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Top Quark
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𝑚𝑡 = 173 GeV Γ𝑡 = 1.4 GeV

𝑚𝑏 = 4.2 GeV

𝑚𝑊 = 80 GeV
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Hadronization problem
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Top decay: spin heredity
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𝒕 ҧ𝒕 threshold production
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subleading

𝑞 ത𝑞 has 𝑆𝑞 ത𝑞 = 0 

Production of maximally entangled state

(Landau-Yang theorem)

F. Maltoni, (Basic) Introduction to toponium physics, LHCtopWG Meeting — 11-13 Nov 2024 —CERN 



Entanglement and Invariant mass
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Atlas, Nature 633 (2024) 8030, 542-547, arXiv:2311.07288 [hep-ex]
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The discrepancy could be due to the effect of a 𝜼𝒕 ҧ𝒕

Atlas, Nature 633 (2024) 8030, 542-547, arXiv:2311.07288 [hep-ex]
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The discrepancy could be due to the effect of a 𝜼𝒕 ҧ𝒕

CMS, Rept.Prog.Phys. 88 (2025) 8, 087801, arXiv:2503.22382 [hep-ex]

Near threshold excess

• Can the top quark hadronize?

• If so, how do we take into account the bound state?

Atlas, Nature 633 (2024) 8030, 542-547, arXiv:2311.07288 [hep-ex]



Toponium formation
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Top-Antitop potential
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𝑟
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• 𝛼𝑆 = 0.1 − 0.2

• 𝑘 = 0.176 GeV2

𝐸1 = −𝑚𝑒
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How to take into account a Bound state?
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A bound state is a non perturbative phenomenon

Is it included in perturbative calculation?

𝜎 ∼ 𝜓 0 2𝛼2 𝛿(𝐸 − 𝐸𝐵)

𝛼5

This contribution exists only if 𝛼 > 0

𝜎 ∼ 𝛼5 + 𝛼 5
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A bound state is a non perturbative phenomenon

Is it included in perturbative calculation?

𝜎 ∼ 𝜓 0 2𝛼2 𝛿(𝐸 − 𝐸𝐵)

𝛼5

This contribution exists only if 𝛼 > 0

𝜎 ∼ 𝛼5 + 𝛼 5

Positronium contribution to g-2 

K. Melnikov et al., Phys.Rev.D 90 (2014) 1, 017301; M. I. Eides, Phys.Rev.D 90 (2014) 5, 057301; M. A. 
Braun, Zh. Eksp. Teor. Fiz. 54, 1220 (1967) [Sov. Phys. JETP 27, 652 (1968)]



Resolvent and Optical Theorem 
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𝜎 𝐸 ∼ 𝜌 𝐸 ∼ Im 𝑅 𝐸 + 𝑖𝜖, 0,0

𝑅 𝐸, 0,0 = ෍

𝑛

𝜓𝑛 0 2

𝐸 − 𝐸𝑛

Im 𝑅 𝐸 + 𝑖𝜖, 0,0 ∼ 𝑅 𝐸 + 𝑖𝜖, 0,0 − 𝑅(𝐸 − 𝑖𝜖, 0,0)

න
𝐸′

𝜎 𝐸  𝑑𝐸

perturbative

Bound 
state

The information of the bound state must be
present in the perturbative expansion



Delta potential
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P. Nason, E. Re and L. Rottoli, JHEP 10 (2025) 149, arXiv:2505.00096 [hep-ph]
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Top-Antitop potential

𝑉 𝑟 = −𝐶𝐹

𝛼𝑆

𝑟

𝑏𝑙 ∝ 𝛼𝑆

Bound states contribution doesn’t 
have to be added as a nonperturbative 
effect. It arises in perturbation theory.

P. Nason, E. Re and L. Rottoli, JHEP 10 (2025) 149, arXiv:2505.00096 [hep-ph]

CMS, Rept.Prog.Phys. 88 (2025) 8, 087801, arXiv:2503.22382 [hep-ex]



• 𝐒𝐔 𝟑 𝐂 rule: every combination is allowed as long as it respects confinement i.e. boxes forms columns of three elements

• Pieces: quarks, anti-quarks and gluons

𝑞

ത𝑞

Meson

𝑞

𝑞

𝑞

Baryon

Exotic hadrons are subatomic particles composed of quarks and gluons, but which consist of more than three valence 
quarks or have an explicit valence gluon content.

R. Jaffe, Phys. Rev. D 15, 267 (1977) DOI: 10.1103/PhysRevD.15.267; H. Fritzsch and M. Gell-Mann, Proceedings of the XVI International Conference on High Energy Physics, Chicago-Batavia 
(1972).
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LHCb

Although the existence of exotic states had already been theorized in the 1970s, the first exotic particle was discovered in 2003: 
the X(3872).

QWG Exotics hub: https://qwg.ph.nat.tum.de/exoticshub/
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From that moment...

Although the existence of exotic states had already been theorized in the 1970s, the first exotic particle was discovered in 2003: 
the X(3872).

QWG Exotics hub: https://qwg.ph.nat.tum.de/exoticshub/
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Although the existence of exotic states had already been theorized in the 1970s, the first exotic particle was discovered in 2003: 
the X(3872).

QWG Exotics hub: https://qwg.ph.nat.tum.de/exoticshub/
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Glueball

𝑔

𝑔

• 2025: first Glueball!

BESIII, Int.J.Mod.Phys.A 40 (2025) 19, 2530007, arXiv:2503.13286 [hep-ex]



𝑿 𝟑𝟖𝟕𝟐 : Introduction

Belle collaboration, Phys.Rev.Lett.91:262001,2003 [arXiv:hep-ex/0309032] LHCb collaboration, Phys. Rev. D 102, 092005 (2020) [arXiv:2005.13419 [hep-ex]]
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Quantum numbers: [𝑐 ҧ𝑐𝑞 ത𝑞] 𝐼(𝐽𝑃𝐶) = 0(1++)

Main decay channels:

• 𝑋 3872 → 𝐷0 ഥ𝐷∗0 → 𝐷0 ഥ𝐷0𝜋0

• 𝑋 3872 → 𝐽/𝜓𝜋+𝜋−

Mass: 𝟑𝟖𝟕𝟏. 𝟔𝟒 ± 𝟎. 𝟎𝟔 MeV (𝒎𝒕𝒉 = 𝟑𝟖𝟕𝟏. 𝟔𝟗)
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Compact objects vs Molecules

C. Z. Yuan and S. L. Olsen Nat Rev Phys 1, 480-494 (2019)

The X(3872)’s closeness to the 𝑫𝟎 ഥ𝑫∗𝟎 threshold makes it challenging to clearly determine whether the state is molecular or 
compact.

Tetraquark Molecule
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Compact objects vs Molecules

C. Z. Yuan and S. L. Olsen Nat Rev Phys 1, 480-494 (2019)

The X(3872)’s closeness to the 𝑫𝟎 ഥ𝑫∗𝟎 threshold makes it challenging to clearly determine whether the state is molecular or 
compact.

Tetraquark Molecule

IDEA

We start with 
something we 

know... 
the DEUTERON
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Non-relativistic EFT: Nature of Poles
At low energies, the scattering amplitude depends on two parameters.

Limit 𝒌 → 𝟎: Effective Range Expansion

𝒂𝒔 > 𝟎

𝒂𝒔 < 𝟎

(ERE)
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Non-relativistic EFT: Nature of Poles
At low energies, the scattering amplitude depends on two parameters.

Limit 𝒌 → 𝟎: Effective Range Expansion

Scattering length

Effective range

𝒂𝒔 > 𝟎

𝒂𝒔 < 𝟎

(ERE)
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Non-relativistic EFT: Effective range

The sign of 𝒓𝟎 is related to whether the particle is a molecule or a compact state (Weinberg 1965).

A compact state produce a negative 𝒓𝟎

In the presence of a shallow bound state and if 
the potential is purely attractive (or has a 

repulsive  core), then 𝑟0 > 0

D.G. [arXiv:2605.18207 [hep-ph]]

Weinberg Phys. Rev. 137, B672 (1965) 

𝑟0 = 2 න
0

𝑅

𝜒0
2 𝑟 − 𝑢0

2 𝑟  𝑑𝑟

𝑢0 𝑟
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Proton–Neutron: the dibarion field

The dibarion’s kinetic term is defined up to a sign 𝝈 = ±𝟏

D. B. Kaplan, Nucl. Phys. B 494(1997), 471–484, nucl-th/9610052.

D. B. Kaplan, Nucl. Phys. B 494(1997), 471–484, nucl-th/9610052.

𝑓 ∝ −
1

𝑎
+

1

2
𝑟0𝑘2 − 𝑖𝑘

−1
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Proton–Neutron scattering NRQFT

𝜎𝑡 = 4𝜋 𝑓 2

Compact:  𝑓 𝑘 = −
෤𝑔2

𝐸 − 𝜇 + 𝑖 ෤𝑔2𝑘

Molecular:  𝑓 𝑘 =
෤𝑔2

𝐸 − 𝜇 − 𝑖 ෤𝑔2𝑘𝜎 = −1

𝜎 = +1

Kinetic Term

A. Carducci, G. Cianti, P. D’Annibali, D. G. and A.D. Polosa, arXiv:2605.12274 [hep-ph]
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What about the X(3872)?

A lot of fields...

and interactions

± 
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X(3872) compositeness from its Lineshape

𝑓mol 𝐸 = −
෤𝑔2

−𝐸 + 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

𝑓comp 𝐸 = −
෤𝑔2

𝐸 − 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

Flatté parametrization

Inverted sign (Kaplan) parametrization

used by the LHCb collaboration
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X(3872) compositeness from its Lineshape

𝑓mol 𝐸 = −
෤𝑔2

−𝐸 + 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

𝑓comp 𝐸 = −
෤𝑔2

𝐸 − 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

Flatté parametrization

Inverted sign (Kaplan) parametrization

used by the LHCb collaboration

LHCb collaboration, Phys. Rev. D 102, 092005 (2020) [arXiv:2005.13419 [hep-ex]]
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Optical Theorem

𝐼𝑚 𝑓 𝜃 = 0 =
𝑘

2𝜋
𝜎𝑡

𝐼𝑚 𝑓 𝑘 = 0 = −𝐼𝑚 𝑎 ∝ 𝐼𝑚
1

𝑎

𝑓mol 𝐸 = −
෤𝑔2

−𝐸 + 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

𝑓comp 𝐸 = −
෤𝑔2

𝐸 − 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

1

𝑎
= ±

𝑚𝐹

෤𝑔2
− 2𝑚Δ + 𝑖

Γ𝑟

2

𝜎𝑡 𝑘 = 0 = 𝜎el(0) + 𝜎inel(0)
Bethe 1/v law
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Molecular vs Compact Lineshape

𝑓mol 𝐸 = −
෤𝑔2

−𝐸 + 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

𝑓comp 𝐸 = −
෤𝑔2

𝐸 − 𝑚𝐹 + 𝑖 ෤𝑔2 2𝑚𝐸 − ෤𝑔2 2𝑚 Δ − 𝐸 + 𝑖
Γ𝑟
2

mol

comp

A. Carducci, G. Cianti, P. D’Annibali, D. G. and A.D. Polosa, arXiv:2605.12274 [hep-ph]
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What’s next?

Formation of exotic states in QGP
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Takeaway

• Hadronic spectroscopy is very cool!

It is remarkable how theoretical tools originally developed to address different problems are
now being successfully repurposed to tackle new frontier questions in hadron spectroscopy.
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  t  t -


   m t = 173   GeV


   Γ t = 1 . 4   GeV


   m b = 4 . 2   GeV


   m W = 80   GeV


  𝒕


  Γ  ( t → b  W + ) =    G F  m t 3  8 𝜋  2    |  V  t b | 2    ( 1 −    m W 2   m t 2 ) 2  ( 1 +   2  m W 2   m t 2 ) ∼    m t 3   m W 2


   𝝉  𝐝 𝐞 𝐜 ∼ 𝟏   𝐟 𝐦 / 𝐜    (    𝒎 𝑾   𝒎 𝒕 ) 𝟑 <  𝝉  𝐡 𝐚 𝐝 ∼  𝟏   𝚲  𝐐 𝐂 𝐃 ∼ 𝟏   𝐟 𝐦 / 𝐜


   W +


   𝝉  𝐝 𝐞 𝐜 ∼ 𝟏   𝐟 𝐦 / 𝐜    (    𝒎 𝑾   𝒎 𝒕 ) 𝟑 <  𝝉  𝐢 𝐧 𝐭 ∼  𝒎 𝒕


   W +


   W +


   e +


   𝜈 e


    d Γ  d cos  𝜃 e ∼ 1 + cos  𝜃 e


  𝒕  𝒕 -


  q  q -


   S  q  q - = 0


   𝜼  𝒕  𝒕 -


   𝜼  𝒕  𝒕 -


   𝜼  𝒕  𝒕 -


  V  ( r ) = −  C F    𝛼 S r + k r


   𝛼 S = 0 . 1 − 0 . 2


  k = 0 . 176    GeV 2


   E 1 = −  m e    𝛼 2 2


  p ∼  m e 𝛼


  r ∼ 1 /  m e 𝛼


   𝜏 orb ∼  r v ∼  1   m t  𝛼 S 2


   𝝉  𝐝 𝐞 𝐜 ∼ 𝟏   𝐟 𝐦 / 𝐜    (    𝒎 𝑾   𝒎 𝒕 ) 𝟑 ∼  𝝉  𝐨 𝐫 𝐛 ∼  𝟏   𝒎 𝒕  𝜶 𝑺 𝟐 ∼ 𝟏   𝐟 𝐦 / 𝐜  𝟏  𝟏 𝟎


  𝜎 ∼    | 𝜓  ( 0 ) | 2  𝛼 2   𝛿 ( E −  E B )


   𝛼 5


  𝛼 > 0


  𝜎 ∼  𝛼 5 +    | 𝛼 | 5


  𝜎 ∼    | 𝜓  ( 0 ) | 2  𝛼 2   𝛿 ( E −  E B )


   𝛼 5


  𝛼 > 0


  𝜎 ∼  𝛼 5 +    | 𝛼 | 5


  𝜎  ( E ) ∼ 𝜌  ( E ) ∼ Im  [ R  ( E + i 𝜖 , 0 , 0 ) ]


  R  ( E , 0 , 0 ) =   ∑ n       |  𝜓 n  ( 0 ) | 2  E −  E n


  Im  [ R  ( E + i 𝜖 , 0 , 0 ) ] ∼ R  ( E + i 𝜖 , 0 , 0 ) − R ( E − i 𝜖 , 0 , 0 )


    ∫   E ′  𝜎  ( E )   d E


   ( −  1  2 m    d 2  d  x 2 − 𝜆 𝛿  ( x ) ) 𝜓  ( x ) = E 𝜓  ( x )


  R  ( E , 0 , 0 ) =  1   H 0 − E −  1   H 0 − E V  1   H 0 − E


  Im  [ R  ( E + i 𝜖 , 0 , 0 ) ] = 𝜃  ( E )   m  2 E + 𝜋   𝜆 m 2 𝛿 ( E )


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k +   𝜆 m 2 𝛿  ( E )


   E B = −   m  𝜆 2 2 = −    m 2  𝜆 2  2 m


  R  ( E , 0 , 0 ) = 𝜃  ( 𝜆 )   m 𝜆  E −  E B +  1 𝜋   ∫ 0 ∞  d k    k 2   k 2 +  m 2  𝜆 2  1  E −  E k


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k    k 2   k 2 +  m 2  𝜆 2 + 𝜃 ( 𝜆 ) 𝜆 m 𝛿  ( E −  E B )


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k + 𝜃 ( 𝜆 ) 𝜆 m   𝛿  ( E ) −    𝜆 2 m  𝜋 k      (  m k ) 2


   ( −  1  2 m    d 2  d  x 2 − 𝜆 𝛿  ( x ) ) 𝜓  ( x ) = E 𝜓  ( x )


  R  ( E , 0 , 0 ) =  1   H 0 − E −  1   H 0 − E V  1   H 0 − E


  Im  [ R  ( E + i 𝜖 , 0 , 0 ) ] = 𝜃  ( E )   m  2 E + 𝜋   𝜆 m 2 𝛿 ( E )


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k +   𝜆 m 2 𝛿  ( E )


   E B = −   m  𝜆 2 2 = −    m 2  𝜆 2  2 m


  R  ( E , 0 , 0 ) = 𝜃  ( 𝜆 )   m 𝜆  E −  E B +  1 𝜋   ∫ 0 ∞  d k    k 2   k 2 +  m 2  𝜆 2  1  E −  E k


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k    k 2   k 2 +  m 2  𝜆 2 + 𝜃 ( 𝜆 ) 𝜆 m 𝛿  ( E −  E B )


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k + 𝜃 ( 𝜆 ) 𝜆 m   𝛿  ( E ) −    𝜆 2 m  𝜋 k      (  m k ) 2


   ( −  1  2 m    d 2  d  x 2 − 𝜆 𝛿  ( x ) ) 𝜓  ( x ) = E 𝜓  ( x )


  𝜌  ( E ) = 𝜃  ( E )  m  𝜋 k +   𝜆 m 2 𝛿  ( E )


   E B = −   m  𝜆 2 2 = −    m 2  𝜆 2  2 m


  𝜌  ( E ) = = 𝜃  ( E )  m  𝜋 k    k 2   k 2 +  m 2  𝜆 2 + 𝜃 ( 𝜆 ) 𝜆 m 𝛿  ( E −  E B )


    ∫  − ∞   E ′  d E   𝜌  ( E ) =  1 𝜋  k ′ −   𝜆 m 𝜋 arctan  (    k ′  m 𝜆 ) + 𝜆 m 𝜃 ( 𝜆 )


  𝜆 m  [ 𝜃  ( 𝜆 ) −  1 2    | 𝜆 | 𝜆 ]


  =  1 𝜋  k ′ +   𝜆 m 2


  V  ( r ) = −  C F    𝛼 S r


   b l ∝  𝛼 S


  V  ( r ) = −  C F    𝛼 S r


   b l ∝  𝛼 S


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  g


  g


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  q


   q -


  q


   q -


  g


  g


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  q


   q -


  q


  q


  q


  q


   q -


  q


   q -


  g


  g


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  q


   q -


  g


  q


   q -


  q


  q


  q


  q


   q -


  q


   q -


  g


  g


  𝐒 𝐔    ( 𝟑 ) 𝐂


  q


   q -


  q


  q


  q


  q


   q -


  g


  q


   q -


  q


  q


  q


  q


   q -


  q


   q -


  g


  g


  g


  g


  𝑿  ( 𝟑 𝟖 𝟕 𝟐 ) :  


  [   c  c - q  q - ]     I ( J  P C ) = 0 (  1  + + )


  X  ( 3872 ) →  D 0    D -  ∗ 0 →  D 0    D - 0  𝜋 0


  X  ( 3872 ) → J / 𝜓  𝜋 +  𝜋 −


  𝟑 𝟖 𝟕 𝟏 . 𝟔 𝟒 ± 𝟎 . 𝟎 𝟔


   𝒎  𝒕 𝒉 = 𝟑 𝟖 𝟕 𝟏 . 𝟔 𝟗


   𝑫 𝟎    𝑫 -  ∗ 𝟎


   𝑫 𝟎    𝑫 -  ∗ 𝟎


  𝒌 → 𝟎


   𝒂 𝒔 > 𝟎


   𝒂 𝒔 < 𝟎


  𝒌 → 𝟎


   𝒂 𝒔 > 𝟎


   𝒂 𝒔 < 𝟎


  𝒌 → 𝟎


   𝒂 𝒔 > 𝟎


   𝒂 𝒔 < 𝟎


   𝒓 𝟎


   𝒓 𝟎


   r 0 > 0


   r 0 = 2   ∫ 0 R   𝜒 0 2  ( r ) −  u 0 2  ( r )   d r


   𝜒 0  ( r )


   u 0  ( r )


  𝝈 = ± 𝟏


  f ∝    ( −  1 a +  1 2  r 0  k 2 − i k )  − 1


   𝜎 t = 4 𝜋    | f | 2


  Compact :   f  ( k ) = −      g ~ 2  E − 𝜇 + i    g ~ 2 k


  Molecular :   f  ( k ) =      g ~ 2  E − 𝜇 − i    g ~ 2 k


  𝜎 = − 1


  𝜎 = + 1


  ±  


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


  I m  [ f  ( 𝜃 = 0 ) ] =  k  2 𝜋  𝜎 t


  I m  [ f  ( k = 0 ) ] = − I m  ( a ) ∝ I m  (  1 a )


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   1 a = ±    m F     g ~ 2 −  2 m Δ + i    Γ r 2


   𝜎 t  ( k = 0 ) =  𝜎 el ( 0 ) +  𝜎 inel ( 0 )


  ∼  1 k


   f mol  ( E ) = −      g ~ 2  − E +  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2


   f comp  ( E ) = −      g ~ 2  E −  m F + i    g ~ 2  2 m E −    g ~ 2  2 m  ( Δ − E ) + i    Γ r 2

