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e Rare are one of the main probes for inferring features of the Quark-
Gluon Plasma, created at the RHIC and the LHC.

e Their interactions with QGP are dominated by

e Realistic is for understanding QGP
properties

e Test of model validity: comparison of numerical predictions with experimental data

. to generate predictions for high-p, observables (e.g. and v,)
is also needed



Motivation

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

e Optically thin = One scattering center (SHSA) qLv NPEB 594, =71 DGLY NPA 722, 205; HT NPA £96, 7E2; Proo. PPNP G041

e Optically thick = Infinite number of scattering centers (MSSA, Big Bang) epmps-z MNPE 424, 005; NPR 521, 402; |JETP
Lett. €3, 952 |ETP Lett. 65, 615, ASW PRD 69, 114003; AMY [HEP 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 need to be more

conclusive or complete (C. Andres et al., JHEP 2007, 114, JHEP 2103, 102; Y. Mehtar-Tanl et al JHEP 1907,
O5F; |HEP 2006, 1€F; PRD 98, 094010; PLEB #95, 502)

e Lacking phenomenological studies (not tested against experimental data )

These corrections need to be implemented in both analytical calculations (i.e., radiative energy loss
model) and numerical frameworkl!
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The dynamical energy loss formalism

v'Includes:
* QCD medium of finite size and finite temperature
* The medium consists of dynamical (i.e., moving) partons

e Based on finite T field theory and generalized HTL approach

M. Dlordievic, PRC 74, 064907 PRC €0, 064909, M. Dlovdjevic, U. Helnz, PRL 101, 022302

* Applicable to both light and heavy flavor m. cisievic and m. cuutasen, nea 2z, ocs

* Finite magnetic mass effects r. ciodisvic and m. iordievic, 2LE 209, 220

* Running coupling . oisrdievic and m. piordisvie, PLE 224, 22

L

Developed up to the 1t order in opacity

L

For improved QGP application: going beyond this
approximation is required
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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 — 0% (qy) B'_>I({—£3- o -
r— = dzl dzn H ! !
dx d?k 0 A(2) _ k
=1 H-
XZ +k2
C' oo 1 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,)?
=2 k=1 2ek
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 oM
In dynamical QGP:
M. Dlordljevic, PRC 20, 064909; M. Dlordjevic and L. Helnz, PRL 101, 022202;
M. Dlordjevic, PLB 709, 229
| | T HE — 113 Obtained explicit analytical
Effective potential 5~ 95 SR EYIS NI, _ h ,
(@ Hpp)? Jgae  LT(@Fpg) (@) ] g, expressions up to 4t order in
[{> opacity within Dynamical energy
- /4 loss formalism for the first time.
1 1 ) +n
Mean free path T :(nf)r = 06— = f/6 Jagd
stat dyn . ey S. Stojkw, BL 1. Salom, M. Dordievic,
ArXlV:2203.1452F >
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Analytical calculations: examples

15t order in opacity:

(d_.-\-‘gl)) 20 / d”k / d>q, o)L e — M
= — (i " G v . v
dr i T T k Adyn (af + pi) (i + p13y)

la, (g, — k) + (g, - k)(k —q)? (1 B b‘ill(f«wuﬂ)
(2 4+ K*)(x2 + (k — q,)?)?

L‘”‘(l)

(

2 order in opacity:
I-’:,EF} - J”i{ f"zF,' - J”ﬁ-.’

(ff.-\-'f)) 20 /421( // d2q; 2qs @) 1
= (Vg L) — G : G G G . : 7
de Jy w7z ) 7 J) = = MN2,, (af k) (ad + i) (a3 + ) (a3 + )

Vs - (dy +ay —K) + (ag - k) (k= qy)” + (k- qy)(qy - (a4, — 2k)) + k(g - qy)
(+K)( 2+ (k—qy)?)(x2 + (k—q; — qy)?)
1 [w) cos(L(we) twaz)) (w2 —waz)) cos(Lwe) w(i2)
wz) +w12)) wa2) w@)w(12) wz) (wiz) +w12))

+L siu(L;u(g}) -
“(2)

3rd order in opacity:
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4% order in opacity:

Highly oscillatory, and
difficult to converge!
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Fy = (W(s-;) + '~’-r'(234)) [(W{d) + '»*J(34))(W(234) - '-'(1234)) + 'W'(ggm) - 3“(234)“‘(1234)] T w(4)«(234)w(1234)

S. sto\jlw, B L Salom, M. Duiom\je\/ic,
DY XLV 220314 520F
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Higher orders in opacity: Numerical calculations

Representative contribution:
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. : 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. Stojhu, B L
Salov, M. D\jom{\je\/ic,
ArXLV: 2203 1452F

Highly

[> oscillatory,
and difficult

to converge!

L

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

DREENA talk by Dusan Zigic

Tue 11:25
https://GitHub.com/DusanZigic/DREENA-A



https://arxiv.org/pdf/2303.14527.pdf
https://arxiv.org/pdf/2303.14527.pdf
https://github.com/DusanZigic/DREENA-A

. . . 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
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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, 8

X X X
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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. 9
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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:R203.1452F
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PRD &1, 091501; PRD &9, 014506 10
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Effective potential in dynamical QCD medium: theoretical analysis

S. Stojku, BI, L Salom, M,
Djordjevic, arxXiv:2202 14527

| | | M. Dlordlevic, PLB F09, 229
v@) = vr(a) - vr(a) ey

| —

() 1 1
v = —
AN

Hpl < 1E

L

Longitudinal (electric)
contribution to effective potential
is always positive.

L

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

1
(@2 + u?g)) - @)=

=

1 1
242 (2 + 3 ) -
((q ,lpg) (a® + p3y) oy = g/ V3

L

Transverse (magnetic)
contribution to effective potential
changes sign.

@ Consistent with

~ . revious slide
If Wps > Wy decreases radiative P

pn /e = 0.6

energy loss (increases R,,) and
|f <gy increases radig?ive [> provides
Ha < Hpl possible

eye/r'gy loss (decreases R, ,) explanation of

R,a behavior.

pv /e = 0.4
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Effect of higher orders in opacity on electric contribution to Ry, in dynamical QCD medium:
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Electric effective potential is well-defined within dynamical QCD medium, as

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

v(a) = vu(a)
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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.

Sign and magnitude of the effect is

" controlled by p,, value.

100
S. Stojhu, B L Salom, M. D\jomje\/ﬁc, arXIV:2302 14520F
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Effect of higher orders in opacity on radiative RAA (Il)

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 [L,):
E

Effect negligible and slightly increases R,

L

In agreement with our analytical
arguments.
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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 [L,):
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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https://link.springer.com/article/10.1007/JHEP04(2015)138

Effect of higher orders in opacity on radiative R,, in static QCD medium
(DGLV)

Static QCD medium approximation = only electric contribution S. Stojkw, BL 1. Salom, M. Djordjevice,
XLV 2202 14 520F

2
HE

_ gl202 Hng/4 -1
m(a+uf)?

. 1
Static mfp: Agiat 72 1+ny/6 \dyn

Aggn = 305(QY)T

Static effective potential:

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

L

0
For optically thin static medium models the
. | : effect of higher order in opacity on high-p,
2 | : observables is still insignificant.
ok Wacsadsd N DUUURUDURUUEUUTIUNY I SUTEUUTEOTTRNUINY
i —n=t 1t order in opacity is an adequate
2 -~ n=1+2+3 approximation for optically thin static
% s 1o so 100 s o0 medium.

p.(GeV) p.(GeV) p.(GeV)
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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

We mimic medium evolution by
assuming different medium T

=

3
C
e \/
E _ —DnN=
o 0.4 n=1+2+3
E [
0.2
g 0-5% 40-50%
0 : - AR R - - | :
0 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)

= Stojlqu, B L Salom, M.,
Duiow{\je\/ic, arXIV:2203 14520F

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.
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Conclusions

v'We included a finite number of scattering centers in our dynamical energy loss (and DGLV)
formalism (analytical expressions up to 4t order in opacity), and DREENA-C numerical framework

v Bottom probes practically unaffected (short gluon formation time, i.e., incoherent limit)
v Charm and light probes: 2" order in opacity sufficient
v'In static QCD medium (DGLV): 1st order in opacity approximation adequate

v'In dynamic QCD medium: Surprisingly, impact on electric contribution to radiative energy
loss negligible

v Magnetic contribution to radiative energy loss sensitive to higher orders in opacity. The sign
and magnitude of the effect depend on the magnetic mass value

v'For most recent magnetic screening estimates higher orders can be safely disregarded.

v 15t order in opacity approximation is adequate for a finite size medium created at the RHIC
and LHC

v'The same conclusions should remain valid when evolving medium is introduced.
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Thank you for your attention!
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Analytical calculations: examples
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Analytical calculations: examples

3™ order in opacity:
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Analytical calculations: examples

4t order in opacity:
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Numerical framework: DREENA-C
D. Zigie, 1. Salom, ). Auwvinen, M. Djovdjevic and M. Dlordjevic, PG 46, no.8, 085101

e Light and heavy flavor production

 Dynamical energy loss
e Multi-gluon fluctuations

e Path-length fluctuations, hard sphere restriction r < R, introduced in WS nuclear density
distribution

e Fragmentation for light and heavy flavor
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