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Energy loss of hard partons in the medium

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

result of hard scattering of nucleons: .

pr.m 2 Qo(= 0(1 GeV)) » Agcp(= 0.2GeV) Ron(pr) = 1 d*Njp/dprdy
ABYTT T N gon) d2N /dprdy

Int I loss: = :
ntegral energy loss: AE' = f (Ein, M, T, as, L) (N.o11) — average number of inelastic binary

nucleon-nucleon interactions for the given centrality

E E-AE .
. e 2. Fractional parton energy loss
: f pp
+AE | E-AE S _E:S _pr —pr _Apr
| loss — loss — pp — .. bp
Pt Pt

X Ein
(medium) :

e pT(pgp) — average transverse momentum of hadrons in A+B
(p+p) collisions at fixed invariant yield

Raqg > 1(S;0ss < 0) —increase in the yield of hadrons (the parton absorbs energy);
Riq <1 (85055 > 0) = decrease in the yield of hadrons (the parton loses energy in the
medium);

Raiq = 1 (5,55 = 0) — absence/compensation of collective effects (no energy loss is
observed).
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The relationship between S;,.(p7) and R,5(p7)

p+p collisions: The invariant spectrum of m®-mesons at py is  Cu+Au collisions: for the entire range of p; (weighted sum of the

described by a power function at pr > 4 GeV /c: Hagedorn function and the power function):
d’N 1 d°N B
=F = = Ap-" =T +(1-—-T Cp:™
fpp(pT) dp® _ 2mdprdy Pr feuau(pr) (pr) (1 +p_T b ( (PT)) Pr
T Po

% n| < 0.35,/syy = 200 GeV ° pr > 4 Gel /c (transition to the power form):
eCu+Au 10-20% E

fCuAu(pT) = CPY_‘m
d(Apr) _Apr
dpr  pr
n=81+0.1(p+p)
m = 8.02 £ 0.07 (0 —10% Cu + Au)

m = 8.22 + 0.32 (60 — 90% Cu + Au)

mp+p x Tpg 10-20%

"Parallel spectra":

= const(pr)

Integral over the azimuthal angle values (p; > 4GeV /c)

~
*Phys. Rev. C 98, 054903 (2018) % -

107— — L Stoss(Pr) = 1= (Rap(pr)) "2
Py GeVic
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Azimuthal dependencies R4 (p7, A@) and S, (p7, AP)

The invariant spectrum of m%-mesons n®-mesons in Cu+Au collisions:

1  d3N
21 prdprdy

feuau(or, A, y) =

1+ Z 2v,(pr, y) cos(nlg)
n=1

—

27T )
N_of cuau(@T.A0,y)

Ap = ¢ — Wgp,

Azimuthal dependencies (pr > 4 I'aB/c ):

2
R, p(A@,p7) = N—:f cuau(8@,p1) - Rap(pr) =
~ (1 + 2v, cos(2A@)) - Ryp(p7)

1
Sloss(A(P; pT) =1- (RAB(A(P; pT))n—Z
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v, = (cos(nAp)), v, = (cos(2A@)) — elliptic flow

out-of-plane
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RAB (Npa,,t, pT, A(p) for m’-mesons in Cu+Au collisions at \/SNN =200 GeV

1.2 T T T T rrr rrrrrrrrrrrrrrrrrrr? T T T
m 0-10%, R, (p,) o 0-10%,¢,=0.138£0.011, N =177.2+5.2
. m 10-20% R,,(p) 1T | e 10-20%,£,=0.204+0.008, N =132.4+3.7 —+_ |
R, N W 20-40%, R,,(p) s e 20-40%£,-0.310:0.006, N "_80.443.3 ~
1t N m 40-60%. R,,(p,) 4| TS 4060%e,-0460:0011, N -34.9:28 | \ -
) TS N
N VO . ]
\\_ 2 S N
5 " = ‘\
S 0.8 | \.\ r - e r - e m
- W |
a2 N - S ST | 2 , -
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Cu+Au, \jswm = 200 GeV, 5-6 Gev/c Cu+Au, \/S?‘N = 200 GeV, 6-7 Gev/c Cu+Au, | San = 200 GeV, 7-8 Gev/c
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A, rad A, rad A, rad

Ra(B@)|nyqrer Ra N, g, = const(pr)

RAB(Npart)IpT increases when moving from central to peripheral collisions (with decreasing Ny,

The degree of anisotropy R,5(A¢@) increases when moving from central to peripheral collisions (with decreasing Ny art)

T
Rup (Z) l40-60% = 1
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O [J [ J o —
S,OSS(Npart, P, A(p) for ™" -mesons in Cu+Au collisions at \/syy = 200 GeV
0.3llllllllllllllllllllllllllllll rrrjrrrrrrjrrr|rrryrrrrrrrrrrrr1 Trr|rrryrrrrrr|rrr|rrryrrrrrrt«
| 0-10%, RAA(pT) e 0-10%, €,=0.138+0.011, Npan=177.215.2
m  10-20%, RAA(pT) e 10-20%, £,=0.204+0.008, N _ =132.4+3.7 -
B 20-40%, R,,(p) e 20-40%,¢,-0.3100.006, N =80.4+3.3
B 40-60%, RAA(pT) e 40-60%, £,=0.460+0.011, NIJ =34.91+2.8
0.2 4} 1+ -

— ] p —='—¢_‘ .

: e
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A, rad

Sloss(A(p)leart:Slossleart ~ const(pr)
SZOSS(Npart)IpT decreases when moving from central to peripheral collisions (with decreasing Np,q¢)
The degree of anisotropy S;,ss(A¢) increases when moving from central to peripheral collisions (with decreasing Ny ;¢

T
Sloss (ﬁ) |40—60% <0
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A, rad
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Radiative energy loss in the medium

2
pQCD calculations for light quarks and gluons (E > MT)

Landau-Pomeranchuk-Migdal regime (LPM) (L > A):

E 2 jac 2
dl,qq L/A - Loy Lmj, w < Amp (55 ~w/mp < 2)
w do ~0sCr\wc/w = Abygq J dw ~asC W, We < W
W,/ w w:In(E/wy), Amp < w < w,
l“%j 5 order V4 g =+~ ( r) - T — the transport coefficient

— mp, — the Debye mass (mp(T)~gT)

A — the mean free path

qL*> _ 2(AEraq)

w, = =

— characteristic gluonstrahlung energy

For the dominant part of the spectrum:

AEqq o« asqL?

o AEEPY o In(E) (w, < @)
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Effective parton path-length

* The traversing partons can be produced at any initial point within the fireball;
« T(r,1),p(r,t),mp(r, 1), q(r ) = including azimuthal anisotropy;
* The produced plasma is expanding with large longitudinal (transversal) velocities.

1. Definition of Lpf

Time-averaged transport coefficient along the direction of propagation of the parton:
T0+L

. 2 R T is the formation time of the expanding system
@0.80) =2 | ¢ -ramar
To

L — medium length along the propagation

The following effective quantities are introduced:

0 1 o
Io(b,Ap) = (q)Lese(b, Ap) = J g(o)dr I1(b,Ap) = wc (b, Ap) = §<Q>Liff = f tq(t)dt
0 0

The effective parton path-length is determined as follows:

21, (b, Ap) _21,(b)
I,(b, A) Lerr(b) = Io(b)

Legr(b, Ag) =
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2. Glauber model

Effective parton path-length

The local transport coefficient §(t; b) is proportional to the participant density in the transverse plane ppart(r; b)
(G(z; b) x p.(; b) ppart(T; b)): do
A(t3b) = po(ri) | 42410} 5~ = k(B)ppare(r: )

T
Ppart(T; b) = ppart(xg + BT cos(@o — P3),yo + BTsin(@y — P3); b)

A parton creation point (xg, yo) and the direction of movement ¢, is generated in a plane transverse to the reaction

plane
X0:Y0 0-10%

X0:Y0 0-10%

Entries 10014
Meanx  -0.1699
Meany -0.04042
StdDevx 2193
Std Devy 2.425
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X0:Y0 40-60%

X0:Y0 40-60%

Entries 20011
Meanx -0.5374 )(
Meany 0.01453
StdDevx 1.208
StdDevy 1.885 H(

—20(C

15(

10C

Xg, fM

NUCLEUS - 2025

Density decreases with distance from the center

f (x0,¥0) = Apcon(x0,¥o)

Isotropic distribution:

B 1
f(‘Po)—%



Effective parton path-length

3. Longitudinal (1D) expansion of the plasma

a
p: (1) = p:(10) (TT—O) = (a = 1 — Bjorken expansion) = p.(1) = pc(ro)%o = AE < L

The regularized form:

T2 /73 T
pc(T) = peo (1 n TZ;T(Z)) (70)

We have the following formula for calculation L.¢(b, Ap):

5 [ g2 A (AG) - b 2/t \ (1o q
Iy B*topare (o + B cos(8g), yo + Frsin(@):b) | 10z ) () dr

Lef(bl AQD) —

Jy” Bepart(xo + Brcos(8p), o + Brsin(Ag); b) ( i 2) (%) ar
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Sloss(Lef) for m?-mesons in Cu+Au and Au+Au collisions at 1/Syy = 200 GeV

0.3 ryvfrrrfrrrryrrrr|rrrrr[rrrry [T 0.3 r*frrrJrrrfrrrrrrrrrrrrrrrrrrrrrrr[|rr
® Au+Au pl’=(7.16 - 8.26) GeV/c ® Au+Au p.’=(7.16 - 8.26) GeVic
m Cu+Au, p’’=(7.52 - 8.29) GeV/c m Cu+Au, p$p=(7.52 -8.29) GeV/c
0.2~ - 0.2
At - g:-:- -
] @ QO
=" =
Hﬂ $
U)—o 0.1~ S"’S‘-‘(Npan):kNa"-b - me 0.1I_ Sloss(_Lef) = kLef
k=0.011 + 0.015 ke 0135 £ 0,033
a=0.561 + 0.209
i b= -0.030 + 0.052 b= 0.142 + 0.012
2 _
X% =1.72015 0 X" =3.72614
0 VDT —10
NDF =9
p—value = 0.99516 p-value = (0.958857
s 2 a2l 2 s 2 2l 2 2 22l + 1 . + 1 . e i PR s a1l . 1. .20 .1, 01;..1...1;...1.,.,.
0 50 100 150 200 250 300 350 400 1.2 14 16 1.8 ZExp 22 24 26 2.8
Npan Lef ' fm
_ 2/3 —
Sloss — kNpart Sloss - kLef
AE g CR X AJ_ X d_y X \.l\:z o< Npart
N — «N1/3
OCNz/3 dNcp part
part OCW‘XNpart
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R4 (Npart, Pr, Lef) for m’-mesons in Cu+Au collisions at /Syy = 200 GeV

1.2 7 . R B e B B B B B B B e B s e A R
W 0-10% R,,(p,) —— 0-10% [
3 ® 10-20%, R, (p,) % — - 10-20%
L .““ A 20-40%, RAA(pT) 1 Ii' — 20-40% 1
¥ 40-60%, Ry, (py) 40-60%
"
“‘v
~ 08 Y _ 1
55 Y
[s) 57
o L
0.6 - +
0.4 . +
" Cu+Au, |s,, =200 GeV, 5-6 Gevic T Cu+Au, \s,, = 200 GeV, 6-7 Gev/c ¥ lcusAu, \'Snn = 200 GeV, 7-8 Gevic *
PR R R N N U U U U TR TN NN U R NN RN RN yd e e e el e 1ol el el aaal, Ml B E BECErE EPECET N B N A A o1
1T 12 14 16 18 2 22 24 1 12 14 16 18 2 22 24 1 12 14 16 18 2 22 24
Lo, fm L', fm Lo’ fm
 The universal form R g & (1 — kL)™*? for 0-10%, 10-20%, 20-40%
* Deviation from Ryp « (1 — kL)™*1 for 40-60%
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Sloss (Npart, Pr, Lef) for m®-mesons in Cu+Au collisions at 1/syy = 200 GeV

0.2 1 1 1 1 1 1 | I
j/- 1
0.15}- o -+ ’(j -+
’
..(¢
~ T + —+
di_-I'GJ
: R/ . 4 — 0-10%
2 0.05p- ," W 0-10% R, () L - c; -T-
v @ 10-20%, R,,(p) ’ — = 10-20%
Y A 20-40%, R, (p) 4 ; —— 20-40%
o ¥ 40-60%, R,,(p,) Il P 40-60%
oF—¥# v
0'? "?l
[ Cu+Au, s, = 200 GeV, 5-6 Gev/c T Cu+Au, |s,, = 200 GeV, 6-7 Gevic | cu+Au, ys,, = 200 GeV, 7-8 Gevic
_0 05 Il I | —— I 4 L I I ——) I I I I I - I A4 ) I Il 'l I b L I 4 1 I 1 Ll I Ll L I 1 1 I LA 1 I 4 1 I 1 'l I b L I 4 1 I 1 Ll I Ll L I 1 1 I LA 1 I 4 1 I Il
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L, fm Lo fm LoP, fm

* The universal form S;,s¢ & kL for 0-10%, 10-20%, 20-40%

* Deviation from S;,5; « kL for 40-60%
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AE/Lef(Npart, Pr, Acp) for m’-mesons in Cu+Au collisions at \/Syy = 200 GeV

Cu+Au, \sy, =200 GeV, 5-6 Gev/c

0-10%, £,=0.138+0.011, Np =177.245.2
10-20%, £,=0.204+0.008, N =132.443.7
20-40%, €,=0.310+0.006, Np —80 4£3.3
40-60%, €,=0.460+0.011, N =34.9+2.8

T0.20% R\ 0

-20%, Ry, (p,)
20-40%, R, (p,)
40-60%, R,,(p,)

Cu+Au, \sy, = 200 GeV, 6-7 Gev/c

HE!
Ss l I* M .I! l I * i II bR
glE 8 B af® B Bl e |
:,i“ . ¢ ¢ S . t T--+ ¢ .
-;3 -.. o.’ 6.
| 4 : |
¢ ¢ B

Cu+Au, \s,, = 200 GeV, 7-8 Gev/c

1.4

0 02 04 06 0.8 1 1.2

0 = 0.2 0.4 0.6 0.8 1 1.2 1.4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
A, rad Ao, rad Ao, rad
AE 5-6 Gev/c AE 7—-8 Gev/c
e — ~05GeV/fm, — ~0.7 GeV /fm (0-10%)
Leflmax Leflmax
. LA—E ~const(A¢g) for 0-10%, 10-20%
ef
. LA—E varies slightly for 20-40%
ef
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Significant anisotropy for 40-60%
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Conclusions

* The form of dependencies Sloss(Npart), Sloss(Lef) for Cu+Au matches with Au+Au,

Sppes X KN2/3

part’ Sloss X kLef

* There is a clear azimuthal dependence R,5(A@) n S;,5s(A@) in the centralities 20-40% n 40-60%

T YA .
* Ryp (a) l40-60% = 1, Sioss (ﬂ) l40-60% = 0 in 40-60%
* The universal forms R g « (1 — kL)**1and S}, « kL (for 0-10%, 10-20%, 20-40%)

* Deviation from Ryp « (1 — kL)™' and S;,5c « kL for 40-60%

) LA_E ~const(Ag) for 0-10%, 10-20% (~0.7 GeV /fm for pr = 7 — 8 Gev/c)
ef

e Significant anisotropy LA—E for 40-60%
ef

* In peripheral collisions there is significant anisotropy in the density distribution and other effects (corona effect
etc.)
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Thank you for your attention!
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