on ALPs coupling preferentially to photons
(BC9 “photon dominance” benchmark point of Ref. [6])
and, more particularly, on e!e− → Z → aðγγÞγ production
(left diagram of Fig. 1), which has vanishingly small
backgrounds (the Z → 3γ decay has a SM branching
fraction of B ¼ 0.85 × 10−9, including exclusive Z boson
radiative meson decays [52]), although at best, only
approximate acceptances/efficiencies of the detectors have
been taken into account. Alternatively, in this work we
present an analysis of exclusive ALP production via photon
fusion (Fig. 1, center) on top of the diphoton continuum
from γγ interactions also known as light-by-light (LbL)
scattering [53] (Fig. 1, right), taking into account realistic
(fast) simulations of two typical future e!e− detectors
[54,55]. The ALPs event generation is performed with the
SuperChic 4.03 (SC4) Monte Carlo code [56], based on the
equivalent photon approximation (EPA) [57], accounting
for the (small) virtualities of the emitted photons from the
e!e− beams. The generated events are further passed to
parametrized responses of the FCC-ee and ILC detectors
simulated using the DELPHES3 package [58]. For the FCC-
ee, we consider the latest settings of the International

Detector for Electron-positron Accelerator (IDEA) appa-
ratus [55], and of the International Large Detector (ILD)
concept [54] for the ILC case. The full analysis, from
photon-photon scattering to the detector simulation is
performed for varying values of ALP masses and pho-
ton-ALP couplings, using up-to-date FCC-ee and ILC
integrated luminosities for their expected operation at
various center-of-mass (c.m.) energies. We apply relevant
event selection cuts in kinematic quantities reconstructed at
the detector level, and show the regions of phase space with
competitive sensitivities in the ALP mass versus γ-a
coupling plane. Preliminary results of this work have been
presented elsewhere [59,60]. This current work is the
follow-up of our previous generator-level-only results.
The paper is organized as follows. In Sec. II, we present a

brief review of the formalism needed to describe ALP and
LbL production in γγ collisions at e!e− colliders. In
particular, the EPA approach is reviewed and the
Lagrangian used in the derivation of the Feynman rules
relevant for the calculation of the photon-fusion ALP
production is presented. In Sec. III, the methodology of
our analysis and the basic event selection criteria applied
are discussed, and the kinematic distributions for ALP and
LbL diphoton pairs produced in e!e− collisions at FCC-ee
and ILC are presented. The expected upper limits on the
cross sections and ALP-photon couplings are presented as a
function of ALP mass for operation runs at different c.m.
energies and luminosities, and a comparison with current
upper bounds is also performed. Finally, the case where
light ALPs are long-lived and can be identified by a
macroscopically displaced diphoton vertex is discussed.
A summary of our main results and conclusions is
presented in Sec. IV.

II. SIMULATION SETUP

The rich physics possibilities of two-photon collisions
were proposed long ago [57,61] and have been an active
topic of research at lepton [62–64], proton [51,65–67], and
ion [47,51,68] colliders since. Future e!e− machines, in
particular, will also provide an ideal environment to study
γγ collisions at unprecedented energies and luminosities
[69], beyond their design program focused on precision
Higgs and electrowek physics. In the last decades, four
projects of e!e− colliders have been proposed: the

FIG. 1. Schematic diagrams of ALPs production in e!e− collisions via Z boson decays (left) and in γγ fusion (center), and light-by-
light background of the latter process (right). In the photon-fusion diagrams, the incoming (outgoing) photons have momenta q1;2 (k1;2).
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結局、どのような新物理模型の探索に向いているの？

LHC実験：直接生成 Tera-Z：間接探索

強い相互作用 電弱（セクターとの）相互作用

ハードなジェットや 
大きなmissingが必要

質量スペクトルの詳細には 
あまり依存しない

large mass hierarchy 
（ソフト：背景事象やトリガー）

degenerate mass spectrum 
でも探索可能

非常にmass gapが小さい場合 
LLP：displaced vertex

軽い粒子の直接生成：得意 
ただし衝突エネルギーで質量に上限

電弱セクターに結合する相互作用が弱い新物理の探索に向いている 
それほど質量スペクトルで制限されない（重くても探索可能）



今日の内容

将来の電子・陽電子 
円型コライダーでの精密測定

1. 電弱精密測定とその周辺の話 
2. フレーバーの精密測定の話 
3. まとめ

Zポールでの物理

<latexit sha1_base64="X5Vq0mOqZcoUdWrJpNbyz/WjwBs="></latexit>}

* ヒッグスの話は兼村さんあたりにお願いしたい



Q. なぜTera-Zでフレーバー物理をやるの？

A. Zボソンの崩壊でb, cクォークやτレプトンがたくさん作られるから 
PDG  Z→bb: 15.12%,  cc: 12.03%,  ττ: 3.37%

Particle BESIII Belle II (50 ab→1 on !(4S)) LHCb (300 fb→1) CEPC (4→Tera-Z)

B0, B̄0 - 5.4 → 1010 3 → 1013 4.8 → 1011

B± - 5.7 → 1010 3 → 1013 4.8 → 1011

B0
s , B̄0

s - 6.0 → 108 (5 ab→1 on !(5S)) 1 → 1013 1.2 → 1011

B±
c - - 1 → 1011 7.2 → 108

”0
b
, ”̄0

b
- - 2 → 1013 1 → 1011

D0, D̄0 1.2 → 108 4.8 → 1010 1.4 → 1015 8.3 → 1011

D± 1.2 → 108 4.8 → 1010 6 → 1014 4.9 → 1011

D±
s 1 → 107 1.6 → 1010 2 → 1014 1.8 → 1011

”±
c 0.3 → 107 1.6 → 1010 2 → 1014 6.2 → 1010

ω+ω→ 3.6 → 108 4.5 → 1010 1.2 → 1011

Table 2: Expected yields of b-hadrons, c-hadrons, and ω leptons at BESIII, Belle II,

LHCb Upgrade II, and CEPC (4→Tera-Z, namely 4 → 1012 Z bosons). For b- and c-

hadrons, their yields include both charge conjugates, while the yield of ω leptons refers

to the ω→ω+ events, namely the number of ω pairs. We take the cross sections for bb̄

and cc̄ productions at center-of-mass energies corresponding to !(4S) and !(5S) from

Ref. [7], and of the b quark productions within LHCb detectors’ acceptance from Ref. [8].

To estimate the production fractions of B0 and B± at LHCb, we utilize the B0
s and ”0

b

production fractions in Ref. [9] and assume fu + fd + fs + fbaryon = 1, with fu = fd, and

f!0

b
= fbaryon. For Z decays, the production fractions of B0, B±, B0

s , and ”0
b

are presented

in Ref. [10]. The Bc meson production fraction at LHCb is taken from Ref. [11], while its

production fraction at the Z pole (including the contribution from B↑
c decays) is taken from

Ref. [12]. For inclusive charm meson productions at the Z pole, including the contribution

from b-hadron decays, see Refs. [13–17]. The yields of ω leptons at the CEPC are rescaled

from Ref. [2].

developments on the instrumentation frontier, demanding enhanced detector performance

in vertexing, tracking, particle identification (PID), and calorimetry.

The successful realization of the flavor physics program at the CEPC relies on a number

of key factors:

• An abundant luminosity of the data at the CEPC Z pole, which yields substantial

heavy flavor statistics. With a high integrated luminosity and the large cross section

ε(e→e+ ↑ Z ↑ bb̄, cc̄, ω→ω+), the Tera-Z will generate extensive statistics of heavy-

flavored hadrons and ω leptons [2], rivaling other proposed flavor physics experiments.

This is demonstrated by the expected yields of b-hadrons in Belle II, LHCb and a

representative future Z factory, as listed in Table 2. The Tera-Z yields approximately

4.8 → 1011 B0/B̄0 or B± mesons, which is one order of magnitude larger than that

expected at Belle II [7]. Even though this yield is roughly two orders of magnitude

lower compared to that of LHCb, studies at the Tera-Z can benefit significantly from

the clean experimental environment and the precisely known center-of-mass energy.

– 4 –

“Tera-Z”=1012 Z

Ai et.al, Flavor Physics at CEPC: a General Perspective, 2412.19743 FCC-ee: 5x“Tera-Z”



Tera-ZはBelle IIとLHCbの良いとこ取り

Belle II: e+e-衝突 LHCb: pp衝突

Υ(4S)共鳴: 11GeV 
Bu,dに特化 

始状態がクリア 
少ない背景事象 
検出器の広いカバー領域 
イベント再構築に有利 
(missingを含む反応)

高エネルギー: 14TeV 
すべてのBハドロン 
大統計 
始状態エネルギーは不明 
背景事象が多い 
前方検出器 
イベント再構築は不利 
(missingの測定は難しい) 
B, ... がブースト

Tera-Z: e+e-衝突

Zポール: 90GeV 
すべてのBハドロン 
大統計（LHCbよりは少） 
始状態がクリア 
少ない背景事象 
検出器の広いカバー領域 (?) 
イベント再構築に有利 
(missingを含む反応) 
B, ..., がブースト

非常に稀で再構築しやすいチャンネルはLHCb（例：Bs→μμ） 
それ以外はだいたいTera-Zが良いはず（ただし、比較した研究があまりない）



Tera-Zが有利なケース

Ho, Jiang, Kwok, Li, Liu, PRD 109 (2024) 9, 093004

τを含むチャンネル：τレプトンを実験で同定するのは簡単ではない 
Zボソンから生成されたbクォークやτレプトンはboostされている

Belle II

LHCb

Tera-Z

10×Tera-Z

B0→K*0τ+τ- Bs→ϕτ+τ- B+→K+τ+τ- Bs→τ+τ- Bc→τν Bc→J/ψτν Bs→Dsτν Bs→Ds
*τν Λb→Λcτν Bs→ϕν v
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0.001

S
e
n
s
it
iv
it
y
o
n
B
R

Figure 25: Projected sensitivities of measuring the b ! s⌧+⌧� [42], b ! c⌧⌫(Bc ! ⌧⌫) [74],

b ! c⌧⌫ (this work) and b ! s⌫⌫̄ [29] transitions at Tera-Z and 10⇥Tera-Z. The sensitivities

at Belle II @ 50 ab�1 [23] and LHCb Upgrade II [24, 75] have also been provided as a reference.

Note that the sensitivities for each category might be based on di↵erent ⌧ decay modes. For

example, the LHCb sensitivities are generated by a combined analysis of ⌧+ ! ⇡+⇡�⇡�(⇡0)⌫

and ⌧ ! µ⌫⌫̄.

The subscripts “VL”, “VR”, “SL”, “SR”, and “T” denote the left- and right-handed vector

currents, left- and right-handed scalar currents and the tensor current, respectively. Note,

the SM contribution to the left-handed vector current is non-trivial due to W boson emission,

leaving C⌧

VL
|SM = 1 at µb = 4.8 GeV. The superscript “⌧” implies that any deviations of these

Wilson coe�cients from their SM predictions will violate the LFU explicitly.

Now we are able to calculate the LEFT predictions for RHc , which are given by (the

details for these calculations are summarized in Appendix A):

RJ/ 

RSM
J/ 

= 1.0 + Re(0.12C⌧

SL
+ 0.034|C⌧

SL
|
2
� 0.12C⌧

SR
� 0.068C⌧

SL
C⌧⇤
SR

+ 0.034|C⌧

SR
|
2

� 5.3C⌧

T + 13|C⌧

T |
2
� 1.9C⌧

VR
� 0.12C⌧

SL
C⌧⇤
VR

+ 0.12C⌧

SR
C⌧⇤
VR

+ 5.8C⌧

TC
⌧⇤
VR

+ 1.0|C⌧

VR
|
2 + 2.0�C⌧
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+ 0.12C⌧

SL
�C⌧⇤
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� 0.12C⌧

SR
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� 5.3C⌧

T �C
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� 1.9C⌧

VR
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+ 1.0|�C⌧

VL
|
2) ,

(7.3)

RDs

RSM
Ds

= 1.0 + Re(1.6C⌧

SL
+ 1.2|C⌧

SL
|
2 + 1.6C⌧
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SR
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SR
|
2
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T |
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(7.4)
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Tera-Zが有利なケース

あと、WW productionでCKMの決定もできる　例：0.2% uncertainty for |Vcb|
Marzocca, Szewc, Tammaro, JHEP 11 (2024) 017

終状態にmissingがある場合：とくに統計が必要な場合 
重いハドロンの崩壊はBelle IIでもLHCb（missingは苦手）でも見えない

Ai et.al, Flavor Physics at CEPC: a General Perspective, 2412.19743
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Figure 13: Regions with 68% probability of the marginal posterior density, assuming that all observables
are SM-like. We used the experimental uncertainties of Sec. 4 and the Future form factors uncertainties
described in Sec. 2. Left: Regions constrained by a measurement of only the branching ratio (orange band),
only the longitudinal fraction (blue band) and both (green ellipse) in the case of B0 → K→0ωω decays.
Right: Comparison between the current constraint due to B(B → Kωω̄) measurements [34] (cyan band)
and the sensitivities predicted at FCC-ee in this study (blue, orange, green and red bands).

compare the estimated constraints obtained at the end of the Tera-Z run to the current constraint
derived from the experimental average of B(B → Kωω̄) [34] (we refer to Refs. [66–69] for more
complete WET studies). We stress that the Belle II measurement is performed assuming SM-like
distributions. Converting this measurement into a constraint on the Wilson coe!cients therefore
requires a proper reanalysis, which is beyond the scope of this paper.

6 Conclusion
We carry out an initial performance study on the measurement of b → sωω decays at FCC-ee running
at the Z pole. To achieve this, we produce updated SM predictions of the observables related to
the decays B0 → K0

Sωω, B0 → K→0ωω, B0
s → εωω and ϑ0

b → ϑωω, both with current and projected
theory uncertainties.

We then study the expected sensitivity to these observables, under the assumption that 6 ↑ 1012

Z-bosons are produced in the lifetime of FCC-ee “Tera-Z” running. We find that the uncertainty on
the branching fractions, at the SM predicted values, are a relative 0.53%, 1.20%, 3.37% and 9.86%
for the B0 → K→0ωω, B0

s → εωω, B0 → K0
Sωω and ϑ0

b → ϑωω decays, respectively. The sensitivity
estimates for the neutral B0 → K0

Sωω and ϑ0
b → ϑωω are based on rather simplistic assumptions

but a full study of these modes was considered beyond the scope for this paper and will be revisited
in future works.

In addition we investigate the impact on the sensitivity of particle identification and vertex
identification performance. For the former we find that the sensitivity is significantly degraded if the
kaon-pion separation power is less than 2ϖ. For the latter we find no significant impact on vertex
seeding providing the vertex resolution is below 0.2 mm.
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B中間子もバリオンも、どれもbクォークの崩壊でしょう？

なぜ同じクォークの反応を異なる崩壊で調べるのか 

1. 新物理の相互作用のパターンの特定 
異なるローレンツ構造の例 

崩壊分布を調べたり、異なる崩壊 
チャンネルを見る 

2. 実験データや標準理論の予言の確認 
異なる崩壊チャンネルでズレが見えたり見えなかったりした場合、 
それは新物理の特殊な構造 or 実験データや標準理論の誤差のどちらなのか 
具体的にどのような反応がチェックに使えるか

<latexit sha1_base64="0f9snjx8Fi2KCipquoPwMgsLLf8="></latexit>

OL,R = (s̄ωµPL,Rb)(ε̄ωµPLε)

Amhis, Kenzie, Reboud, Wiederhold, JHEP01 (2024) 144

(CL,CR)SM = (-6.3,0)



1 2 3

レプトンのフレーバー普遍性

電子・ミューオン・タウレプトンは同じゲージ電荷をもつので反応率が同じ
（質量の分ずれる）
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実験や理論の不定性が比でキャンセル 
さらにVcbもキャンセル 

B→D(*)lνに対するBSMの寄与は 
すでに強く制限されている 

よって　　　　　　にBSMの効果 
が見えていることを示唆している
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新物理の可能性：effective operator (電弱スケールより下)
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operator coupling LHC (EFT)*

*LHCの制限はUVに依存 → leptoquarkとか
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Λbのセミレプトニック崩壊   Λb: (udb),  Λc: (udc) 

実験値はSMと無矛盾（ただし不定性が大きい） 

新物理の構造のためか、それとも実験データや標準理論に問題があるのか？

どうやって確認するか？：他の崩壊チャンネルとの比較
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任意のBSMの寄与 CX に対して「和則」が成り立つ 

b→c semileptonic sum rule

メソンとバリオンの崩壊率の間に成り立つ関係式

ME, Iguro, Mishima, Watanabe, JHEP 05 (2025) 112
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* Proposed initially based on empirical observations, i.e., without clarifying background.
  cf. Blanke, Crivellin, de Boer, Kitahara, Moscati, Nierste, Nisandzic, PRD 99 (2019) 7, 075006
      Amaon, Jido, Leupold, PRD 105 (2022) 5, L051504
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もし和則を満たさなければ、実験データか標準理論の計算に未発見のエラーが存在 
RD, RD*を精度良く測定すれば、RΛcからBSMにそれ以上の情報は得られない



類似点１：両方とも基底状態（軌道角運動量が0）から基底状態への遷移 
類似点２：BメソンとΛbバリオン（もしくはD(*)とΛc）は質量が近い 

その結果、ハドロン遷移の違いは主にハドロン形状因子に現れる 
すべての違いは heavy quark limit & zero-recoil limit をとることで解消する

B meson: (bd)
- Λb baryon: (udb)d

b
-

d

b

u

B→D, D*遷移とΛb→Λc遷移はとてもよく似ている

mc,b→∞ mc→mb

(D) (Λc)
J = 0 (B), 1 (B*) J = 1/2 (Λb)

total spin=0

(D*)

→ 詳しくは ME, Iguro, Mishima, Watanabe, 2509.02006



現実のハドロン
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もし補正項が無視できるくらい小さければ、実験データと 
標準理論の予想値を検証可能（和則がBSMに依存しないから） 

無視できなければ、結果はBSMの詳細に依存

Heavy quark, zero-recoil極限で 
成立する（任意のCXでOK）

現実のハドロン 
の場合

ME, Iguro, Mishima, Watanabe, 2508.06322



δR には極限の破れの他にBSMが必要（BSM=0とするとδR =0になる） 

RD, RD*を説明する実際の模型では 
実験の不定性よりもδR は十分に小さい 

ただし、BGLで形状因子を評価した場合 
テンソル型BSMの不定性が非常に大きい 
↔ HQETの形状因子の場合は小さい 
→ lattice QCDのインプットが必要
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δR は無視できるくらい小さいとして、和則の分子に実験値を代入してみる 

結論 
現在の実験データは和則と矛盾しない 

和則による RΛc の予想はBelle IIで精度 
が良くなる（将来は形状因子が不定性） 

RD, RD* アノマリーは将来のLHCbとTera-Z 
で RΛc を精度良く測定することで確認可能
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Figure 13: Regions with 68% probability of the marginal posterior density, assuming that all observables
are SM-like. We used the experimental uncertainties of Sec. 4 and the Future form factors uncertainties
described in Sec. 2. Left: Regions constrained by a measurement of only the branching ratio (orange band),
only the longitudinal fraction (blue band) and both (green ellipse) in the case of B0 → K→0ωω decays.
Right: Comparison between the current constraint due to B(B → Kωω̄) measurements [34] (cyan band)
and the sensitivities predicted at FCC-ee in this study (blue, orange, green and red bands).

compare the estimated constraints obtained at the end of the Tera-Z run to the current constraint
derived from the experimental average of B(B → Kωω̄) [34] (we refer to Refs. [66–69] for more
complete WET studies). We stress that the Belle II measurement is performed assuming SM-like
distributions. Converting this measurement into a constraint on the Wilson coe!cients therefore
requires a proper reanalysis, which is beyond the scope of this paper.

6 Conclusion
We carry out an initial performance study on the measurement of b → sωω decays at FCC-ee running
at the Z pole. To achieve this, we produce updated SM predictions of the observables related to
the decays B0 → K0

Sωω, B0 → K→0ωω, B0
s → εωω and ϑ0

b → ϑωω, both with current and projected
theory uncertainties.

We then study the expected sensitivity to these observables, under the assumption that 6 ↑ 1012

Z-bosons are produced in the lifetime of FCC-ee “Tera-Z” running. We find that the uncertainty on
the branching fractions, at the SM predicted values, are a relative 0.53%, 1.20%, 3.37% and 9.86%
for the B0 → K→0ωω, B0

s → εωω, B0 → K0
Sωω and ϑ0

b → ϑωω decays, respectively. The sensitivity
estimates for the neutral B0 → K0

Sωω and ϑ0
b → ϑωω are based on rather simplistic assumptions

but a full study of these modes was considered beyond the scope for this paper and will be revisited
in future works.

In addition we investigate the impact on the sensitivity of particle identification and vertex
identification performance. For the former we find that the sensitivity is significantly degraded if the
kaon-pion separation power is less than 2ϖ. For the latter we find no significant impact on vertex
seeding providing the vertex resolution is below 0.2 mm.

23

B中間子もバリオンも、どれもbクォークの崩壊でしょう？

なぜ同じクォークの反応を異なる崩壊で調べるのか 

1. 新物理の相互作用のパターンの特定 
異なるローレンツ構造の例 

崩壊分布を調べたり、異なる崩壊 
チャンネルを見る 

2. 実験データや標準理論の予言の確認 
異なる崩壊チャンネルでズレが見えたり見えなかったりした場合、 
それは新物理の特殊な構造 or 実験データや標準理論の誤差のどちらなのか 
具体的にどのような反応がチェックに使えるか
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今日の内容のまとめ

将来の電子・陽電子 
円型コライダーでの精密測定

1. 電弱精密測定 
とくに電弱セクターに結合する新物理の探索においてHL-LHCを超える 
感度が期待される 

2. フレーバー物理 
とくにτレプトンやmissingを含むフレーバーの破れの探索に有利 
さまざまなハドロンの崩壊を測定することで、新物理の構造を特定したり 
シグナルの検証を行うことができる


