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1. Breit-Wigner Resonance AV @AY T
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Resonance peak is at exactly the mass mgy
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2. Theoretical 1%t Principles A @AY T
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A fundamental particle is described by wave function

Schodinger Equation —1 F't
0 e Y

This form is intrinsically for
stable particles!

How about unstable particles?

E ——— [ _ T

Then the wave function decays with time

—11¢
Willenbrock & Valencia [PLB91] w (t) X € 2

Willenbrock [2203.11056]

Shao-Feng Ge [gesf@sjtu.edu.cn] Nov/8, 2025 @ CEPC Workshop [J ] 4



2. Unstable Particle A g vy
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It is much more convenient to define mass & decay width in the rest frame.

m I
2

A physical pole can be generally parametrized as

(/
1 1
i 2 1 2
Resonance peak is at m* — =1
Willenbrock & Valencia [PLB91] 4

Willenbrock [2203.11056]

Rather than m?!
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2. Breit-Wigner vs Theoretical Ak @ A5
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1
‘D ~
o p? —|Miw +@W®

Mith I'sw r
Equivalence = ~ 1 > = Rz
mew I'tn SMy
9.2 x 107°

1
Din ~ :
p? —m2, + T2 iimu T, O

The equivalence happens at the amplitude level already!
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3. Energy-Dependent Scheme A @Ay
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Decay width is defined as

1
' = /‘M‘Qdﬂ where /‘M|2dﬂ O<p2
2m

Mparent > M daughters
On-shell: p2 — m2 ‘ I'ocm

Decay width scales with virtuality p?!

I'(p?) Py D :
P — ED ED ™ 2T
m%D p2 T m]ZED | meE?gD

Berends, Burgers, Hollik & van Neerven [PLB88]
Bardin, Leike, Riemann & Sachwitz [PLB88]
Bardin, Bilenky, Mitselmakher, Riemann & Sachwitz [ZPC89]
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3. Breit-Wigner vs Energy-Dep. A AR
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Dep ~ n2 — m%D | iPQFED mpw = V Z2MED
™MED
I'sw = VZI'gp
1 1/4
Z = = gew = Z'/*grp
1+ méz 4 4N
1 —VZ~37x10"
L For both Z & W )
Z
' Dep|”~ ~
(p? — Zm3p)? + Z2mipIEp
1 Equivalent!
'Dew |

How to distinguish them?
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Resonance Schemes A @Ay
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G‘heoretical A
1
TMth I'sw P — mfh -+ iFEh + emynlen
mpw I'tn
F2
Breit-Wigner 3mz,
2 2 : 2
pPe — Mmpw T tmewl Bw Z ~1 < 3.7 x 10~ 4
\_ J m2
Z
mBpw = V.Z2MED - ~
Energy-Dependent
I'sw = VZl'gDp I=ER |
_ 21/4 2T
gBw JED _ pz - m]%j 5 A meEE])DD)
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Resonance Schemes A @Ay
Tsung-Dao Lee Institute

Theoretical (=) Breit-Wigner

2 2
Ry ~ 1 4 FZZ Z o Fg
3m7z, m

9.2 x 107° 3.7 x 1074
AMm; Al Amy Al
R- 34 0.93 30 0.82
=z 8.4 0.23 7.5 0.21
LEP 2.1 2.3 33 830
CEPC 0.1 0.025 0.5 2.0
FCC-ee 0.1 0.025 0.4 1.2
ILC 0.2 0.12 2.4 2.0
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Breit-Wigner vs Energy-Dependent A @A R
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‘D ~
ED P2 — mIQED | ipjzl_]::]?gD mepw — VZ2MED
I'sw = vVZI'ep
Z = 1F2 gew = Z"*gEp
L+ 2 r A
Z 1 —VZ~3.7x10"%
= L For bothZ & W )
| Dep|

(p? — Zmgp)? + Z2migplgp
1 Equivalent!

(p?2 — miw)? + miwltw

How to distinguish them?
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Z-Y Interference Term A g vy
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=z

Mz|? ~ |Depl?

(p? — Z"mf]%:D)2 + ZQm]Q«:DF]Z«:D

Equivalence happens for the Z mediated contribution!

2 2
N 9z BwE€ «3 — mBW)2
(MZM7>BW XX [(S F ]

miw)? + mewlgw
Zg% ppel(s — m]QED)
(./\/lz./\/l*>ED X ’
K (s — Z2mip)? + Z2mipTipl s

No simultaneous equivalence for the interference term!
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Z-Yy Interference Term
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- aQeQy (ger + geR)(gfL + ng)(S — m%)

1 2
gEL:—§—|—Sw A 1

X - ‘ 96L+96R:_§+23%U
JgerR — Sy )

The interference term is unfortunately suppressed!
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Forward-Backward Asymmetry A @AY T
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<
- aQeQf (ger + ger)(grr + 95r)(s — m%)
6 (s =—mZ)2 +TZmz

3s 2 2 2 2 1
64 — geR)(gfL — ng)

~
3Q.Q ra(s — M2

| ! é Z) (geL — geR) (gfL — ng)

\_ Y,

The Interference term is enhanced!
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Z Lineshape Scan A @AY
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= ra
=, . SR
540 a
< ALEPH :
DELPHI ; :
I L3 : i
30 OPAL : adl
20 : =
. # measurements, error bars : o
increased by factor 10 i
10  __ s from fit
[ swwsa QED unfolded :
S T T | [[NT T S N .\,i/MZl s o1
86 88 90 92 94

Roth, Springer Tracts in Modern Physics 220 m [GeV]
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Z Lineshape Scan + Ags A g AT
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S S
O — O
O'hadEZO'%—FO'qB A?B: }J: ?
q O + 0%g
Required precision: Amyz < 34MeV Al'z < 0.9MeV

Need both of them simultaneously!

Ax2in |ALEPH DELPHI L3 OPAL|Combined
Thad 0.106  0.0083 0.0127 0.0529| 0.183
Ohad + Al | 8.34 10.1 5.70  14.1 37.9
Ohad + A%% | 1.19 0.878 0.010* 0.734 2.97
Ohad + A 8.42 9.67  5.58* 13.3 37.0

CEPC: 490 (Ghag + A¥), 5.1X10° (Ghag + A¥ + A9)
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1) Resonance schemes
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Reciprocal Scaling Behaviors AL @ ARy
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1 1

: VS
2 2 1 3
p° — mpw + MmewlBw) D2 — mfh —+ ngh K tminl'en )

Being extracted from data, the imaginary parts should be the same!

1
Data = mpwl sw = mnl'tn - 'z oc —
mz
I Different!

Theoretical predictions should be ' xmz
mz _ my _

r, — -2 2+ 9% — (97 — 6 + 9%) —%

Z 2475‘70 gr. IR (QL JLIR QR) mQZ

By = \/1 — 4m3 /m7
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Constrained Fit A @A
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2 2
V2 = mn/ Rz — mz N 'imBz — 1z
4= Amy AT
Required precision: Amz < 84MeV Al'z S 0.23MeV
Need both of them simultaneously!
Amz (MeV) Alz (MeV)
LEP 2.1 2.3
CEPC 0.1 0.025
FCC-ee 0.1 0.025
ILC 0.2 0.12
X2Z,min — 326 (CEPC & FCC-ee) 14.3 (ILC)

Shao-Feng Ge [gesf@sjtu.edu.cn] Nov/8, 2025 @ CEPC Workshop [J ] 20



_ Cé. z“rr—‘ T
Tsung Dao Lee Institute

1) Resonance schemes

Breit-Wigner vs Theoretical & energy-dependent schemes

2) Breit-Wigner vs Energy-Dependent Schemes

Z Lineshape Scan

Forward-Backward Asymmetries

3) Breit-Wigner vs Theoretical Schemes

Z Lineshape Scan

WW Threshold Scan + Fermi Constant

4) Summary

Shao-Feng Ge [gesf@sjtu.edu.cn] Nov/8, 2025 @ CEPC Workshop [J ] 21



WW Threshold Scan
2
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(m7

ALy

— m3)

»
QmW

4
QmW

Unfortunately, the mass & decay width precisions are not enough!

Amy (MeV) Alw (MeV)
CEPC 0.5 2.0
FCC-ee 0.4 1.2
ILC 2.4 2.0
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Fermi Constant G¢ A g vy
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—2
92 L'y
GrBw ~ 5 1 Sy
Momentum transfer in muon decay p2 < mi
2
_ D ) e
mW
Fermi constant is free of decay width @ tree level
2 2
g g

Fermi constant fixes my to the same value!
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WW Threshold + Fermi Constant

X2 __ mW,th/RW — TNw
W= Amw
2
n Grih — GF
AG g
Amy (MeV) Al'w (MeV)
CEPC 0.5 2.0
FCC-ee 0.4 1.2
ILC 2.4 2.0
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X

=

Gr =1.1663788(6) x 107° GeV "~

A i
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I'vvinRw — L'w

ATy
szmin
CEPC 169
FCC-ee 263
ILC 7.3
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Summary Ath @ ARy
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(Breit-Wigner A
1
p? — miw + imewl'Bw
\_ ,
m, I', g changes m & I' changes
Z lineshape + Ars Z: reciprocal scaling
W: + Fermi constant G¢
(Energy-Dependent ) (rheoretical A
1 1
2 _ o2 - p2T'Ep 2 __ 1F T

\ p mgp + mED \p mth -+ L T tmMehl 't

1. Lepton collider can test one important aspect of quantum & field theories.
2. Resonance scheme can affect all precision measurements.
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Thank You
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Aims & Scope

® Nonlinear science,
PHYS]CS LETTERS A ® Statistical physics,
® Mathematical and computational physics,
® AMO and physics of complex systems,

® Plasma and fluid physics,

® Optical physics,

® General and cross-disciplinary physics,

® Biological physics and nanoscience,

A strophysics, Particle physics and Cosmologyf

PLA now also accepts submissions on Particle, Astrophysics, and Cosmology!
You are welcome to submit.
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