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How far can we see back in time?

Recent: Astrophysical observation, >280 ky
Early times: particle accelerators, ~1 ms
Even earlier: computer simulations, <1ms



How far can we see back in time in a HIC?

The hottest topic ever: Quark-Gluon Plasma as our origin at the birth
of the Universe at 1/million seconds after the Big Bang.



How far can we see back in time with charm?

Let’s focus on “charmly” to these early times....



Motivation for the talk...

Our aims here are:

e define a thermometer

* check the feasibility to define a scale
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find similarities between light and heavy flavours

find traces of different production mechanisms &
timelines

All within the non-extensive statistical framework



Related works

Previous studies (K Shen, G Bir6, TS Bir6, AN Mishra, GGB)

Light-flavoured hadrons (K, &, p, A, ®, 2, =, Q) have
already been studied in the non-extensive statistical
framework in the broad range of collision systems and
multiplicities
[JPG 47 (2020) 10, 105002, JPG 50 (2023) 9, 095004]
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Recent works (L Gyulai, R. Vértesi, G. Biré, G. Paic, GGB) —

In our study we expand the list of investigated particles
with D mesons (containing ¢ quark), which are mostly
produced in hard interactions early in the collisions
[JPG 51 (2024) 8, 085103, IIMPA (arXiv:2409.01085)]




Non-extensive statistics and the
Tsallis thermometer



Extensive vs. non-extensive statistics

If it is hot, need to define a temperature, but...

Ideal fluid with NAo~10% d.o.f. vs. Strongly interacting fluid with N~10-10¢ d.o.f.



Hadron spectra vs. extensive statistics

|dentified particle spectrum:
e Low-p; part:

— soft particle production

— exponential-like (Boltzmann-Gibbs) distr.

— stemming from a thermal equilibrium

Data/Fit

G Biro6, L. Serkin, G. Paic GGB: arXiv:2403.07512
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Hadron spectra vs. non-extensive statistics

|dentified particle spectrum: o

e Low-p, part: g 107
— soft particle production 3
— exponential-like (Boltzmann-Gibbs) distr. g‘*lo_S
— stemming from a thermal equilibrium ;10_?

o High-p, part: =

e
U

— Jet-like origin | Do(1864) yield in pp collisions at Vs =5.02 TeV in [y|<1.0
— power-law tail distribution (non-thermal)

)
o

— described by the perturbative QCD E 15
Tsallis-Pareto distribution smoothly connects both: 8100 - - -%%Wﬂ _ } __ ‘ __
} |
q
d2N qg—1 =1
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Quantify and compare hadron spectra data

Precise spectra description Y107
>
1]
- from low- to high-p, 10
—_ a1 T
_ 1 g—1 & 10!+
f(mr)=A- |1+ q (mp — m) <
T, 2 oo
T
. C e §10-5
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d(I:i\I;h . — AT, [(2 q()2_q—|)-(23_1;;|-2T3] [1 n q’;: m] q—1 Jo. Vs =7TeV, |y|<0.5, pp~K*(0.493)
- >
EI.S-
- With PID: 3
o, K+, K2, K*0, p(p), ®, A, =+, 5+ =0, Q = L
. 0.5
Wide range: 02 03 05 1 2 3 5 10 20
pr (GeVic)
CM energy (GeV) 7000, 13000 5020 130-5020

Multiplicity range 2.2-25.7 4.3-45 13.4-2047



ldentifying scalings in hadron spectra

QCD-inherited scaling properties
1 71

flmp)=A- |1+ qTS(mT —m)

- Parameter scaling with vs & multiplicity

A(VSNN, (Nen/n) ,m) = Ag + Ay In X228 4+ Ay (Nep /1)
T(w/SNN; <Nch/n> ,m) = TO + T1 In —"Sn]:N + T2 Inln <Nch/77>a

Q<\/ SNN; <Nch/n> 7m) =qo+ ¢ ln % + g2 Inln <Nch/77>7

— Detalils:
G. Bir6 et al: J.Phys.G 47 (2020) 10, 105002
K. Shen et al Eur.Phys.J.A 55 (2019) 8, 126

104 m= (0.140)
K= (0.493)
s ] K2 (0.498)
1o KS‘Z (0.89
gone
2 ] E
10 AS(1.115)
== (1.321)
1] = (1.385)
10 =°(1.531)
Q= (1.672)
10{) 4
VSmm = 130 GeV
107 4, . VSnn = 200 GeV
10-2 |
10-3 |
Swn = 5020 GeV
= PP. = 7000 GeV
107 4 # pp. Vs = 13000 GeV
104
= mmm 7= (0.140)
=] K= (0.493)
m =3 K2 (0.498)
0.5 Emm K0 (0.892)
- m =Y ° o = p(H) (0.938)
- (= 1.
=Rl 3 F el —

1.00 -

{dNch/dn)

u, VSyw = 130 GeV
.V Suw = 200 GeV

. VEnw = 200 GeV
VSum = 200 GeV

. VEnn = 2760 GeV
= 5020 GeV
. VSun = 5020 Gev
= 7000 GeV
pp. VS = 13000 GeV

104

(dNcp/dn)



Introducing the Tsallis-thermometer

* QCD-inherited scaling properties

— g—1

f(mp)=A-. [1 + qTS (mp — m)] \

- Parameter scaling with vs & multiplicity
A(VSnN, (Nen/n) ,m) = Ag + A1 In =" + Ay (New /1)

T(/snn, (Nen/n),m) =Ty +T1In VNN 4 Ty Inln (Nen /m),

m

A(v/SNNs (Nen/m) ,m) = qo + g1 In Y22 + go InIn (Nep /),
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Introducing the Tsallis-thermometer

* QCD-inherited scaling properties
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A connection between Tsallis parameters

Non-extensive entropy does not need thermal
equilibrium:  S(E, + Ey) # S(E)) + S(E»)

= = (S(E)) = (6)
L,
q = O <8>2 g

Biro, Van, BGG: EPJ A 49: 110 (2013), Physica A, 2015, 417, 215-220
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A connection between Tsallis parameters

mt (0.140)
K* (0.493)
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Non-extensive entropy does not need thermal Lol
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A connection between Tsallis parameters
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Transforming the Tsallis-thermometer and fitting the E-Ed? points with a line defines
the (linearized) equilibrium values for the: T (offset) and g (slope) parameters.



Connection to mean transverse momenta

For given particle species
one can see the Tsallis
temperature  values and
connect them to the mean
transverse momenta.

Similarly as for Boltzmann,
here the well-fitted Tsallis-
Pareto function can have
relation to the pr,
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Connection to mean transverse momenta

For given particle species
one can see the Tsallis
temperature  values and
connect them to the mean
transverse momenta.

Similarly as for Boltzmann,
here the well-fitted Tsallis-
Pareto function can have
relation to the pr,
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Testing the thermodynamical consistency

QCD-inherited scaling properties

flmr) =A- [1+q

—1
1

(mr — m)]

g—1

- Parameter scaling with vs & multiplicity

A(v < ch/77> m)
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Q<\/8NN7 (Nen/n),m) =qo+q1ln
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m

VSNN
m

Ao+ A1 ln 7872”\{ + Ao <Nch/77>

+ T Inln (Nep /1),

+ ¢z Inln (Nop, /1),

« Thermodynamical consistency
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Applying the Tsallis thermometer



Tsallis-thermometer of light flavours

Light Flavour (LF)
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* Strong dependence on event multiplicity
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Tsallis-thermometer of D mesons
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Tsallis-thermometer of D mesons
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Tsallis-thermometer of D mesons
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So, how far we can see back in time?



Difference in HF-LF formation time

time

What we have learned so far.. \

* Effective temperature of heavy flavour (HF) T
hadron spectra is higher, thank the one obtaine
from light flavour (LF) hadron spectra.

7 -’ \
| "ed Phase/Cross OV

* We also know, that heavy flavour is formed
earlier, therefore carries information of eariler
stages of the reactions

* We know about differences of the effective _
temperatures of mesons and baryons.

- Let’s estimate, how earlier are HF vs. LF?



Difference in HF-LF formation time
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Difference in HF-LF formation time

* Bjorken-model DOES NOT say anything on

the thermodynamical description
— temperature scales can be connected

()
=198 ¥\ 5=
T

* Once we know the temperature values, we =
could turn this to measure the time scales,
using the approximated fix point value: T,, To

Tir\”
R Y Tir

* Taking all light flavours as reference,
— D-meson formation relative to all LF
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Difference in HF-LF formation time

Adding more identified hadrons
* Pion formation is the latest one

* Formation time has mass order: the
lighter the hadron is, it forms later.

* Heavier baryons forms later than other
mesons with the same mass

* Taking all PID & D-mesons (here only at
LHC energies) -~ D-meson formation
relative to 1t is 30x earlier...
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Difference in HF-LF formation time

Adding more identified hadrons
* Pion formation is the latest one

* Formation time has mass order: the
lighter the hadron is, it forms later.

* Heavier baryons forms later than other
mesons with the same mass

* Taking all PID & D-mesons (here only at
LHC energies) -~ D-meson formation
relative to 1t is 30x earlier...
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= 23011 X With D mesons we can see back in
200 time 30x earlier, than 1t formation...

0.2 0.4 0.6 0.8 1.0
T Ty



Conclusions

Non-extensive statistical framework

- Based on the data, our model is working for both LF
and D-meson production

- Works from RHIC to LHC energies at the highest p+
- Tsallis-Pareto fits well in all multiplicities

Comparing LF & HF via Tsallis-thermometer

- Tsallis-thermometer present similar trends, but scales
are different between LF and HF.

— Mass hierarchy is present and stronger for HF

- Overall grouping is different between mesons &
baryons, and between LF & HF

- To take away... Bjorken model is compatible with
the Tsallis-thermometer, and relative formation
time can be estimated.
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Thermodynamical consistency: fulfilled up to a high degree
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HF hadron spectra
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