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e |ntroduction

e Various resonance schemes of unstable particles
1. Breit-Wigner scheme (BW)
2. Theoretical scheme (Th)

3. Energy-dependent-width scheme (ED)

e Verification at Lepton collider

1. Test at the Circular Electron-Positron Collider (CEPC)
2. Breit-Wigner vs Energy-dependent-width schemes

3. Breit-Wigner vs Theoretical schemes

e Summary
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Introduction

Propagator of particles

Energy behavior of the two-point function at tree level:

, ]
p-—m

Resummed propagator of particles

Self energy function: sum of all one-patrticle irreducible (1PI) contributions

iTl(p*) =

Near its pole mass, the propagator is resummed to :

G )=p2—m2i+ n(p?) W‘M

Unstable particles have ImII o< I" # O.

Can we expect any different results in different resonance schemes?
e.g.I = I'(p?) vs constant I" ?
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Breit-Wigner scheme

Breit-Wigner resonance (BW)

constant decay rate from the self-energy function

ImIl=mI

EN

S  iG(p) = > |8

p? —m? +iml (p? — m2)2 + 22

The pole masses of unstable particles are equivalent to m.
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Theoretical scheme

Mass defined by the complex mass renormalization in QFT

For given self-energy function,

iTl(p*) =

Expansion of the self-energy around ,uz defined by

u? —m? +I(u?) =0 (complex mass renormalization)
[I(p?) = H(p?) + (e - (p* —p*) + ...

Resummed propagator:
iG*(p) = i — : !
p*—m?*+I1(p?) 1+ (u?) p?—u?
“absorbed
by couplings

Amplitude has a pole at p? = u?,

and u is generally a complex value, the solution of u? — m? + II(u?) =0 .
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Expression of the complex mass

Fourier transformation of the amplitude in the rest frame of unstable particles

S = JC;_Es.e—iEt x [ CZlE - : ; . ¢—iEt x e M =  pmimt,=Ti2
& T p-—H

Decay mode

2
A 2Im[pu]t :
‘S‘ o em = —m—T
e - u=m

Energy behavior of the squared amplitude

2 2
FZ
= <p2 —m?+ T) + m’T?

complex pole at p? = u? — real pole at p? =m? - T In the theoretical scheme

l

2
| p2_'u2

B

X

The pole masses of unstable particles are NOT equivalent to m,
but shifted to p? = m> —T'?/4.
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Energy-dependent-width scheme

Energy-dependent decay rate used in collider experiments

The decay rate from self-energy is not constant
ImI1(p?) = im[(p?)
Energy behavior of amplitude in the ED scheme
l l
p? —m?+I1(p?) C p2—m2+ im[(p?)

S x iGR(p) =

Assuming that decay products are massless, 1 is proportional to pz:
2

ImIl(p*) xp* - T(p»)= p—ZF (p*> =m?)

m |

decay rate at
p?=m?
l I

iGX(p) = =
) p?—m?+iml(p?) p?—m?+ip’I'(m?)/m

2025 International Workshop on the CEPC, Barcelona, Spain



Energy-dependent-width scheme

Corresponding squared amplitude

2 2 -1 2 271
‘S‘ X [(p2 — mz) + m2r2(p2)] = [(p2 — mz) + (pzr(mz)/m) ]
- 4 -1
(. F_2 - - m2 : . 22
B m? 1 +12/m? (1 n Fz/mz)z

abédrbe"c:'l bycoupllngs
and T(m?) =T

m2

Real pole at p2 = In the energy-dependent-width scheme
1 +172/m?

The pole masses of unstable particles are NOT equivalent to m.

m2

but shifted to p? = .
P 1 +12/m?
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Comparison between distinct schemes

Breit-Wigner scheme

Theoretical scheme

energy-dependent scheme

l

l

l

iGR(p) : : :
p? - m]%w + imgwl gy p? - m%h + Ffzrh/ 4 + impy 'y p?— m%D + ip?I'gp/mgp
2 2
2 _ 2 5 5 [y 2 MEp
real pol P~ = Mpy p-=mgy ——— P =
€al pole Th 4 1 + F%D/m]_%D
y) y)
mass - N | + [ 5w N 1+ ['gw
conversion BW My = Mpw 2 Mgp = My 22
relation BW BW
decay rate [aw W
conversion ['pw L'y = Ipw <1 T2 gpp=Tpw| 1+ 22
relation BW BW

(Taw/maw < 1)

(F%W/méw < 1)

S. Willenbrock and G. Valencia, Phys. Lett. B 259, 373-376 (1991)

Question: Can we distinguish these three different schemes? YES
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Z boson resonance

Z boson production cross-section at leading order

8Ze ng n Qe Qf 62

s—mz+... s + ie

mterference between Zand*photon propagators

. 2
slete™ — fF) ‘/%Z 4 /%y‘

2
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Cross-section formula

Z boson production cross-section at leading order

2) 2
MM, M+ MM
Scheme ‘ﬂz‘ 7%y r"z M,
2 2
8Ze BW 8Zf,BW ) 87e,BW 8ZfBW Q. O Chw (s 2 ) Q? sz epw
BW 2 2 — My
(s = mBw) "+ mdwThy (s = maw) +myTay S 52
2
) 8Ze,Th 8ZfTh Q, Qf €Th
2 2 2
- 8Z7e.Th 8Zf.Th (s2—m2, +T3,/4)" + m}iT% 9 0; sz et
2
(s2 — m# + F%h/4) + m#z ', 52
X (s> = mg, +T7,/4)
820D &7 820D 8 0,0y ¢t 202 o4
ED Ze,ED SZfED ) Ze,ED SZfED e 2f “ED (s _ 2 ) Q; Qf €ED
2 2 ED
(s — m%D) + 528 /mép (s - m%D) + s2T'%p/mép S 52
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Cross-section formula

after using the conversion relations in the previous slide,

o) 2
* 3
Scheme ., M M+ MM ‘ M, ‘
87. 87 0,0 e’ 202 ¢
Ze 8Zf ) 8ze 8zf e &f (S B mz) Q; Qe

BW (s — m2)2 + m212 (s — m2)2 +mT?z S 52
87.87f 808  0.05€ 0202 ¢*
Th - 2 . (s —m?) e =

(s —m?2)” + m2I? (s —m2)"+mT2 S 52
ED g%e g%f ) 87e 8zf Q. Oy e’ (S —m?* = FZ) Qe2 f2€4
(=) 4w ompemr o+ Vieeme |

My =M, I'gw =1, 82¢8zf = 8ze,BW 87£BW = 8Z¢,Th 87 Th =
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Z boson measurements

PDG values in BW scheme phys. Rev. D 110, 030001 (2024)

m,=91.1876 £0.0021GeV  —  ém/m ~ O(107)

,=24955+0.0023GeV ~ — S8I/T ~ 6(107%)
from LEP data

Required precision level to distinguish BW and ED schemes

[aw Tiw
mep = mpy | 1+ 2 and Tgp=Ipw| 1+ 2
BW BW

sm 6T T3 4 :
— — ——= ~ 37%10 from the cross-section measurements
m I 2m3

insufficient sensitivity at LEP: 6T'/T" ~ G(1073)

Distinguishable at future lepton colliders?
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est at CEPC

Circular Electron Positron Collider (CEPC) CEPC Conceptual Design Report: Volume 2 - Physics & Detector

A future lepton collider proposed by the Chinese particle physics community
for precision measurements of Higgs, Z and W bosons and searches for BSM physics.

Test at CEPC (five data points for Z factory)
atZpole: ¥ =100ab !aty/s=m, — ~3x10!%of Z events
off-Zpole: ¥ =1ablaty/s—m,==%x1, £2GeV
Expected uncertainties at CEPC cepc, snowmass 2021
unc. lumi.. §L/F =5x107°
unc. stat.. SN/N ~ 107°
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BW vs ED Test at CEPC

Data points cepc, snowmass 2021
£ =100ab! at /s ~91.2
Z =1ab ! at+/s ~87.9, 90.2, 92.2, 94.3 GeV

Z line-shape scan and forward-backward asymmetry as observables

f f

i __ 7 g=u,d,s,c,b f _CPF” OB
@ = Ghad’ AFB, AFB AFB 7 7
O+ 0p

Chi-square fitting between BW and ED schemes

. N

OLw — O :

= Z ( B‘;’@i ED> with fitting parameters m,, 1", sin? Oy
ED

i

Chi-square minimum between BW and ED schemes
)(I%lin ~ 5.1 %10
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0.00004 | by : 2.x10°°
0.00002 : 1 x10-6 -
N : Uha@%“m | 2 [ /\a
l'gl 0.00000_ :j ® _ N§ O_ 2.0 | \
| N\ 8 | o\QﬂFB/Au;é
~0.00002 - | _
: : —1.x10_6-‘
~0.00004 - | :
—1_x1OI_6I ._5.-)(.10._7. o I5.Ix1lol‘7l I1_I><1o-6 T 2 I N S S S S _
-0.00004 -0.00002 0.00000 0.00002 0.00004
SMz/M5
orzIl 7
 DX*(GnaatA™Cre+A%E) )
) 108 | | | Fitting parameters: m,, I',, sin“ 0y,
Marginalization of the remaining parameter
1.x1076
s I ‘7\ I
o | \ \ L Smim ~ 6(1075) o »
3 ol | ' 5 < TI7/2m;) ~ 3.7x10
’ | \i\\ﬁ .~ S0/T ~ 0(1079)
_1.x1076 | : . - . - .
: \2 ; CPEC is expected to have sufficient precision
ag - =
' ' to differentiate BW and ED schemes.
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BW vs Th Test at CEPC

Opposite scaling behaviors of the decay rate

1. from BW-to-Th conversion relations

Caw aw ]
BW BW

Im I1; = mgwl gw = mppl 1,
What we actdélly.—"méés’ure from data

—1

I'xm™" regardless of BW or ED

2. from the leading order expression of the Z decay width in QFT

m | o o mfz_ mg
['(m) = ~_ |8 T8 — (gL T8k~ 6ngR) > 1 - , & m
- 24n ms m
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BW vs Th Test at CEPC

Comparison between BW and Th schemes

-1
mm,R, " vs mgyw, 1'(mp )R, vs I'gw

Expected sensitivities at CEPC cepc, snowmass 2021

one-parameter fitting ( ;) between BW and Th schemes
2
42 = mmR;" — mgy 4 < L'(mp)R; — I'gy > ?
Am, Al

Chi-square minimum between BW and Th schemes

y2 =326 with fixed nmgy = 91.1876 GeV
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 There are various resonance schemes describing unstable

particles: Breit-Wigner, Theoretical, energy-dependent-width
schemes as an S-matrix Ansatz.

* Using the chi-square fitting, we found that Z boson measurements
at CEPC is expected to distinguish different resonance schemes
with sufficient precision.

e Future work: numerical implementation via MadGraph5_aMC@NLO

Thank you for your attention.
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