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Outline of the talk

|, Introduction of DREENA framework and testing its ability to adequately
reproduce high-p, observables
1. high-pL parton-medium interactions modeled by dynamical energy loss formalism

2. QGP medium evolution:
e (Constant (average) temperature DREENA-C

e 1D Bjorken DREENA-B
e smooth (3(2)+1)D temperature evolution DREENA-A (Adaptive)

e event-by-event fluctuating hydro background ebe-DREENA

. DREENA as a high-p, tomography tool for inferring bulk QGP properties?

I1l. Specific improvement: The effect of including a finite number of
scattering centers on high-p, observables



Motivation (I. and I1.)

Traditionally, low-p1 probes (pL<2 GeV)
are used to study bulk medium (99.9% of
particles formed in HIC) properties

Commonly, rare (0.1%) high-p. probes
(p. = 5 GeV) are utilized for studying
the nature of jet-medium interaction

L

Some important bulk QGP
properties difficult to
constrain by low-p, theory/simulations

NP 132, OF5004; PRC 9F, 044905, PRC 102,, 044911

<Y

L

A decisive role in the QGP
discovery.

NPA F50, 20

&

High-p, QGP tomography: Constraining bulk QGP parameters jointly, by low- and high-p,
approaches.
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https://arxiv.org/pdf/nucl-th/0405013.pdf
https://arxiv.org/pdf/1102.0680.pdf
https://arxiv.org/pdf/1706.03666.pdf
https://arxiv.org/pdf/2006.12499.pdf

. Introduction of DREENA framework and
testing its ability to adequately reproduce
high-p, observables



The basis: the dynamical energy loss formalism

Describes high-p, parton-medium interactions

Features:
* QCD medium of finite size and finite temperature

* The medium consists of dynamical (i.e., moving) partons

* Based on finite T field theory and generalized HTL approach m. viordievic. pre 74, 0c4907; pre 20,
064909, M. Djordjevic, U. Helnz, PRL 101, 022302

* The same theoretical framework for both radiative and collisional energy loss

* Applicable to both light and heavy flavor m.pjordievic and m. cpulascy, npa z== ccs

* Finite magnetic mass effects rm. piordievic and m. piordievie, PLE 709, 229

* Running coupling rm.oiordievic and M. piordievie, PLE 724, 226

* Relaxed soft-gluon approximation ee. m. piordievic, M. Diordievic, PrRC 99, 024901

v'All these ingredients important for adequately addressing the data ee and mpjordievie, g 42, 025105
v'No fitting parameters
v’ Temperature as a natural variable in the model (only input)



https://arxiv.org/pdf/nucl-th/0603066.pdf
https://arxiv.org/pdf/0903.4591.pdf
https://arxiv.org/pdf/0903.4591.pdf
https://arxiv.org/pdf/0802.1230.pdf
https://arxiv.org/pdf/nucl-th/0310076.pdf
https://arxiv.org/pdf/1105.4359.pdf
https://arxiv.org/pdf/1307.4098.pdf
https://arxiv.org/pdf/1804.07593.pdf
https://arxiv.org/pdf/1411.1649.pdf

Numerical framework

e Comparison with a wide range of high-p, experimental data — ultimate test of dynamical
energy loss formalism reliability

 We developed a numerical framework, which includes:
e Light and heavy flavor production

PLE 718, 482 (2012); PRC €0, 054902 (2009) partons | M ! Hadrons
e Dynamical energy loss E . : —
M. Diordievie and M. Diordjevie, PLE 724, 226 ' %(% % !
 Multi-gluon fluctuations Jtprcuction Medim sarg s rapmentatio

PLB 5382, 222 (2002)

e Path-length fluctuations, hard sphere restriction r < R, introduced in WS nuclear density distribution
EP) C23 : 495 (2004); D. Zigie, . Salom, ). Auvinen, M. Diordjevic and M. Dlordjevie, JPG 4e, 085101 (2019)

e Fragmentation for light and heavy flavor

PRD 75, 114010 (2007); PRD 51, 4219 PLE 78 15



https://arxiv.org/pdf/1209.6030.pdf
https://arxiv.org/pdf/0904.0032.pdf
https://arxiv.org/pdf/1307.4098.pdf
https://arxiv.org/pdf/nucl-th/0112071.pdf
https://arxiv.org/pdf/nucl-ex/0312005.pdf
https://arxiv.org/pdf/1805.03494.pdf
https://arxiv.org/pdf/hep-ph/0703242.pdf
https://arxiv.org/pdf/hep-ph/9409316.pdf
https://linkinghub.elsevier.com/retrieve/pii/0370269378906536

Experimental validation of dynamical energy loss formalism

PLE #=24, 2280
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https://arxiv.org/pdf/1601.07852.pdf
https://arxiv.org/pdf/1307.4098.pdf
https://arxiv.org/pdf/1512.00505.pdf
https://arxiv.org/pdf/1407.3670.pdf
https://arxiv.org/pdf/1307.4702.pdf
https://arxiv.org/pdf/1505.04316.pdf

DREENA framework (Dynamical Radiative and Elastic ENergy loss Approach)

v'For using high-pr theory/data to study the bulk QGP properties:

e Include arbitrary medium evolution (T profile) as the only input (both averaged and ebe)
e Preserve all dynamical energy loss model ingredients

e Develop an efficient (timewise) numerical procedure

e Produce a wide set of light and heavy flavor suppression predictions

e Compare predictions with the data (same numerical procedure and parameter set)

e (lterate comparison for different combinations of QGP parameters)

e Constrain medium properties consistent with both low- and high-p; sector

v’ Introducing more complex/realistic temperature evolutions:
 DREENA-C: constant temperature medium

D. Zigie, I. Salom, ). Auvinen, M. Dlordjevic anod M. Dlordjevie, ). Phys. & 46, wo. 8, 085101 (2019)

« DREENA-B: 1D Bjorken expansion

D. Zigic, 1. Salowm, ). Awvinen, M. Djordjevic and M. Diovdljevic, Phys. Lett. B 791, 236 (2019)

e DREENA-A: smooth (3(2)+1)D temperature evolution

D. Zigle, . Salom, |. Auvinen, P. Huovinen and M. Djordjevie, Front. in Phys. 10, 957019 (2022).

e ebe-DREENA: event-by-event fluctuating hydro background

D. Zigic, ). Awvinen, . Salowm, P. Huovinen and M. Dlordjevic, Phys. Rev. C 106, wo.4, 044909 (2022)



https://arxiv.org/pdf/1805.03494.pdf
https://arxiv.org/pdf/1805.04786.pdf
https://arxiv.org/pdf/2110.01544.pdf
https://arxiv.org/pdf/2208.09886.pdf

h* Pb+Pb \/Syy=5.02 TeV

DREENA-C and DREENA-B overview

DREENA-C: constant temperature medium o. zigic. 1. salow, |. Auvinen, M. Dlordljevie and M. Dlordjevic, ). Phus. & 4¢, no. 2, 095101 (2019)
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DREENA-B: 1D Bjorken expansion o. zigic, . salom, ). Auvinen, M. Dlordjevie and M. Diordjevie, Phys. Lett. B 701, 226 (2019)
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Qualitatively good
agreement with
high-pr Rgq4and v,
but overestimation
of .

Very good
agreement with both
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L

%020 a0 e 80
p.(GeV)

PRD 2F, 140

A TR i S IR
00 0 20 40 60 a0 100

p.(GeV)

il il IR |
o 20 40 60 80 0 0

p.(GeV) p.(GeV)

20 40 @0 80 100 O

20 40 60
p.(GeV)

PRLIIG, no. 25, 252301; |HEP 1410, 0432

'2|u' '31|0 'alolllslu" 'ulm 0
p.(GeV)

80 100 O

20 40 60 80 IIEI)I]
p.(GeV)

(2014) ; arXiv:1205.1046 [nucl-thl

Solves v, puzzle.
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parton-medium

. . 9
interaction model.



https://arxiv.org/pdf/1805.03494.pdf
https://arxiv.org/pdf/1805.04786.pdf
https://arxiv.org/pdf/1602.03788.pdf
https://inspirehep.net/files/95e457176c18835d6856173effe15ef2
https://inspirehep.net/files/95e457176c18835d6856173effe15ef2
https://arxiv.org/abs/1305.1046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140

DREENA-A:Could high-prtheory/data provide a constraint on

different medium evolution models?
DREENA-A (Adaptive temperature profile)

To=1fm

y (fm)

T9=0.2 fm

Tp=1.16 fm

k d

6 4 2 0 2 4 6

6 4 2 0 2 4 6 6 -4-20 2 4 6
X (fm)

T, = initial time — onset of fluid-dynamical expansion

D. Zlale, L. Salow, ). Auvinen, P. Huovinen and M. 1>Jordjev£c, Front. in Phuys. 10, 957019 (2022).

temperature (MeV)

All three
evolutions
agree with

low- pr data.

L

Could high-py
sector
additionally
constrain
these
evolutions?
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https://arxiv.org/pdf/2110.01544.pdf

Qualitative observations
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‘EKRT’ shows the largest T - expected the smallest R, 4

Asymmetry: ‘Glauber’>EKRT" >’ T:ENTo" - expected v, (Glauber)> v, (EKRT)> v, (T;ENTO)

D. Zigic, . Salom, ). Auvinen, P. Huovinen and M. Diordjevie, Front. in Phys. 10, 957019 (2022).
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https://arxiv.org/pdf/2110.01544.pdf

Test of DREENA-A predictions (quantitative observations)
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‘EKRT’ results in the smallest R4

The same v, ordering as the system anisotropy (‘Glauber’ the largest v,, ‘T,ENT0’ the lowest v,)

< b

Different T profiles: DREENA-A can distinguish between them — complement constraint to low-p4 sector.

D. Zlale, L. Salow, ). Auvinen, P. Huovinen and M. Djordj@vic, Front. Ln Phys. 10, 957019 (2022). 12


https://arxiv.org/pdf/2110.01544.pdf
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NA: The role of higher harmonics in QGP tomography

I.

Later thermalization time favored and
v, ordering as for averaged profiles.

Higher harmonics: gualitatively and
quantitatively differentiate between
medium evolutions!

More sensitive!

v, puzzle!

L

Good observables for imposing additional
constraints on bulk QGP parameters!

). Auvinen, [ Salowm, P. Huovinen and M. Diordjevie, Phys. Rev. C 106, no4, 044909 (2022) 13



https://arxiv.org/pdf/2208.09886.pdf

ebe DREENA: Heavy flavors
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Later thermalization time favored and
v, ordering as for averaged profiles.

Higher harmonics: gualitatively and
quantitatively differentiate between
medium evolutions!

More sensitive!

More sensitive than light flavors!
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Auvinen, [ Salom, P. Huovinen ano M. Djordjevlc, Phgs. ReV. C 106, no.4, 044909 (2022)



https://arxiv.org/pdf/2208.09886.pdf

I. DREENA as a high-p, QGP tomography tool for
inferring bulk QGP properties?

1. Early evolution

S. Sto\j eu, |. Auvinen, M. DJOYOU@\/LC, P. Huovinen, ano M. Djomge\/io, Acta PM@S. Polow.
Supp. 16, 156 (2022); S. Stojku, ). Auvinen, M. Dlordjevic, P. Huovinen, and M.
Djordjevic, PRC 105, Lo21901 (2022)

2. QGP anisotropy
S. Stqj e, ). Auvinen, L. Zivikovic, P. HuovLnemn, M. Duiowge\/w, Phys.Lett B €35
(2022) 127501

3. n/s(T) parameterization
B. Karwakar, D. Z, I. Salom, ). Auvinen, P. Huovinen,
M. Dlordjevic anod M. Dlordjevie, [arXiv:2205.1121€ [hep-phl]

DREENA on GitHub: https://sithub.com/DusanZigic/DREENA-A
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https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://arxiv.org/pdf/2008.08987.pdf
https://arxiv.org/pdf/2008.08987.pdf
https://arxiv.org/pdf/2110.02029.pdf
https://arxiv.org/pdf/2110.02029.pdf
https://arxiv.org/pdf/2305.11318.pdf
https://arxiv.org/pdf/2305.11318.pdf
https://github.com/DusanZigic/DREENA-A

1. Constraining_initial time (t,) by high-p, QGP tomography

S. Stoﬂeu, | Awvinen, M. D\jomje\/w, P. Huovinen, ano M. D\jom\je\/’w, Acta Phys. Polon. Supp. 16, 156 (20232)

T, = initial time — onset of fluid-dynamical expansion \ A o s

> 10 fm

* Low p, sector: Bayesian analysis provides only weak
limits 1,=0.59+0.41 fm (NPA 97, &7-7=)
Hadron gas

\’_I/ QGP

Could high-p, theory and data provide
more rigorous constraints?

L

s 1 fm

Within DREENA-A framework upon t,:

* High-p, probes: state-of-the-art dynamical energy loss (m. njordjevic and M. Diordievie, PLE 724, 22¢ )
(TO= T, Nno interactions before TO) Tq — quenching start time (start of high-pLl parton energy loss, i.e., interaction with medium)
*  Bulk QGP medium : 3+1D viscous hydrodynamics (e. Molwndr, H. Holopainen, P. Huovinen, H. Niewml, PRC

90, 044904 (2014))

D. ziole, | Salom, . Auvinen, P. Huovinewn, ano M. Duiord\je\/ic, Front. (n Phgs. 10, 957019 (2022) 16



https://arxiv.org/pdf/2110.01544.pdf
https://arxiv.org/pdf/1704.07671.pdf
https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://arxiv.org/pdf/1307.4098.pdf
https://arxiv.org/pdf/1407.8152.pdf
https://arxiv.org/pdf/1407.8152.pdf

Sensitivity of high-p, light probes to initial time (t,)

Light particles: h™ Pb+Pb \/Syy=5.02 TeV ,€{0.2,04,0.6,0.8,1.0, 1.2} fm
19 1o0m20% — | F e —— High-p, theory/data
-|.—|— ﬁ> can distinguish
-y — oo between different T, .

0.4

W CMS Ty = 0.6fm
A ALICE -—Tg= 0.8fm

0'2 .' - ../ | .I_,-; | .."
@ ATLAS 4 — 1o =1.0fm
/ ] — 1p=1.2fm
oH ! '

- Delayed onset of fluid
» dynamics is preferred
by both R,, and v,
Sy T A (more pronounced in v,).
i 2 5 2.0 ;E: ll’;l} 2 5 2I0 ;;l 1160 1 2 5 207%- |5-([J‘ 1i00 | 1 2 5 2.0 ._T_:Ol iUU :
p.(GeV) p.(GeV) p.(GeV) p.(GeV) @
W CMS |HEPO4 (201 F) 029; PLB #7#6 (2018) 195
A ALICE |HEP11 (2018) 012; |HEP 0F (2018) 103 . . . o
®ATLAS  ERiC 72,997 (201¢) Resolution is better at higher centralities (v,).

Optical Glauber, 3+1D hydro P=C 90, 044904

S. Stojku, J. Auvinen, M. Diordjevice, P. Huovinen, and M. Diordievic, Acta Phys. Polon. Supp. 16, 156 (2023)
17



https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://link.springer.com/article/10.1007/JHEP04(2017)039
https://www.sciencedirect.com/science/article/pii/S0370269317309334?via%3Dihub
https://link.springer.com/article/10.1007/JHEP11(2018)013
https://link.springer.com/article/10.1007/JHEP07(2018)103
https://link.springer.com/article/10.1140/epjc/s10052-018-6468-7
https://arxiv.org/pdf/1407.8152.pdf

Sensitivity of high-p, heavy probes to initial time (t,)

Heavy particles: Dand B mesons, Pb+Pb /Syn=5.02 TeV

1.0/

0.8

10-30%

30-50%

Q D meson
o- ' B meson L
0 20 40 60 80 1000 20 40 60 80 100
p.(GeV) p.(GeV)
{ W CVs PRL 120, 202201 (2018)
D meson
A ALICE JHEP 10, 174 (2018); PRL 120, 1023201 (2018)
Non-prompt J/W @ CMS EPJC #&, 509 (2018)

Delayed onset of fluid
dynamics is preferred.

L

High-p, D and B mesons are
even more sensitive to 1, .

For B
mesons
true
predictions
are
displayed.

L

What is the origin of high-p,
observables sensitivity to t,?

S. stoj e, ). Auvinen, M., Djordjevéc, P. Huovinen, ano M. Duiom{\je\/ia, Acta Phys. Polon. Supp. 16, 156 (2023)
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https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://arxiv.org/pdf/1708.03497.pdf
https://arxiv.org/pdf/1804.09083.pdf
https://arxiv.org/pdf/1707.01005.pdf
https://arxiv.org/pdf/1712.08959.pdf

Explanation of high-p, observables sensitivity to 1,

. 06 10-20% 30-40%
0 — 1p=0.2fm Tp=0.2fm
>
® 0.5
O,
o
*g 0.4 ---- in-plane
@ —— out-of-plane
o
E 03
@
|_
0.2]
30-40%
> 03
O,
o
3
[
4b]
a
£
3]
~ 0.2
\ 4 |
0 1 2 3 4 5 0 1 2 3 4
traversed path [fm] traversed path [fm]
centrality

[> With increasing t, the difference
between T, ,and T, increases.

LRy, — B3
2 Rif + 134

L

Rua ~ 1—¢TL

D. Zligic, 1. Salowm, ). Awvinen, M. Dlordjevic and

@M. Diordjevic, JPG 46, 085101 (2019).

Explains v, dependence on t,

()

With increasing t, average T

[> decreases.

Rua ~ 1—¢TL

L

Explains R,, dependence on t,

S. stoj e, ). Auvinen, M., Djordjevéc, P. Huovinen, ano M. Djordjevic, Acta Phys. Polon. Supp. 16, 156 (2023)
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https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://arxiv.org/pdf/1805.03494.pdf
https://arxiv.org/pdf/1805.03494.pdf

Raa

Various pre-equilibrium evolution scenarios (t,)

h® Pb+Pb /Syy=5.02 TeV

10-20%

20-30%

High-p, R,, and v, are
sensitive to different
initializations
and early expansion

dynamics.

L

High-p, data prefer later
onset of transverse
expansion and
energy loss!

S. stoj e, ). Auvinen, M., D\jom\jevlc, P. Huovinen, ano M. D\jom\je\/w, PRC 105, Lo21901 (2022)
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https://arxiv.org/pdf/2008.08987.pdf

2. Could high-p, QGP tomography reflect the anisotropy of QGP

. . . . h™ Pb+Pb /Syy=5.02 TeV
Initial spatial anisotropy —important QGP . O VSNN €

property  40-50% o
Still not possible to directly infer the initial |
anisotropy from experimental
measurements

Experimental observation: high-p, v, and
U2

1 — Ry, directly proportional - — s p, L
1-Rpa | e
independent ——
P 0 A ALICE

Cquld fluid glynamcal calculal’uon reproduce | ® ATLAS

this proportionality? Connection to | | |
anisotropy? 0.2 0.4 0.6

1 - ,:ﬁﬁf\

S. Stolku, ). Auvinen, L. Zivkpvic, P. Huovinen, M. Diord]evic, T gﬁ;;oﬁ',iio igff;gi;f
Phys.Lett® 235 (2o22) 127501 @ ATLAS ATLAS-CONE-2017-012, EPJC 7€, 99

(2018)
21


https://link.springer.com/article/10.1007/JHEP04(2017)039
https://www.sciencedirect.com/science/article/pii/S0370269317309334?via%3Dihub
https://link.springer.com/article/10.1007/JHEP11(2018)013
https://link.springer.com/article/10.1007/JHEP07(2018)103
https://cds.cern.ch/record/2244824
https://link.springer.com/article/10.1140/epjc/s10052-018-6468-7
https://link.springer.com/article/10.1140/epjc/s10052-018-6468-7
https://arxiv.org/pdf/2110.02029.pdf

Different evolution scenarios: high-p, observables -intuitive
expectations

e DREENA-A framework: different T profiles as the only input

(D. Ziole, | Salomw, . Auvinen, P. Huovinen ang M. Djoroijevlc, Front. PMS. 10:957019 (2022))

Glauber, 1p=1fm Glauber + FS IP-Glasma EKRT 30-40%

0.5- - -
=
eb}
G 04 )
g — in-plane
g — out-of-plane
Qo3 :
5
=

0.2 I \

0 1 2 3 4 5 0 1 2 3 a 5 0 1 2 3 a 5 0 1 2 3 4 5
traversed path [fm] traversed path [fm] traversed path [fm] traversed path [fm]
Rag =~ 1— é_TL v = AT

The R,, and v, ordering different for different scenarios.

L

Cannot anticipate v,/(1-R,,) ordering.

22
S. Stojku, ). Auvinen, L. Zivkovic, P. Huovinen, M. Dlordievic, Phiys. Lett® €35 (2022) 137501
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s saturation in v,/(1 = R,,) at high-p, observed for these different T
prOfileS? M. Dlordjevic, S. Stojku, M. Bjordjevic, P. Huovinen, Phys. Rev. €100, 021901 (2019)

If yes, does this saturation carry information about the anisotropy of
the system?
What kind of anisotropy measure corresponds to the high-p, data?



v,/(1-R,,) DREENA-A predictions for different T profiles

1.
+
h™ Pb+Pb \/SNN=5'02 TeV
034 10-20% | 20-30% 1 30-40% 1 40-50%
. — Glauber, 15 = 1fm Ph
CE‘Eo.z Glauber + FS enomenon
| . — IP-Glasma of VZ/( 1_RAA)
= saturation is
<
robust to
different
20 40 60 800 20 40 60 eVO|UtIOnS|
2 p.(GeV) p.(GeV) p.(GeV)
Pb+Pb 5.02TeV: Pb+Pb 2.76TeV: s Path_length anisotro py:
0.12— @ Glauber, to=1fm A Glauber, r5=1fm //
® Glauber, 1p=0.8fm A Glauber, 7=0.6fm '/K AL - (Lomg) — <L2n>
040 @ Glauber, =06im A Glauber, 1,=0.2fm /“ (L) o (Lout) + (Lm>
® Glauber, 1=0.4fm A

4 .
Saturation value

oon, @ Sabor A Surprisingly simple
SR [:> linear dependence, with [:> dominated by system’s

@ Glauber, 1=0.2fm

Vo/(1-Ran)

. ac
@ IP-Glasma
AKX Xe+Xe 5.44TeV:
A H Glauber, rp=1fm S Ope = . eOI I letr .
W Glauber, 1,=0.6fm
0.02:
g M Glauber, 1,=0.2fm
L)
e
0.005# | | | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.12

AL/L
S. Stojku, J. Auvinen, L. Zivikovic, P. Huovinen, M. Diordlevie, Phys.Lett® €35 (2022) 137501
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3

JT(7,0)

New observable: Jet-perceived anisotropy
‘We need a more direct measure of anisotropy, with explicit dependence on time evolution

[dady T3(x + 7 cos ¢,y + Tsin o, 7) ng(x, y)
[ dady no(x, )

Jet-perceived anisotropy:

Jresedr ja5(7)
Teut — 70

time when the center of the fireball has cooled down to T,

High-p,
V,/(1-R,,) carries direct
information on a bulk-

medium property.

<jT,> new observable, to
constrain bulk-medium
simulations.

L)

Ty(r) [dadyng(z.y) [dopcos20 T (x + T cosd,y + Tsing, 7)
JLo\T ) = .- - .- - ; .
[dadyno(x,y) [do T3 (x + Tcos o,y + Tsing, 7) (1) =
Pb+Pb 5.02TeV:  Pb+Pb 2.76TeV: .
012 @ Glauber, 1o=1fm A Glauber, 1,=1fm /" cut
@ Glauber, 1,=0.8fm A Glauber, 1,=0.6fm ,1" _
010 @ Glauber, 1,=0.6fm A Glauber, 1p=0.2fm ,* V2/( 1_RAA) dlSplayS
® Glauber, 75=0.4fm i . linear
Zoos @ Glauber, 1,=0.2im 1 [> dependence on [>
o O Glauber + FS f/ _
~ @ TRENTO Q’" <jT2> with slope =
“gu 005" @ ExRT ,&"& 1.
L
ool ® ORme Xe+Xe 5.44TeV:
5’ M Glauber, 1p=1fm 2;2/(1 _ RAA) — <.]T2>
0.02 B Glauber, 15=0.6fm
;I M Glauber, 1,=0.2fm <jT2> can be evaluated from
000" | | | | | | bulk-medium simulations,
0.00 0.02 0.04 0.06 0.08 0.10 0.12 . .
i) independently of high-p, data.
2

p1 = 100 GeV

, . . . . , , , 25
S. Stojku, ). Auvinen, L. ZivRovic, P. Huovinen, M. DJOVO(J@\/LG, PMgs.Lett.E 225 (2022) 13F501
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3.Could high-p, QGP tomography constrain n/s(T)?

Soft-to-hard medium hypothesis
* QGP is weakly interacting gas? (asymptotic freedom and color screening Physice Today ez, 29)

1 . .
n/s ~— QGP is perfect fluid? (AdS/CFT: PRL 94, 111601; fluid-dynamical: ARNPS o=, 10=)

At LHC: T.<T<4T,

Soft-to-hard QGP hypothesis:
* Near T_ perfect - fluid (strongly coupled, soft regime)
e At higher T — gas (weakly coupled, hard regime): n/s may increase with T

* Low-p, sector: n/s is well constrained by Bayesian analysis for T.<T<1.5T_but weakly
constrained at higher T (xp 15, wogs, 11021157 PRC 102, 044911)

L

v' We propose

Complementary approach (high-p, sector): utilize ebe DREENA-A (dynamical energy loss
formalism) framework to further constrain n/s(T) at high T, and test soft-to-hard hypothesis.

BK, D. Zigle, I. Salom, ). Auvinen, P. Huovinemn, M. D\jomje\/ic anol M. 1>Vior0g@\/uc arXiV: 220511218



https://pubs.aip.org/physicstoday/article-abstract/63/5/29/387362/What-black-holes-teach-about-strongly-coupled?redirectedFrom=fulltext
https://arxiv.org/pdf/hep-th/0405231.pdf
https://arxiv.org/pdf/1301.2826.pdf
https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/2006.12499.pdf
https://arxiv.org/pdf/2305.11318.pdf

Jet quenching parameter ~3 VS, n/s

N\

q

q =squared average transverse momentum exchange between high-p, parton and QGP medium per unit path length

T% quantifies the parton coupling strength in QGP: the higher it is the lower n/s should be

In weakly coupled limit:

~

TS
n/s =~ 1.25

2 |e>

1 2
PLE 102, 202202 T/[Tc

PRL 99, 192201; PRD 104, LOF1501

Dynamical energy
loss formalism
applicable in weakly
coupled regime.

L

q
n/s= - should hold.

strong weak .
O,.,
’l
-
-
T
R
-
. ~ T3
- q/S"" T /a
o >
o ’o’
I~ -
: -
w o’
> s o7
v ,d”
oy L -~
14
B
| | | |
1 2 3 4

PRL 99, 192301

Soft-to-hard boundary?

T/Tc

27



https://arxiv.org/pdf/0810.4116.pdf
https://arxiv.org/pdf/hep-ph/0703082.pdf
https://arxiv.org/pdf/2107.14775.pdf
https://arxiv.org/pdf/hep-ph/0703082.pdf

Theoretical approach: Transport coefficient g from dynamical energy loss
formalism

q =squared average transverse momentum exchange between high-p, parton and QGP medium per unit path length

HTL resummed elastic collision rate:

dr’, n V2
L — 4C' 4 (1 + —f) T3 s 5 PRC 90, 014909; PRC 74 (2006) 064907
dq 6 ¢ (¢* + i)

With running coupling, finite magnetic mass:

dr', Oy Ta(ET) 13 — 13, PRD 77, 114017 M. Dlordjevic and M. Dlordjevic,
p— ( 1 -
d2q - (2 + 12)(q2 + pi2,) BLEZ02. 229
In fluid rest frame: 9 6 ET 442 9 6 ET+ 12
o / GET 2 ar, - pp. (;LE In [7”192 E] — 3y ln[ o MD
q 0 14 d2q A (11 — %nf) In (%)
ET — o0 ) 2 g (14 ) g independent on
T ’— " L.
7~ Ca (11 —2, ) ey e E> initial parton
37k ' energy.

‘ 1+ % 4rT\? _ o
Lambert’s W function &N == TyE = /e
11 3n.f A

BK, D. Ziole, |. Salom, ). Auvinen, P. Huovinen, M. Djordjevic ang M. DJOVOU@\/LG arXiv:o20541318 28



https://arxiv.org/pdf/1312.5003.pdf
https://arxiv.org/pdf/nucl-th/0603066.pdf
https://arxiv.org/pdf/0802.4364.pdf
https://arxiv.org/pdf/1105.4359.pdf
https://arxiv.org/pdf/1105.4359.pdf
https://arxiv.org/pdf/2305.11318.pdf

n/s from transport coefficient within dynamical energy loss formalism

BK, D. Zlole, . Salom, . Auvinen, P. Huovinen, M. Djordjevic ang M. Djordjevﬁc arXiV:2205.11212

0.8
10
0.6
i 4
. S 0.4
0.2-
A
O'I . 1 } °
1 2 3 4
T/Te
L exhibits the expected behavior,

i.e., large increase near T..

PRC 90, 014909
PPNP 66, 41-92; PRC 88, 045204

----- - Nature

L-125 L
s q

7
’

4

4

-
o
-
-
ﬂﬂﬂﬂ
-
-
-
-
-
-
-
-t
-

TTe

{;L’;'\.)Illill' T < ’]‘:
(n/s)(T) = e
{;L’;'\.)Illill + {'rf,"lf""').-alupc‘{ " - "'() (Jr) N J’ > ]‘,..

— Constant
0.8} == Nature
— LHHQ

n/s

11 L 1 | - 11 L 1 11 L [ 1 L 1
0.10 0.5 0.20 0.25 0.30 0.35 0.40
T(GeV)

Nature NP 15, np. 11, 111=2-111F
LHHQ PRL 106, 212=202

Unexpectedly, our high-p, n/s(T)
constraint is close to the state-of-the-art
Bayesian analysis (e 15, notd, 111=-1117).

29


https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/1312.5003.pdf
https://arxiv.org/pdf/1002.2206.pdf
https://arxiv.org/pdf/1305.7180.pdf
https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/1101.2442.pdf
https://arxiv.org/pdf/2305.11318.pdf

n/s from transport coefficient within dynamical energy loss formalism

BK, D. Zlole, |. Salom, . Auvinen, P. Huovinemn, M. 1>Uiomi\jevla anol M. D\jom\je\/w arXV:2205.11318

----- - Bernhard et al. 90% C.I.
-------- Auvinen et al. 90% C.I.
0.8+ =
1_125 L [>
b q 'c'
0.6+
a
S 04+

Surprisingly, our n/s(T), extracted from our %, agrees well with

both state-of-the-art Bayesian analyses (ne 15 noat, 111=-1117;

prC 102, 044911) in entire T range. Does not drop significantly
below inferred values near T_

Agreement extends to T, i.e., to the regime corresponding

to strong coupling!

Uncertainty from initial parton energy
is much smaller than Bayesian.

L

Hypothesis: quasiparticle description of jet-medium
interactions is consistent at the entire T range.

No guidance on soft-to-hard boundary.

30



https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/2006.12499.pdf
https://arxiv.org/pdf/2305.11318.pdf

I1l. Specific improvement: The effect of including a finite
number of scattering centers on high-p, observables

31



Motivation

* pQCD high-p, radiative energy loss — medium assumptions:

e Optically thin = One scattering center (SHSA) quv NPE 594, =71, BGLV NPA 722, 265; HT NPA 696, 7E; Proo. PPNP 6,41

e Optically thick = Infinite number of scattering centers (MSSA, Big Bang) epmps-z MNPE 424, 005; NPR 521, 402; |JETP
Lett. 63, 952; JETP Lett. 65, 615; ASW PRD 69, 114002; AMY JHEP 12, 009

e Realistically, short finite-size droplets of QGP are created at RHIC and LHC (several fms, A=1 fm)

L

Relaxing these approximations to the case of a finite number of scattering centers is required!

e Current theoretical attempts to address this highly nontrivial problem are yet inconclusive

or incomplete (jHep 2007, 114, JHEP 2102, 100; |HEP 1907, 057; |HEP 2006, 127 PRD 98, 094010; PLE

795, 502)
e Lacking phenomenological studies (not tested against experimental data )

L

These corrections need to be implemented in both analytical calculations (i.e., radiative energy loss
model) and numerical framework! 32
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https://arxiv.org/pdf/nucl-th/0310076.pdf
https://arxiv.org/pdf/hep-ph/0102230.pdf
https://arxiv.org/pdf/1002.2206.pdf
https://arxiv.org/pdf/hep-ph/9608322.pdf
https://arxiv.org/pdf/hep-ph/9804212.pdf
https://arxiv.org/pdf/hep-ph/9607440.pdf
https://arxiv.org/pdf/hep-ph/9607440.pdf
https://arxiv.org/pdf/hep-ph/9704255.pdf
https://arxiv.org/pdf/hep-ph/0312106.pdf
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https://arxiv.org/pdf/2002.01517.pdf
https://arxiv.org/pdf/2011.06522.pdf
https://arxiv.org/pdf/1903.00506.pdf
https://arxiv.org/pdf/1910.02032.pdf
https://arxiv.org/pdf/1807.03799.pdf
https://arxiv.org/pdf/1903.06170.pdf
https://arxiv.org/pdf/1903.06170.pdf

Higher orders in opacity: analytical calculations

In static QGP (D(GLV)): S (K= — iy — .. — i)
fzetm) 2"‘ k — ip — Y — - T Uiy 2
dN™ ’vz(q — 6(qy) B'—pl({—iz- e e
r— = dzl dzn H ! !
dx d?k 0 A(2) _ k
=1 =ik
C' oo n n Inverse of formation time: ‘
w R 7:2(62&) (_2 C(1.p) - Bn COSZ W(goorm) A2p, — €OS Zw(k...n)ﬁzk ) o 2+ (K= — ... q,)?
k=2 k=1 2rk
X* = M?a? +m2
) . . po 2y _ Am
S. Wieks, ArXiv:0804 4704, M. Dlordjevic and M. Guulassy, NPA 733, 265 as(Q7) = (11 = 2/3n,) n(Q2/ Agen)
Q2 - kz—Q—M'Q:EQ—i—mg
. 2 _ AL
In dynamical QGP:
M. Dlordljevic, PRC 20, 064909; M. Dlovdjevic and L. Helnz, PRL 101, 022202;
M. Djordjevic, PLB 709, 229
| | T HE — 113 Obtained explicit analytical
Effective potential 5~ 95 SR EYIS NI, _ ) ,
(@ Hpp)? Jgae  LT(@Fpg) (@) ] g, expressions up to 4t order in
[{> opacity within Dynamical energy
- /4 l0ss formalism for the first time.
1 1 ) +n
Mean free path = :(nf)r = 06— = f/6 Jagd
stat dyn 7 "y S. Stojlew, BL I Salon, M. Diordjevic,

XLV 220314 52F, Accepteot n PrRC 33



https://arxiv.org/pdf/0804.4704.pdf
https://arxiv.org/abs/nucl-th/0310076
https://arxiv.org/pdf/0903.4591.pdf
https://arxiv.org/pdf/0802.1230.pdf
https://arxiv.org/pdf/1105.4359.pdf
https://arxiv.org/pdf/2303.14527.pdf
https://arxiv.org/pdf/2303.14527.pdf

Analytical calcul

15t order in opacity:

ations: examples

Highly oscillatory, and
difficult to converge!

4% order in opacity:

(d Ng 1)) d*k d?ql (Q3) L W — iy
dar k Adyn (QT’ + i"-i‘)(qlf + J”'if)
X ((h : ((h —k ) Fay - k)(k —q,)? (l _ :sin[me))
(2 + K2+ (k—q,)?)? Loy (m;‘”) 20k [ d%k / /' / / qy dzq3 ;qu qu4
da 1 r
2 2 2 2 2
nd . o . a”.f; - i"IM . : !’-{3 —!{-M : : »”f; - I{nf . : F|E _!f-nf :

2"% order in opacity: (Q"J)\iyn (af + pg)(af + 13y) (a3 + p) (a3 + piy) (@ + i) (ad + 3y) (af + pf) (af + p3y)
IN(® 20, [ d*k a2 2 o : 2 Vlag (ay +ap+as+a,— k) + (a, k) (k—qy)? + (k- (q; +ap+a3)) (ay- (a4, —2K)) + K (a, - (q; +a,+q3))
dN, 2C 1 742 1 = 1 1E — 1y ? kz k—qy)? K—q; =gy —q3—q,)?

(d-i ) = QL) T T R T AR _ (*+ )(\ +(k—ay)?)(\*+(k—ay—dy —qz—ay)?)
: 1 dyn qr + pHE)dy T HR ) W92 eGSR ( L sin (L (u:(4) t wiag) w(234)))
\“(% : ((h +4a, —k)) +2{Q2 k) (k= qy)° + (k- qy)(qs - (9 — 2K)) + K (qy - qy) W(234) ('-v‘(;m) + w‘(zu)) (wia) + w(sa) + w(234))
(Z+ k) + (k= q)?)(* + (k—a; —qy)?) Cos (L (w(4) Fwiag) + wWiosg) ~'~‘(1234)))
1 ('w‘m cos(L ('““:‘QJ)#L"‘(”})) +Lsin(Lawz)) — (Wi —waa) cos(Lw) ( w(12) )) w(231) (W(z3g) T w(r29)) (W(ag) T w(zag) T warzag) (Wia) T w(za) T wizsg) T wzsg))
“2) wWiz) twiaz)) Wz “i2)v(12) wWizy\w(z) twie) Fy
+ cos (L{w(y) + wiag) + wizsq))
. . Wiy (W(se) +wiase) ? (wia) + wiza) + w(ae)) *wazss (Blesa) + o) i)
3rd order in opacity: @
pacity: + wazsa) 008 (L (wa) +w(30))) wazsa) €08 (L))
. W34 (w 4)+ws4)- (w(234) + w(1234)) 0@(3q) (wae) + wsa)) 2 (w(ze) + wiese) + w2ag))
(dﬁ'f)) °Cn Pk d?q| qug d2q3 ) (34)) “(234) ) ( ) (4)(34) \*(34) (234) (34) (234) ( )
— il Wi1234)
i), : + i )
2 2 2 2 2 2 “i4) (W(al) + W(:m)) ('w‘(4} + Wiza) T '-«'(234)) - ('-v'm) + Wisq) T wWizsq) T 5-‘3(1234))
JU HE — M HE — Har HE — H
f\f}yn (af + #3)(d] + 13y) (a3 + pg)(d3 + p3y) (43 + pE)(95 + 13y)
as-(ay +as+as—k))+ (as-k) (k—qs)?+ (k- (qy + ) (qs- (qs —2k)) 4 kz((la'((h fqa)) r ( te ) [( +e )(w » ) + 2 3o » ] s »
EHK)OE+ (k—ag)2) (2 + (k—q) — gy —q4)?) 41 = W(3q) T Wi23q)) |(w(a) T (34) ) ((234) = “(1234)) T @iazq) = P¥(234)%(1234) | — “(4)“(234)(1234)
¢ 2 .
W(3)w(123) T 29(23)(123) — Wiag) T W(3)W(23) | w(123) sin (Levs ’ ‘ o
( ) sin (L + i) ~ gz o) S. Stojlew, BL 1. Salom, M. Diordjevic,

+ w(23) ) 2w23)

L2 { P
H2g) \(3)
~ Leos (L (w) + wes))

(w(3) +ws) +wazs)))
was) (W) +wizm))

w(2s) +@(123))

sin (;"
Wi123) (w Wiag) T w 12%)) (w('a

)

f

i“"(3)“‘"(233) (‘*"(2:5) | 'w'(ma))

Ar XLV 2202 14520F Accepteot n PRC
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Higher orders in opacity: Numerical calculations

Representative contribution:

AN _ 20g [k / / / d*qy d’qy d*qs
dx ) T T T T T

0. (Q2) 2 1 — P e — P e — 1
Adyn (d] + 1) (ai +p3y) (a3 + pp) (a3 +p3,) (a3 + pf) (a3 + pdy)
(g3 (ay +a,+as—k)) +(as-k) (k—as)?+ (k- (g, +495)) (a3 (a5 —2k) )+ k> (g3 (q; + )
(x2+ kg)(k'z +(k—q3)?)(x* +(k —q;, —g; —q3)?)

W(123) sin (LLJ(g))

2
W(3)W(123) T 2W(23)W(123) ~ W(az) ~ W(B)W(23)
( (23) sin (L(w(z) + w(a3))) —

whs) ((3) + w(23)) w23 W(3)Wis) (W(2a) + w(123))

+

sin (L (w(s) + wizs) + wazs)) _ Leos (L (wiz) + wizs))) )
w(123) (W(23) +W(123)) (W(3) + Wizs) + w(123)) w(az) (w(3) + w(z2s))

L

. : dN9 : :
Numerical integration w.r.t. k and q = —up to 3 order in opacity

L

Implemented into generalized DREENA-C (Dynamical Radiative and
Flastic ENergy loss Approach, C-constant T medium) framework to
generate predictions for high-p, R, and v..

S. Stojkw, BL I,
Salom, M. Djordjevic,
A XIWV:2303.1452F
Accepted ln PRC

Highly

[> oscillatory,
and difficult

to converge!

L

Up to 3rd order: required
70 000 CPUN to converge.

Optimal
framework

<j for this

analysis.
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. . . dNY ,
Effect of higher orders in opacity on — S. Stojlen. B .
dx Salow, M. Dloroljevic,

QY XLV:R303.1452F

x - fraction of initial parton’s energy

carried away by radiated gluon :HM/ME —04
121: 08 06 04 02 001 08 06 0.4_0.2 0.01 0.8 0.6 0'4.0'2 0?0 1 0.8_0.6 04 02 001 08 06 0_4.0_2 001 08 06 04 0.2 0.0 AGG@‘Pt@d LV\/ PRC
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// 2 J | J \ J effect on
05> \ . observables?
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Diminishes with the increase of high-p, partons energy and mass, as well as with the PRD 69, 014500
decrease of QCD medium size. 36
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Effect of higher orders in opacity on radiative R,, and v,
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2nd order
sufficient!
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@M. Dviowg'e\/uc anog M. C@utmgsg, NPA #23, 265; C. Andres et al., |HEP OF, 114

Qualitatively and quantitatively similar effect on R,, and v,: Decreases for more peripheral collisions.
Effect on B meson insignificant (short formation time; approaches incoherent limit), whereas increases with
decreasing mass. 37
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Effect of higher orders in opacity on radiative R,, (I)

(dependence on magnetic mass)
S. Stojkw, BL 1. Salowm, M. Djordjevic,

ArXLV:2303.14520F Accepted n PRC
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Effective potential in dynamical QCD medium: theoretical analysis

S. Stojku, BI, L Salom, M,
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Longitudinal (electric)
contribution to effective potential
is always positive.

L

Radiative energy loss > 0 (Ry, < 1).

1 1
((ﬂl2 +uly)  (a® + pgy)
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Transverse (magnetic)
contribution to effective potential
changes sign.
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- . .
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Effect of higher orders in opacity on electric contribution to Ry, in dynamical QCD medium:
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o

Electric effective potential is well-defined within dynamical QCD medium, as

e is set from lattice QCD, consistently with perturbative calculations.

v(a) = vi(q)
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e I
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————— n=1+2
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A. Peshier, arXiv:0601119

Unexpectedly, electric contribution to
radiative energy loss in a dynamical QCD
medium is insignificantly affected.

L

Higher orders in opacity dominantly
influence magnetic contribution to
radiative energy loss.

L

Sign and magnitude of the effect is
controlled by py, value.

S. Stolkw, BL [ Salom, M. Dlovdlevic, arXiv:2202.1452F

Acceptw( n PRC
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Effect of higher orders in opacity on radiative RAA (Il)

The upper set of curves: pn /e = 0.6

ppi/ e = 1/V3

Fori—M = 0.4 (ppy substantialy smaller than py;):
E

Effect significant and decreases R,
For i—M = 0.6 (py close to, but a bit larger than [,):
E

Effect negligible and slightly increases R,

L

In agreement with our analytical
arguments.

2+1 flavor |QCD:

0.58 < pupr/pE < 0.64
S. Borsa wgi et al., |HEP 1504, 122

The effect of higher orders in opacity on R,,
is negligible (S5%) in a dynamical medium!
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Effect of higher orders in opacity in evolving medium: a preview

Quite a demanding task, out
of the scope of this talk

radiative RAA
o

T |
\\

We mimic medium evolution by
assuming different medium T

=

— N =

n=1+2+3
0.2
0-5% 40-50%
. - A B - | .
50 100 O 50 100
p.(GeV) p.(GeV)

Uppermost curves: T=200 MeV
Middle curves: T=400 MeV py /e = 0.6

Lowest curves: T=600 MeV

L)

= Stojifeu, B L Salom, M.,
Duioro{\je\/ic, arXIV:2203 14520F
Acc@pted n PRC

The effect is nearly the
same and small regardless
of the medium T.

L

We expect the conclusions to
remain the same for evolving
medium.

L

The higher orders in opacity
should be negligible in
evolving medium. 42
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v'We presented DREENA framework, which can accommodate arbitrary T profile within state-
of-the-art dynamical loss formalism (as the only input)

v'Traditionally, high-p, probes used to explore parton-QGP medium interactions
v'Our approach: Utilize high-p, probes to constrain global QGP properties
v"We obtained that high-p,:

v Run Vo, V3, V, can differentiate between diverse (early) evolutions
v R V, prefer a later onset of transverse medium expansion and energy loss (1 fm)

presents a reliable and robust observable for straightforward extraction of spatial anisotropy of
QGP: New observable —

v n/s(T) from dynamical energy loss formalism shows good agreement with constraints
extracted from Bayesian analyses. Provides

v'QGP tomography:

v’ The same conclusions should remain valid when an evolving medium is introduced.
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Nuclear modification factor R,, (suppression)

High- pt observables

REA(pf: HQ)

Efdgaq(HQ)/Efdgau(HQ)

dp‘j’p dp?c

E‘fﬂl:;ﬂ'q( I'IQ) -

Ed*o(C
i o(Q) @ P(E; = E;) @ D(Q — Hg)

3
dp H

Efu“r’f

dp}

(Ho)  Edo(G
(o) _ E'o(@Q) o iy — Hy).

d pf} - dp}

Anisotropic flow (e.g., elliptic v,)

dN

— o<

do

400
142 Z vpcosn(@—¥,)]
n=1

do/d?p, (mb/GeV?)

Initial momentum
distribution

4
/‘1
\.
b

. -
Final momentum = -
distribution -

[ &

|
5 10
p. [GeV]
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Radiative energy loss

Radiative energy loss comes from the
processes in which there are more
outgoing than incoming particles:

Oth order V

Collisional energy loss

Collisional (elastic) energy loss comes from
the processes which have the same number
of incoming and outgoing particles:

Oth order




Radiative energy loss in dynamical medium

v We assume:

2

! —
q.a | S

v S P
. —q<q

. Quasiparticle
Optlcal kcy contribution
theorem ! -
r 2 )l

e Dynamical medium of a finite size L, consisting of thermally distributed massless partons

e 1%t order in opacity (two Hard-Thermal Loop approach)

° Radiated gluon: transversely polarized with effective mass given by m, =

HE/ V2

» Exchanged gluon cut 1-HTL propagator retains both transverse (magnetic) and

longitudinal (electric) parts.
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Radiative energy loss in dynamical medium

In finite size dynamical QGP medium produced quark can be both on- and off-shell.

<

Beside central cut, left and right cuts are allowed.

M2 Mio2r

k,c/ k,c/

xa pa 0B Jxa) xih % X3 hxa Jixs)  J(xo) Xt xs w3 hxs

oy Pay G P ,uﬂ.l P P2 oy Py Pa 0 0 P3 u P2y p P4 Y=y Ps
B T P p
Xa—Xa<2L I \ X3—xz<2L X;—Xxp<2L \
|q'a \ R
|
|

J(xs)

WP

-
Xy -xp<2L \
q,a

All 24 relevant diagrams are calculated. Each of them is infrared divergent, due to
the absence of magnetic screening.

<

The divergence is naturally regulated when all the diagrams are taken into account.

i (-0 +r |
AEdyﬂ_CRas L dqu /‘lza 2 2 2xE (k'ql)z k'(k'ql)
= J‘dXJ‘ 2,2, 2 Idk 2 . 2 2 g
E T Ayn OO tue) (K-9,)"+x (k-q)"+x (k-0,)°+x K +y

2xE
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Cut 1-HTL gluon propagator:

1-HTL gluon propagator: D (1) = = (1+£(10)) (P D (1) + Quo 2 1))
o~ P @) # 2 L lg
D+ (1) = [) =2 §(I* =Ty (1) — 2Im ( - o1 -2
D) = o B puarll) = 2080 = Tia 1) \m(p_nnm) -3

M Y
Radiated gluon Exchanged gluon

For radiated gluon, cut 1-HTL gluon propagator can be simplified to

P (k) =
Dﬁ"y(k) &~ =2 #21:.: (ko — w) o R b+ my ~ 3

For exchanged gluon, cut 1-HTL gluon propagator cannot be simplified, since
both transverse (magnetic) and longitudinal (electric) contributions will prove
to be important.

_|_
]

s -1 B o (el
D> (q) = 6(1 q‘ﬁ)(HﬂqnmI (qz_ﬂT(q) 101 (q)

18



Collisional energy loss in a finite size QCD medium

Consider a medium of size L in thermal
equilibrium at temperature T.

The main order collisional energy loss is

determined from:
[ k!

.FJ P

\4

The effective gluon propagator:
DH* (L}'J, q) - _P#V&T(wv q) - Q#V&L(Wa q}

M. D., Phys.Rev.C74:064907,2006

I (1-,) T’} gp)
Ky ku
B
q /
: S
q g
ky 5 %”5_\ ky
: %
. p §§Y P’ %] P .




f-\'{_‘ 1Dg T T T I T T T | T T T I T T T I T T T I T T T T T T T
ML
E 10° 0-40% Pb-Pb, {5y = 2.76 TeV

B ALICE
.;_b_g;- : _+_ Dire{;t photnns. FRELLMINHET
;{a — Direct photon MLO for p=05t0 2.0 [+ (scaled pp)
= 10 —— Exponential fit: A x exp(-p_/T), T = 304+ ST Mey
Lo
10° *
»
i
10°
108
108
W 0 Loy by by oy oy b o b by
oy ] iz 4
p_r{Ge"J.f{:}

ALICE: NPA 904-905 573c

(Tezr) of 304 MeV for 0-40% centrality 2.76 TeV Pb+Pb

v

dNg ﬂ 1/3
~ —%?— — T = ¢
/ \ pm
d'\rg
~ d
part pa?t Pan 2
measured

M. Gyulassy, P. Levai and I. Vitev, NPB 594 371
M. Djordjevic, M. Djordjevic and B. Blagojevic, PLB 737, 298

For each
centrality
region.
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Analytical calculations: examples

dN,\ _ (dN{V . AN\ [Ny
da N da dax 1 dr /),
(NN (ang” N(S - N(3
da 1 dax
A AN ng(‘” N(4 - zNgf“
da 1 dax dax
A . ng(‘” AN d Ngf“
de ). dx dr ). dx
15t order in opacity:
3rd order in opacity:
(fs_.\-—g”) / [ a2k 1E — 1 pactty
EJ'IJ' rfyﬂ ((ll +}”E} ql +}”AIJ

d\ -(3) -LC f Londs d?k n"q1 d'qg a"z(h
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2 2 2 _ 242 A R
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(N + K2+ (k—q3)?)(x* + (k—q; — gy — q3)?)

(d.-\'f)) 4R / f f 42k f [ d2q d?ql : (\2 +(k—q; —gy —qy)*
= dzydzo sin Y =
de J, T dark

2 2 k — _‘,__2 2 k_‘_'2 2 k__2
as(Q2) HE — 1 1E — 1y Sm(\ tk—a —dy—ay)® | XA (k=0 —qs) A+ (K—qs) 1)

2"d order in opacity:

: _ 2+
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Analytical calculations: examples

3rd order in opacity:

(dﬂfé‘”) _ 20 [ dk [/ oz ey | (oo, 13— i 1 — s
dr /4 . ek ’\jyn (a3 + p)(a3 + p3y) (a3 + pg)(ad + p3y)
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4t order in opacity:
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4% order in opacity:
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Analytical calculations: examples

4t order in opacity:
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Effect of higher orders in opacity on radiative R,, in static QCD medium

(DGLV)

Static QCD medium approximation — only electric contribution

1
m(a+uf)?

Static effective potential: Static mfp:  Astat

1.0

< 0.8
=T

o 06 T ' '
© 04 =

T

@

20-30%

"--._1___"_____‘__‘_____..__-&

—n=1
----- n=1+2
n=1+2+3

4

o o <

radiativ
n

40-50%
S R R T e S T
p.(GeV) p.(GeV) p.(GeV)

o

S, stojkeu, B, L Salow, M. Djordjevio,
QY XLV:R303.1452F

The effect is slightly larger than in the
dynamical case, but yet small (S6%).

L

For optically thin static medium models the
effect of higher order in opacity on high-p,
observables is still insignificant.

L

1t order in opacity is an adequate
approximation for optically thin static
medium.
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Averaged (smooth) evolution models

e Optical Glauber:
e Optical Glauber initialization (tg=1 fm, no initial transverse flow)

e 3+1D viscous fluid code (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90, 044904), n/s=0.12, no bulk
viscosity (for RHIC n/s=0.16)

e EOS parametrisation s95p-PCE-v1 (P. Huovinen and P. Petreczky, NPA 837, 26-53)
 EKRT:

e EKRT initialization (K. J. Eskola, K. Kajantie, P. V. Ruuskanen and K. Tuominen, NPB 570, 379; PRC 87, 044904; PLB 731, 126)
TOZO.Z fm

e 341D viscous fluid code with boost-invariant expansion (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90,
044904)

e Bayesian analysis n/s(T) (min 0.18), no bulk viscosity

* EoS parametrization s83s;g (J. Auvinen, K. J. Eskola, P. Huovinen, H. Niemi, R. Paatelainen and P. Petreczky, PRC 102,
044911)

e T.ENTo:

e T:ENTo initialization (J. S. Moreland, J. E. Bernhard and S. A. Bass, PRC 92, 011901), with free streaming until
T0:1.16 fm

e VISH2+1 code (H. Song and U. W. Heinz, PRC 77, 064901; arXiv:1804.06469; NP 15, no.11, 1113-1117)
e Bayesian analysis n/s(T) (min 0.081), {/s(T) (max 0.052)

e EoS lattice (A. Bazavov et al. [HotQCD], PRD 90, 094503)
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Constraining_initial time (t,) by high-p, QGP tomography: Low-p, setup
1,€{0.2,0.4,0.6,0.8, 1.0, 1.2} fm

h* Pb+Pb /Syy=5.02 TeV

=02 fim
70 =04 fm
75 = 0.6 fin
w1y = 0.8 fin
— 7 =10fm
— 7 =12fm
*

- 40-50%

ALICE

PRy, (0-5)% =10
& (10-20)% x5
L (20-30)% %2

W
f S (30-10)%

(40-50)% x0.5

0.0 0.5 10 15 20 25 3.0

pr [GeV]
W CcVs PLB F76 (2018) 195

A ALICE |HEP 0F (2018) 103

Good agreement with low-p, data.

L

What about high-p, sector?

S, stojmﬁ, | Auinen, M. Djordj@vic, P. Huovinen, and M. Djordjevéc, Actn Phys. Polon. Supp. 16, 156 (20259)



https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://www.sciencedirect.com/science/article/pii/S0370269317309334?via%3Dihub
https://link.springer.com/article/10.1007/JHEP07(2018)103

Averaged evolution models for anisotropy

Optical Glauber:
* Optical Glauber initialization (ty=1 fm)
e 3+1D viscous fluid code (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90, 044904), n/s=0.12, no bulk viscosity (for RHIC n/s=0.16)
e EOS parametrisation s95p-PCE-v1 (P. Huovinen and P. Petreczky, NPA 837, 26-53)

Glauber+Free Streaming:
* Glauberinitialization (free streaming from 0.2 to 1 fm)
e 3+1D viscous fluid code (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90, 044904), n/s=0.16, no bulk viscosity
* EOS parametrisation s95p-PCE175

EKRT:
e EKRT initialization (K. J. Eskola, K. Kajantie, P. V. Ruuskanen and K. Tuominen, NPB 570, 379; PRC 87, 044904; PLB 731, 126) T=0.2 fm
e 341D viscous fluid code with boost-invariant expansion (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90, 044904)
e Bayesian analysis n/s(T) (min 0.18), no bulk viscosity
* EOS parametrization s83s;4 (J. Auvinen, K. J. Eskola, P. Huovinen, H. Niemi, R. Paatelainen and P. Petreczky, PRC 102, 044911)

IP-Glasma:
e |P-Glasma (B. Schenke, P. Tribedy and R. Venugopalan, PRL 108, 252301; PRC 86, 034908; B. Schenke, C. Shen and P. Tribedy, PRC 102, 044905) Tswitch=0.4

. (I\)/IU3S)IC code with boost-invariant expansion (B. Schenke, S. Jeon and C. Gale, PRC 82, 014903; PRL 106, 042301; PRC 85, 024901), n/s=0.12, {/s(T) (max
1

e EoS HotQCD lattice (J. S. Moreland and R. A. Soltz, PRC 93, 044913)

T:ENTo:
e TrENTo initialization (J. S. Moreland, J. E. Bernhard and S. A. Bass, PRC 92, 011901), with free streaming until 7¢9=1.16 fm
e VISH2+1 code (H. Song and U. W. Heinz, PRC 77, 064901; arXiv:1804.06469; NP 15, no.11, 1113-1117 )
e Bayesian analysis n/s(T) (min 0.081), ¢/s(T) (max 0.052)
e EoS lattice (A. Bazavov et al. [HotQCD], PRD 90, 094503)
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New observable: High-p, data constraining QGP evolution simulations

va/(1 = Ran) = (1)

~ ECMS
0.151- A ALICE i
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< o ° ®
1 . .
005 *# o . .
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- 2 . '
0= | | | |
10-20% 20-30% 30-40% 40-50%

centrality class
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L)

High-p,
data from 3 experiments
agree (large error-bars)

On the other hand, <jT,>
can be evaluated from

bulk-medium simulations

(considered scenarios
underestimate data).

L

<jT,>Is an important
constraint on bulk-medium
simulations.
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Event-by-event evolution models

e MC Glauber:

 Monte-Carlo Glauber initialization (tg=1 fm, no initial transverse flow)

e 3+1D viscous fluid code (E. Molnar, H. Holopainen, P. Huovinen and H. Niemi, PRC 90, 044904),
n/s=0.03, no bulk viscosity

e EOS parametrisation s95p-PCE-v1 (P. Huovinen and P. Petreczky, NPA 837, 26-53)
e T:ENTo:
* T:ENTo initialization, with free streaming until 79=1.16 fm
e VISH2+1 code (H. Song and U. W. Heinz, PRC 77, 064901; arXiv:1804.06469; NP 15, no.11, 1113-1117)

e Bayesian analysis n/s(T) (min 0.081), {/s(T) (max 0.052)
e EOS lattice (A. Bazavov et al. [HotQCD], PRD 90, 094503)

e |P-Glasma:

e |P-Glasma (B. Schenke, P. Tribedy and R. Venugopalan, PRL 108, 252301; PRC 86, 034908; B. Schenke, C.
Shen and P. Tribedy, PRC 102, 044905) Tewitch=0.4

e MUSIC code with boost-invariant expansion (B. Schenke, S. Jeon and C. Gale, PRC 82, 014903; PRL
106, 042301; PRC 85,024901), n/s=0.12, ¢/s(T) (max 0.13)

e EoS HotQCD lattice (J. S. Moreland and R. A. Soltz, PRC 93, 044913) -
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1. Early evolution of QGP constrained by high-p, QGP tomography

S. Stouﬂfeu, | Awvinen, M. Djordjevﬁa, P. Huovinen, ano M. Duiom\je\/w, Acta Phys. Polon. Supp. 16, 156 (20232)

1. Early-time dynamics and hydrodynamization are still open questions (o, zicic, ®. ilic, m.
Djordjevic anod M. Dlordjevic, Phys. Rev. C 101, 064909 (2020), hydro attractors: PRL 115, 072501; NPA 1005, 122000,

effective kinetic theory PRL 122, 122202, PRC 99, 024910)

2. No adequate methods for high-p, parton energy loss in out-of-equilibrium QGP
medium

e Standard approach: comparison of relativistic hydrodynamics to low-p, data — weakly
sensitive to early evolution parameters

 Our approach: Utilizing high-p, theory and data (R,, and v,) to constrain t,and t,
T, — initial tlme of fluid- dynamlcal expansion

T, — quenching start time (start of high-p, parton energy loss, i.e.,
interaction with medium)

D. zioLe, | Salom, . Auvinen, P. Huovinewn, ang M. Djordjevic, Fronkt. (n PM@S. 10, 957019 (2022)
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https://arxiv.org/pdf/1908.11866.pdf
https://arxiv.org/pdf/1908.11866.pdf
https://arxiv.org/pdf/1503.07514.pdf
https://arxiv.org/pdf/2001.01429.pdf
https://arxiv.org/pdf/1805.01604.pdf
https://arxiv.org/pdf/1805.00961.pdf
https://www.actaphys.uj.edu.pl/fulltext?series=Sup&vol=16&aid=1-A156
https://arxiv.org/pdf/2110.01544.pdf
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https://arxiv.org/pdf/1105.4359.pdf
https://arxiv.org/pdf/0802.4364.pdf
https://arxiv.org/pdf/hep-ph/0601119.pdf

4

(:’7/5)min: T <1T,.,

(/1) = < T\
1/ in+ 1/ oo =T (1)

T >1.,

\

(1) constant 7/s (0.15 for Pb+Pb collision at LHC and 0.12 for Au+Au collision at RHIC)
(1) (9/$)min = 0.1, (n/8)gope= L.1L, (9/8)ery = -0.48,  Naturene 15, nods, s10=d107

(111) (1/8)min = 0.04, (1/5)g0pe = 3.30, (17/S)ery = 0. LHHQ PRL 106, 212202

T.=154 MeV PrD 90, 09450=
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https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/1101.2442.pdf
https://arxiv.org/pdf/1407.6387.pdf

Phenomenological approach to n/s(T) constraining from high-p, data

 Modeling the bulk medium:

* Initial state: ebe TRENTO (no pre-equilibrium evolution t,=1fm)
e T evolution: VISHNew 2+1D, boost invariant (PRC 77, 064901; PRC 78, 024902)

e EoS: high T lattice QCD-based of HotQCD collaboration below 151 MeV hadron resonance gas (PRD 90, 094503)
e Hadronic stage: UrQMD hadron cascade (PPNP 41, 255-369; JPG 25, 1859-1896)

/s max 11/S )min- T Tc-
(¢/s)(T) = ; (Q/T)TO 2 (n/s)(T) = o )
+ (((/s)width) (’7/'S)min + ('r?/'g)slope(T - TC)(

Three different scenarios:

(1) constant 7/s (0.15 for Pb+PDb collision at LHC and 0.12 for Au+Au collision at RHIC)
(11) (T}/'—q)min = 0.1. (T}/'S)slope: L.11, (n/'s)crv = -0.48, Nature b tns, n il dds 2027
(i) (7/8)min = 0.04, (17/9)s10pe = 3.30. (/8)ery = 0. LHHQ PRL 106, 210202

e Modeling high-p, parton-medium interactions: ebe DREENA (PRC 106, 044909)
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https://www.nature.com/articles/s41567-019-0611-8
https://arxiv.org/pdf/1101.2442.pdf

Phenomenological approach to n/s(T) constraining from high-p, data
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Phenomenological approach to n/s(T) constraining from high-p, data
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