
Jet Quenching at BES energies
and Partonic Critical Opalescence

1

arXiv:2208.14297
1 Jing Wu, 1 Feng Li, 2 Shanshan Cao

1 School of Physics, Lanzhou University
2 Department of Physics, Shandong University



 “Jet” @ BES energeis

 Jet Quenching & Correlation Function

 Jet Quenching at Finite μB (up to 1-loop)

 Partonic Critical Opalescence 

 Summary & Outlook  

2



Seeking QCD CEP 3

 BES experiments

 Soft Probes:

 High moments 

of net-proton 

fluctuations

@ Chemical 

freeze-out

 Light nuclei 

yield ratio

@ Kinetic 

freeze-out

 Critical 

Opalescence

Where is our light?

 Jets @ BES 

energies



Seeking QCD CEP 4

 BES experiments

 Soft Probes:

 High moments 

of net-proton 

fluctuations
@ Chemical 

freeze-out

 Light nuclei 

yield ratio

@ Kinetic 

freeze-out

 Critical 

Opalescence

Where is our light?

 Jets @ BES 

energies

M. A. Stephanov, PRL107, 
052301 (2011)

K. Sun, FL, C.M. Ko, 
PLB 816 (2021) 136258



Seeking QCD CEP 5

 BES experiments

 Soft Probes:

 High moments 

of net-proton 

fluctuations

@ Chemical 

freeze-out

 Light nuclei 

yield ratio

@ Kinetic 

freeze-out

 Critical 

Opalescence
Where is our light?

 Jets @ BES 

energies



Seeking QCD CEP 6

 BES experiments

 Soft Probes:

 High moments 

of net-proton 

fluctuations

@ Chemical 

freeze-out

 Light nuclei 

yield ratio

@ Kinetic 

freeze-out

 Critical 

Opalescence

Where is our light?

 Jets @ BES 

energies



 Seek the QCD Critical End Point

 Jet Quenching & Correlation Function

 Jet Quenching at Finite μB (up to 1-loop)

 Partonic Critical Opalescence

 Summary & Outlook  

7



Transverse Momenta Broadening 8

 𝑞 =
𝑘⊥

2

𝑡
=  

𝑘

𝑘⊥
2

𝑡
 

𝑋,𝑀

𝜌(𝑀) 𝑞,𝑀 𝑈𝐼 𝑡 |𝑞 + 𝑘, 𝑋 2

A. Majumder, PRC87, 034905 (2013)

Transition Probability



Transverse Momenta Broadening 9

 𝑞 =
𝑘⊥

2

𝑡
=  

𝑘

𝑘⊥
2

𝑡
 

𝑋,𝑀

𝜌(𝑀) 𝑞,𝑀 𝑈𝐼 𝑡 |𝑞 + 𝑘, 𝑋 2

A. Majumder, PRC87, 034905 (2013)

=  

𝑘

𝑘⊥
2

𝑡
𝑇𝑟 𝜌 𝑀 𝑞 𝑈𝐼 𝑡 |𝑞 + 𝑘 2

In quark-meson (QM) model:

𝐻𝐼 = 𝑔 𝑑3  𝑥  𝑞 𝜎′ + 𝑖𝛾5 𝜋 ⋅  𝜏 𝑞

≈  

𝑘

𝑘⊥
2

𝑡
 
0

𝑡

𝑑𝑥0𝑑𝑦0 𝑇𝑟 𝜌 𝑀 𝑞 𝐻𝐼 𝑥0 |𝑞 + 𝑘 𝑞 + 𝑘 𝐻𝐼 𝑦0 |𝑞

• Gluon contributions replaced by the 

mesonic field

• Applicable near phase boundary



Transverse Momenta Broadening 10

 𝑞 =
𝑘⊥

2

𝑡
=  

𝑘

𝑘⊥
2

𝑡
 

𝑋,𝑀

𝜌(𝑀) 𝑞,𝑀 𝑈𝐼 𝑡 |𝑞 + 𝑘, 𝑋 2

A. Majumder, PRC87, 034905 (2013)

=  

𝑘

𝑘⊥
2

𝑡
𝑇𝑟 𝜌 𝑀 𝑞 𝑈𝐼 𝑡 |𝑞 + 𝑘 2

≈  

𝑘

𝑘⊥
2

𝑡
 
0

𝑡

𝑑𝑥0𝑑𝑦0 𝑇𝑟 𝜌 𝑀 𝑞 𝐻𝐼 𝑥0 |𝑞 + 𝑘 𝑞 + 𝑘 𝐻𝐼 𝑦0 |𝑞

≈ 𝑔2  

𝑘

𝑘⊥
2

𝑡
 
0

𝑡

𝑑4𝑥𝑑4𝑦 𝑇𝑟 𝜌 𝑀 𝑞  𝑞Σ 𝑥 𝑞|𝑞 + 𝑘 𝑞 + 𝑘  𝑞Σ 𝑦 𝑞|𝑞

Σ ≡ 𝜎′ + 𝑖𝛾5 𝜋 ⋅  𝜏



Transverse Momenta Broadening 11

 𝑞 =  𝑞𝜎 +  𝑞𝜋

 𝑞𝜎/𝜋 =
𝑔2

𝑁𝑐𝑁𝐹
 

𝑑3𝑘

𝑞 𝐸𝑞+𝑘
𝑘⊥

2𝑞 ⋅ 𝑞 + 𝑘  𝐺𝜎/𝜋(𝑘
0, 𝑘)

=
𝑔2

𝑁𝑐𝑁𝐹
 

𝑑3𝑘

𝑞 𝐸𝑞+𝑘
𝑘⊥

2𝑞 ⋅ 𝑞 + 𝑘
𝐷𝜎/𝜋

𝑒𝛽𝑘0
− 1

𝜌𝜎/𝜋(𝑘
0, 𝑘)

A. Majumder, PRC87, 034905 (2013)

 𝐺𝜎 𝑘 =  𝑑4𝑥 𝜎′ 0 𝜎′ 𝑥 𝑒𝑖𝑘⋅𝑥

 𝐺𝜋(𝑘) =  𝑑4𝑥 𝜋 0 ⋅ 𝜋 𝑥 𝑒𝑖𝑘⋅𝑥

Minor Correlation (of the 

fluctuation of order parameter)

Spectral Function of 

Mesonic Field

Degeneracy



Transverse Momenta Broadening 12

 𝑞 =  𝑞𝜎 +  𝑞𝜋

 𝑞𝜎/𝜋 =
𝑔2

𝑁𝑐𝑁𝐹
 

𝑑3𝑘

𝑞 𝐸𝑞+𝑘
𝑘⊥

2𝑞 ⋅ 𝑞 + 𝑘  𝐺𝜎/𝜋(𝑘
0, 𝑘)

=
𝑔2

𝑁𝑐𝑁𝐹
 

𝑑3𝑘

𝑞 𝐸𝑞+𝑘
𝑘⊥

2𝑞 ⋅ 𝑞 + 𝑘
𝐷𝜎/𝜋

𝑒𝛽𝑘0
− 1

𝜌𝜎/𝜋(𝑘
0, 𝑘)

A. Majumder, PRC87, 034905 (2013)

 𝐺𝜎 𝑘 =  𝑑4𝑥 𝜎′ 0 𝜎′ 𝑥 𝑒𝑖𝑘⋅𝑥

 𝐺𝜋(𝑘) =  𝑑4𝑥 𝜋 0 ⋅ 𝜋 𝑥 𝑒𝑖𝑘⋅𝑥

𝑘0 = −𝑞 + |  𝑞 + 𝑘|

𝑘2 < 0



 Seek the QCD Critical End Point

 Jet Quenching & Correlation Function

 Jet Quenching at Finite μB (up to 1-loop)

 Partonic Critical Opalescence

 Summary & Outlook  

13



Quark Meson Model 14

 Lagrangian

 Chiral symmetry 

breaking –

restoration

 CEP & 1-st order 

phase transitoin

𝐿 =  𝑞 𝑖𝛾 ⋅ 𝜕 − 𝑔(𝜎 + 𝑖𝛾5𝜋 ⋅  𝜏) 𝑞 +
1

2
𝜕𝜇𝜎

2

+
1

2
𝜕𝜇𝜋

2
− 𝑈 𝜎, 𝜋

𝑈 =
𝜆

4
𝜎2 + 𝜋2 − 𝑣2 2

− 𝑐𝜎



Quark Meson Model 15

 Lagrangian

 Chiral symmetry 

breaking –

restoration

 CEP & 1-st order 

phase transitoin

𝐿 =  𝑞 𝑖𝛾 ⋅ 𝜕 − 𝑔(𝜎 + 𝑖𝛾5𝜋 ⋅  𝜏) 𝑞 +
1

2
𝜕𝜇𝜎

2

+
1

2
𝜕𝜇𝜋

2
− 𝑈 𝜎, 𝜋

𝑈 =
𝜆

4
𝜎2 + 𝜋2 − 𝑣2 2

− 𝑐𝜎

𝜎 = 𝜎∗ + 𝜎′ breaks 

chiral symmetry

chiral order parameter



Quark Meson Model 16

 Lagrangian

 Chiral symmetry 

breaking –

restoration

 CEP & 1-st order 

phase transitoin



Quark Meson Model 17

 Lagrangian
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breaking –
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𝑇𝑐 = 89 MeV; 𝜇𝑐 = 228 MeV; 𝑛𝑐 = 0.63 fm−3
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 Expression

 K=0

 K>0

𝑚𝜋
∗ 𝐻. 𝐺. < 𝑚𝜋

∗ 𝐶𝐸𝑃 < 𝑚𝜋
∗ (𝑄𝐺𝑃)

𝑚𝜎
∗ 𝐶𝐸𝑃 < 𝑚𝜎

∗ 𝐻. 𝐺. 𝑜𝑟 𝑄𝐺𝑃

𝜌𝜋 𝜇𝑐 , 2𝑇𝑐 ∼ 𝜌𝜎 𝜇𝑐 , 2𝑇𝑐 𝜌𝜋 2𝜇𝑐 , 𝑇𝑐 ∼ 𝜌𝜎 2𝜇𝑐 , 𝑇𝑐
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 Expression

 K=0

 K>0

For 𝑘 = 0.4 GeV & 𝑘2 < 0 :

• 𝜌(𝐶𝐸𝑃) is the maximum

• 𝜌(𝐻. 𝐺. ) is negligible
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 𝑞𝜋 ∼ 0.35 𝑛𝑝𝑎𝑟𝑡𝑜𝑛 𝑞𝜎 ∼ 0.12 𝑛𝑝𝑎𝑟𝑡𝑜𝑛  𝑞 ∼ 0.47 𝑛𝑝𝑎𝑟𝑡𝑜𝑛
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J. Berges, SS, D. Sexty, NPB832 (2010) 228
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M.Martinez, PRD 100, 074017(2019)

Well-

established Wanted
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 Establish a new formalism studying  jet quenching at 

finite μB

 Q-hat ~ 0.47 parton number density in the QGP phase

 Q-hat prominently enhanced at CEP (PCO)

 For the first time, the hard probes, such as jet, are 

proposed as the signal of CEP.

 Affect on jet substructure will be looked into in the near 

future.


