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Quark-gluon plasma. Jet quenching.

The production of partons (quarks and gluons) as a 1. Nuclear modification factor:

result of hard scattering of nucleons: .

pr.m,e 2 Qo(= O(1 GeV)) » Agep(= 0.2GeV) Ron(pr) = 1 d*Njp/dprdy
ABYTT T N gon) d2N /dprdy

Int l | . AE = f(E;p, M, T, as, L : .
ntegral energy 10ss f Ein s L) (N,o;;) — average number of inelastic binary

nucleon-nucleon interactions for the given centrality

E E-AE

E,_%/AE 2. Effective fractional parton energy loss
: pp
+AE | E-AE _AE _br —br _Apr
' Sloss — = Sloss ~ DD — " pp
X Ein p p
(medium) pp T T .
pT(pT ) — average transverse momentum of hadrons in A+B
AEcon AErqaq (p+p) collisions at fixed invariant yield

QGP effects => jet quenching => a parton loses its energy while going through QGP
=> decreasing of the yields of the leading hadrons in a jet

AE=AE o + AE 4

WNe® (quenched) jet

[d’Enterria, D. (2010). 6.4 Jet quenching. In: Stock, R. (eds) Relativistic Heavy lon Physics. Landolt-Bornstein - Group | Elementary
Particles, Nucleiand Atoms, vol 23. Springer, Berlin, Heidelberg]
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Relationship between R,z and S},
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If the spectra of #° in nucleus-nucleus collisions are parallel to the spectra of ° in proton-proton
collisions (at least in some area of transverse momentum):
Apr dApr

124 dpr

1

Sloss(pT) 1-R"; Z(pT)~Const(pT [PRC 76, 034904 (2007)]

~ const (pr > 4 GeV/c)
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In many centrality classes, the
nuclear modification factoris a
constant with good accuracy

] atpr >4 Gel/c.

3 Spectra are parallel.
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10°
1 d?N 1
21D+~ dp-~d . V1D dD~d Based on [PRC 102, 064905
T R ID A 1 (2020)] and [PRC 98, 054903
n =~ 8.1 \ n =~ 8.1 A
~q  (2018)]
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Dependence of S}, on centrality for ¥ in Cu+Au and U+U

collisions

The values of
Ryp for Au+Au
are taken from

[PRC 87, 034911 &
-

(2013)] to
calculate the S;,¢
value for Au+Au
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part

1
n-2
Sloss(Npart) =1- (RAB(Npart))n
Nyqrt —the average number of nucleons that

have experienced at least one inelastic
collision.

Approximation:

Sloss ~ klegéit
k —free parameter
pEox— WD a2
A_L dy \"{J/g part
—~ —— xN
“N;éit ocddL;hOCNpart part




Anisotropy of colliding nuclei

out-of-plane ® z
Ad =90° /?4
Ad=0° kk/%/
in-plane /'/\C,
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The region of nuclear overlap is azimuthally asymmetric with
respect to the angle Wpp

The path-length of a parton in QGP, color charge density and
other characteristics are anisotropic => different energy losses

Angular distribution of paogticles:
dN
T o1+ 2 2vy, cos(n(cp — ‘PRP))
¢ n=1
The main contribution to the anisotropy — second harmonic -
elliptic flow v,

Energy losses and particle yields depend on the azimuthal angle
[PRC 76, 034904 (2007)] :

Rag(p1,A@) = (1 + 2v,(pr) cos(2A@))R45(pr)

1
S10ss(P1, A@) = 1 — RN *(pr, Ap)
Naive expectations:

* Losses should be minimalin the reaction plane (Ap = 0°)
* If Ap = 90 losses should be maximal
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Dependence of S;,cc of % on Ag in U+U and Cu+Au collisions
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S10ss Tif Ap T as expected
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Comparison of Sy, (A@) in different systems at close N,

5<pr<6GeV/c
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Dependence of energy losses on the parton path length

The parton path-length in the QGP and the various characteristics of the QGP itself are
anisotropic => there is S;,. (A@) => it’s possible to express S, (L)

At high pr, radiative losses prevail

For thin media (L < 1) — Bete-Heitler spectrum:

dlrgq _ asqL? BH _ ., A72 E
w— =~ AE 4 = asqL*In

Thick media (L > 1) —Landau-Pomeranchuk-Migdal spectrum:

— First expectation:

(A 2
qL? ’\LZ AE < L
/— (w < w,) q
~ag{ V@ ¢ AELPM 5

~a
dw 512 rad S gL% In ( )
\% (w > w,) 1 mpL ]

q - the transport coefficient, m, — the Debye mass, w —the energy of a gluon

[d’Enterria, D. (2010). 6.4 Jet quenching. In: Stock, R. (eds) Relativistic Heavy lon Physics. Landolt-
Bornstein - Group | Elementary Particles, Nuclei and Atoms, vol 23. Springer, Berlin, Heidelberg]
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The transition to the effective parton path-length

* The efficiency of parton energy loss may vary along the way
* Parton may not be created in the center of the QGP
* QGPis expanding

* Therefore, the effective (rather than the real) parton path-length in a homogenized effective QGP is
considered [Eur. Phys. J. C 38, 461-474 (2005)]

To +L

2
@.00) =3z | @-w)i@dr

oo

lo(b, A) = (@)Los (b, Ap) = j G dr

0 00
1
(b, 80) = vy, (b,00) = 5 @)1y, = [ a@nds
L2 0
eff IO
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Effective path-length in Glauber model

a(T; b) X pc(T: b) X ppart(T: b)
Parton creation point (x, yo) and its direction of movement ¢, are generated in Glauber model
Ppart(T,b) = ppare(xo + BT cos(@o — YP3),yo + BTsin(@y — P3), b)
Ppart 1S Maximalin the center of overlap area and decreases towards the edges
Longitudinal QGP expansion — Bjorken expansion [Phys. Rev. C 80, 054907 (2009)]:

pc(T) - pc(TO) T_:

Regularized form:
T /To
1+ t% /75

pc(T) = Pco

Losses: AE < L Not AE o L2!

© T/T
Jo Ppart (Tﬁﬁ) Tdt

00 T /7o
f() ppart (1 + TZ/T(Z)> dt
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Dependence Sjyss(Lefs) m° in Cu+Au and U+U collisions
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Sloss
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The values of Ryp for
Au+Au are taken from
[PRC 87, 034911 (2013)]
to calculate the Sj,¢
value for Au+Au
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Dependence S),ss(Les ) for different Ag of ¥ in Cu+Au and U+U collisions
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Comparison of S;,55(Lesr (A@)) in Cu+Au and U+U collisions at close Np 4,

5<pr<6GeV/c
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Dependence Ejgs/ Lesr(Ag) of m¥ in U+U and Cu+Au collisions

AE = Ejps5 = SlosspT,
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Comparison of Ej ¢/ Lo s (Ag) in different systems at close Ny g

5<pr<6GeV/c

Njaat =177.2 £ 5.2 ] | N =80.4+33
08 Npare = 159.4 + 3.7 _ ogl Nobe=654%37 V Cu+Au: 20<C<40%
E E @ U+U: 40<C<60%
%0-6_ _._ _._ * ._.__ %0-6_ =
&) . _— [ | Q _¢_
: ¥ F FENF ¥ o oo * '
< < . =
¢ 0.4 - §04-_¢_ @ A A -
ul V¥ Cu+Au: 0<C<10% ul v
I v i
> v
0.2 @ U+U: 20<C<40% 0.21 7
0....|....|....|....|....|....|....|....|.... G....I....I....I....I....I....I....I....I....
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
¥ s deg. oY o deg.

19.09.2025 15




Conclusion

* There are explicit dependencies S;,ss(Npart), Sioss(Leff)s Sioss(A@) and Syps5(Lesr(A@))

* Angle-inclusive losses Sj,ss(Lers) and Syp55(Npqr:) dependencies have the same behavior for
different collision systems (U+U, Cu+Au):

* Sioss = klLepr + b

* Sioss = kN;C/;t

* Similar inclusive losses for different systems at close Np,,,-; and p?p

* Different anisotropy of losses for different systems at close N, and p?p
* Sioss(Lefs(A@)) are linear almost everywhere as expected

* Sioss(Lers(A)) for different systems are almost matching

* Ejoss/ Lesr(A@) is an almost constant value almost everywhere

* Ejoss/ Lesr(A@) for different systems are almost matching

* The results of this work can possibly be expanded for use in the MPD experiment of the NICA
project
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Nuclear modification factors and effective fractional
energy loss S,
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N
PH ENIX

8 10
=’ p, (GeVic)

The change in particle yields in heavy ion collisions
compared to the pp-collisions is characterized by
nuclear modification factors R,p

1 d?®Ngp dszp
(Ncow) dprdy ' dprdy

Ryp

(N.o;1) - the average number of binary inelastic
nucleon-nucleon collisions

The energy loss of particles in QGP is characterized
by Sioss

AE__ pr—pr _ Apr
Einitial Pr Pr

Sioss =

pr - transverse momentum of ¥-mesonsin p+p
collisions

pr - transverse momentum of 7°- mesons in A+B
collisions
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1 d2N,,

Upp

NPt dprdy  dprdy

| pr=prT+ApT dp

dPT

dZO'pp | ’ .dp'} dZO'pp | ’ . 1+dApT
dp,}dy pr=pT+ApPT dp dedy pr=pT+ApPT de
d3c
EE»va" (n=8.1+0.05) forpr = 4 GeV/c
d°p dp
F - ey
p, = mrsinhy
dp, = mgcoshydy
E =mgycoshy
dp, = Edy
d3
5 = dpxdpydy
3 3 3
Ed c d’c 1 d’
. dp*  dpxdp,dy prdprdedy
jEd3ad _j 1 d3c 4o — 1 d
) dp’ Y ) prdprdedy ¥~ 2npy dprdy
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Rag(pr) = const
Rgz=1f%

— ph—2
1 + SO - RAAB (pT)
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1
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1
1+,
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