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From the idea...
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STAR, arXiv:2210.02909 

...to a wealthy of data 

Increasing 
suppression
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How to understand the suppression 

Mesons are produced at the end of the QGP phase

They live ~ 10 fm in a hadron gas before kinetic freeze-out

K* lifetime is ~ 4fm !   It decays into K + pion and is lost !

Larger systems -> longer living fireballs -> stronger suppression

0 ~1 ~10 ~20 Time
(fm)

QGP Hadron Gas

�(K⇤) ' 50MeV
<latexit sha1_base64="0gbBAC30hRjGUsZB773l+OKMLpg="></latexit>

⌧life =
1

�(K⇤)
' 4 fm

<latexit sha1_base64="WYLTtq3EL//1wk3+WLTZVejSy9w="></latexit>

Chemical equilibrium ?

K⇤ ! K + ⇡
<latexit sha1_base64="PO2DzuStqTw2WCUuf00UUDgsg/c="></latexit>
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What can we learn from this ratio? 

Interactions of K and K* in a hot hadron gas

Kinetic freeze-out: lifetime of the hadron gas phase

Emergence of chemical equilibrium  (freeze-out)

Do we have a good theory ? 

Confirm the existence of a hot hadron gas
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Statistical Hadronization Model fails...

We must include rescattering and/or decay !

Stachel et al., 
arXiv:1311.4662
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ALICE, arXiv:1910.14419

Knospe, Markert, Werner, 
Steinheimer, Bleicher,
arXiv:1509.07895 

Stachel et al., 
arXiv:1311.4662

Interactions with the hadron gas improve agreement with data !

SHM
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Scaria et al., arXiv:2208.14792 

Le Roux, F.S.N., Abreu,  
arXiv:2101.07302 
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Ilner, Cabrera, Markert, Bratkovskaya,
arXiv:1609.02778

Ilner, Blair,Cabrera, Markert, Bratkovskaya,
arXiv:1707.00060



The hadron gas contribution

Lagrangians -> Amplitudes -> Cross Sections -> Thermal Cross Sections 

Evolution equations ->  Expansion and cooling -> Freeze-out

Start with the multiplicities at the hadronization

8

Study the changes produced by interactions in the hadron gas



K and K* interactions with light hadrons

S. Cho and S.H. Lee,        
arXiv:1509.04092 
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Cross Sections :

Inverse processes with detailed balance:

Form Factors :

Thermal Cross Sections :

⇤ = 1.8GeV
<latexit sha1_base64="/iwnAZ8jV+c+u8vin+t/EWfZqOg="></latexit>
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Rate equations

Ni = ni V
<latexit sha1_base64="XuDMBLAhf1SVWy3v0EMa0P9G9Gc="></latexit>

Expansion and Cooling :
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Martinez Torres, Khemchandani, Abreu, F.S.N., Nielsen, arXiv:1708.05784 

Inclusion of anomalous parity  VVP interactions

Exchange of axial resonances

K and K* interactions  with light hadrons improved

Many processes but only 3 are really important:  
K⇤ ⇢ $ K ⇡

<latexit sha1_base64="9kg8ibZrenwUJxcTgU1VOe2Wdao="></latexit>

K⇤ ⇡ $ K ⇢
<latexit sha1_base64="qqUL2vw0fkRAT6Ih11n8hVwJZyA="></latexit>

K⇤ $ K + ⇡
<latexit sha1_base64="9FAaNyhEqXvvAQM63Insjyyn3Ic="></latexit>
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K⇤ $ K + ⇡
<latexit sha1_base64="9FAaNyhEqXvvAQM63Insjyyn3Ic="></latexit>

K⇤ ⇢ $ K ⇡
<latexit sha1_base64="9kg8ibZrenwUJxcTgU1VOe2Wdao="></latexit>

K⇤ ⇡ $ K ⇢
<latexit sha1_base64="qqUL2vw0fkRAT6Ih11n8hVwJZyA="></latexit>
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Simplified evolution equations :

Bjorken cooling :

Tf depends on the system size : Tf = Tf

✓
dN

d⌘
(⌘ = 0)

◆

<latexit sha1_base64="nOWxXdhgwZY2kNDZRTZrG713eqk="></latexit>
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ALICE,
arXiv:1303.0737 

System size dependent freeze-out temperature

N =

"✓
dN

d⌘

◆

⌘=0

#1/3

<latexit sha1_base64="WP1w732r1+lIUWfiAvaO7EmwjN4="></latexit>
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Results
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Martinez et al., 
arXiv:1708.05784 

S. Cho and S.H. Lee,  arXiv:1509.04092 

K⇤ production
<latexit sha1_base64="xInnFN7NXGZKyDaJxOAu2+Y36kE="></latexit>

K⇤ production
<latexit sha1_base64="kWQu57MjbHfCAGKHX8KT0U39GZU="></latexit>

K⇤ absorption
<latexit sha1_base64="SuIHK/rpgcKEfkZDEjQhSGrP4Gw="></latexit>

K⇤ absorption
<latexit sha1_base64="JTw56um30kzSUa0MT9ilSHb5GM0="></latexit>

Martinez et al., 
arXiv:1708.05784 

S. Cho,S.H. Lee,  
arXiv:1509.04092 

Reaction
Rate
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Effect of cooling

Bjorken 

Hubble
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Effect of the parametrization of Tf 

1
2
3

1

2
3

Tf = 132 e�0.02N
<latexit sha1_base64="h/oGhJOF6lAMV6lujWi4po7A3Tc="></latexit>

1

2

3

Tf = 134 e�0.035N
<latexit sha1_base64="y+8bayBkqmgfKtWns3nC6IzYYVI="></latexit>

Tf = 165 e�0.18N
<latexit sha1_base64="MNz0+vU1dtbUg8RHg28xBA3+++w="></latexit>
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Le Roux et al.,  arXiv:2101.07302 

Martinez et al., 
arXiv:1708.05784 

S. Cho and S.H. Lee,  arXiv:1509.04092 
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Which reaction is more important?

C.~Le Roux and F.~S.~Navarra, J. Phys. Conf. Ser. {2340}, 012010 (2022)
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Summary

To describe the data we need: Cooling

System dependent freeze-out

K* decay and formation
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D* / D  Ratio 

Lagrangians -> Amplitudes -> Cross Sections -> Thermal Cross Sections 

Evolution equations ->  Expansion and cooling -> Freeze-out

Abreu, FSN and Vieira, arXiv:2209.03814   
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�(D⇤) ' 1MeV
<latexit sha1_base64="EGmAb0lW7FTkgLG+LNvzCdZJPbI="></latexit>

⌧life =
1

�(D⇤)
' 200 fm

<latexit sha1_base64="5yPLVuuVT4tJA5xzzGh849WXMEE="></latexit>

Not relevant !

Interactions with rhos and pions

Decay:

All couplings and form factors calculated with QCD sum rules!

M.~E.~Bracco, M.~Chiapparini, F.~S.~Navarra and M.~Nielsen, arXiv:1104.2864 

D⇤ ! D + ⇡
<latexit sha1_base64="b/4/9acVKrfsk7qvZ6LLEGOYx3Y="></latexit>
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Amplitudes 27



EXHIC, arXiv:1702.00486 

Expansion, cooling and initial conditions 28



Time evolution and multiplicities

Ni = ni V
<latexit sha1_base64="XuDMBLAhf1SVWy3v0EMa0P9G9Gc="></latexit>
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Time evolution and multiplicities

Abreu, FSN and Vieira,
arXiv:2209.03814   
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System size dependence

Abreu, FSN and Vieira,
arXiv:2209.03814   
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Summary

Cooling and system size dependence of the freeze-out are crucial

Predictions for the D* / D ratio

K* / K ratio can be well understood with a hadron gas phase

K* decay and formation are the  dominant reactions

32

Thank you very much !!!



Back-ups
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System Size

dN

d⌘
<latexit sha1_base64="BdkCIBUFnKjHZEqm8grMf0x5gW8="></latexit>

⌘
<latexit sha1_base64="UTRwzUXuToG8MZA8N/6or6AZ4ts="></latexit>
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d⌘

◆

⌘=0
<latexit sha1_base64="/LAL2BiDuyu7cqoIfDUEdF8A3tc="></latexit>

N =

"✓
dN

d⌘

◆

⌘=0

#1/3

<latexit sha1_base64="WP1w732r1+lIUWfiAvaO7EmwjN4="></latexit>

Larger
volume

Lives longer

More mesons
produced
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larger volume

same density

same volume

lower density

lower temperature

same temperature

l =
1

n�
= R

<latexit sha1_base64="oDEs1LYE+waARD02tan5/6cpumA="></latexit>

Freeze-out:
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�(D⇤) ' 1MeV
<latexit sha1_base64="EGmAb0lW7FTkgLG+LNvzCdZJPbI="></latexit>

⌧life =
1

�(D⇤)
' 200 fm

<latexit sha1_base64="5yPLVuuVT4tJA5xzzGh849WXMEE="></latexit>

Back to Giorgio

Rapidity  and pt dependence of R

Freeze-out e tamanho

SU(4)

Gamma térmico = loops



System size and number of charm quarks

ALICE, JHEP (2015), arXiv:1505.00664

ND / (N 3)�
<latexit sha1_base64="EFfAcu7s7SbkRKH/lf6IAFH4LFE="></latexit>

Assume that:

Nc / (N 3)�
<latexit sha1_base64="EFZttSXRfJzcxxlaHaBovq8Wg00="></latexit>

Fix the constant 
using EXHIC estimates:



Lifetime as a function of the size












