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Space-time evolution of heavy-ion
collisions

@e® ® o @ e® o
®® e e 0 ©0 02 o2 o

N A o/ et

N
* A+A collisions: different time scales K\ Ifrr??goﬂﬁc
described by different effective theories
Hot Hadron Gas

6 <T <10 fm/c .

@

time,__

* Late stages very accurately modeled by
i N : Equilibrium QGP
hydrodyqqmlp descriptions of expanding p il
near-equilibrium QGP

Non-equilibrium
0.3<T <2fmlc

* A challenge: matching between far-from-
equilibrium initial state and hydrodynamics

Semi-hard particle production
0<T <03 fmlc

—_—
beam direction

M.Strickland, Acta Physica Polonica B 45, 2355 (2014)
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https://arxiv.org/abs/1410.5786

l Dilepton production as a probe

* Electromagnetic interactions with the QGP have 210_25_ e — Sum
a small cross section T i<t b s cevie | — Hadronic
_ o S t —QGP
* Produced throughout the history of the collision =+~ F Drell-Yan
— probe entire space-time dynamics > 1078
010 =
* Dilepton carry extra information: invariant mass -
- not affected by blue-shift -
> Intermediate mass region (M > 1.5 GeV/c?) 10‘45_ Low Mass Intermediate Mass i
—Characterized by quarks and gluons degrees C ; ;
of freedom N
9 High mass (_) High T H early times 10—5 1 1 1 I 1 1 1 1 I 1 1 1 1 i 1 1 I\ 1 1 1 1 | 1 1 1 1 :I 1
0.5 1 1.5 2 2.5 3
M, (GeV/c?)

> Highly sensitive to early-times/pre-equilibrium emission
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The ideal spectrum

* At LO, production by quark-antiquark annihilation:
* Assume one dimensional Bjorken expansion:

- boost invariant along the longitudinal direction
fo(xop1) fa(, pa) A2 (27) 6 (P, + Py — K), — homogeneous in the transverse plane
- Transverse flow neglected (high T < early times)

dN£+l_ B d3101 d3p2
dred*K | (21)32p; (27)32p,

X: space-time coordinate of fluid cell

X: dilepton 4-momentum * Considering ideal hydrodynamics, production rate

depends only on transverse mass M;:

ANUTT 1 1 )
K X WA—J_ (ST)hydro

ideal
L1 (dNa 4/3
MP \  dn

L. D. McLerran and T. Toimela, Phys. Rev. D31(1985), 545

- How pre-equilibrium effects manifest themselves in the spectra of dileptons ?
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.31.545

Features of pre-equilibrium: pressure asymmetry

At early times, rapid longitudinal expansion - P, << P,

Pt Pt Phys. Rev. Lett. 123, 262301 (2019)
thamnal pre-equilibrium 0.35 o L
> 0.3 F
Pz Pz 0.25 |
0.2

- momentum anisotropy breaks M, scaling, favoring small ‘é* 015 |
masses for a given M, value o1l /24 QCD kinetics — -
' //, / Boltzmann RTA - -
— parametrize quark distribution with anisotropy variable & 0.05 | = A YM kinetics —
= . AdSéC(;:T
0 p-==--"" viscous hydro — -
falrprop1) = 4,0 frn (= \Jrh + (T3 /A() e

W= T1Twg/(4mn/$)
* Universality in pre-equilibrium (attractor solutions)

—Choose QCD kinetics to compute evolution of parameters
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https://arxiv.org/abs/1908.02866

Features of pre-equilibrium: quark suppression

* Models predict a gluon-dominated medium at early X. Du, S. Schlichting: Phys. Rev. D 104, 054011 (2021)
times — transition_towards a chemical equilibrium Phys. Rev. Lett. 127, 122301 (2021)

S

— quark suppression factor, defined as the ratio
between quark and gluon energy density:

s f
809k
(9) S F
€ @ 0.8
(7)o — | T'(T e
0.(7) > 5 (7(7)
—Choose QCD kinetics to compute evolution of ag -
parameters 306F
05F
fo(ropropr) = as(r)frn (= \/rh + (T /A() :
0'40”_...|........|...|..|..|...
1 2 3 4 5 6
* Quark suppression implies suppression of dilepton W=t T /(47 1/s)

production, which is a global factor

~ preserving Mt scaling Calculated with QCD kinetics
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https://arxiv.org/abs/2012.09079
https://arxiv.org/abs/2012.09068

l Results: mass spectra

Phys.Lett.B 821 (2021) 136626

§1 02 N\ = === 1/s=0.16 w/o quark supp
@ = 3. Pb+FPb |s,,=5.02 TeV .
O, - o y=0, 0-5% centrality —— w/ quark suppression
* 1/s is not the viscosity in the hydro regime, > B . .
controls time scale of applicability of hydro 2 o o~ 1/s=0.32 w/o quark supp
B10 R —— w/ quark suppression
« larger n/s £
- later thermalization B
- lower initial temperature for fixed final .
entropy density 107
* Drell-Yan process calculated at NLO dominates -
dilepton production at high mass B
10
» Very sensitive to quark suppression =
- access to early-stage chemistry B
_)accesstoequilihrationtime(an/s) 10—6||||||||||||||||||||||||||||||||||||||||||

1 15 2 25 3 35 4 45 5
M, [GeV]
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https://doi.org/10.1016/j.physletb.2021.136626

l Results : M spectra

Nuclear Physics A 1030 (2023) 122579

Suppression of production yield due to quark suppression 2
10 QGP dileptons: ideal hydro -
- Small breaking of M, scaling due to momentum anisotropy, 103 | }r;/?:(())nls .6:11\?111 é;{}
favoring small masses for a given M, value M=2 GeV °
— 1 0-4 i M=3 GeV |
*  Spectra well fitted by the following formula: ¥ M=4 GeV
- % 10 |
ANV (dN,zﬂ—) (l +agﬁfff/n) ;
- 6 |
d*K d4K ideal \/W ?P-. 1 0
% 107 |
- Inverse slope of the M, spectrum — effective temperature: 108 | Drell-Yan M=4 GeV ~ + TNy T e
g fantt\] oy~ M 107 ‘ M=3 GeV | ‘ L
Tea(Me) = = lth = ( PK ) R W fyE 1 2 3 4 5 6 7
| M, [GeV]
« DrellYan enhanced for larger values of M at fixed M,
opposite behavior to QGP emission. 0-5 % centrality Pb-Pb 5.02 TeV, |y| < 1, n/s=0.16

8/12 MC @ HP2023


https://arxiv.org/abs/2112.13876

l Results: angular distribution of leptons

* Outgoing leptons will tend to have same direction as

. P1 P3 incoming quarks
b b - expect opposite behaviors between DY and
thermal dileptons
U fU . N
Y4 < P2
7 N\ ¥ u
N N
pz p4 u = p1
Drell-Yan Pre-equilibrium

» Cross section (differential in leptonic momenta) favors alignment

between incoming (u) and outgoing (v) relative 4-momenta: * Angle of positive lepton with respect to beam

direction in dilepton rest frame:

AN 1
drdiK > MA

/ 113 2m) 6™ (p1 + po — K)0™ (K — p3 — pa) 1, T
P1:P2,P3:P4

v 4 ('UL ) 'U)2 ------------------- -
[ MY ~ AN M (1 + W) .

Dilepton
Rest frame
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l Results:

angular distribution of leptons

0-5 % centrality Pb-Pb 5.02 TeV, |y| < 1,

.16

45 < M < 5 GeV/c?

Drell-Yan (NLO)

I Therrﬁal

-0.8

-0.6

-04 02 0

cosO*

0.00014 T T T T T T T T ) 5e-06
erma
25 <M < 3 GeV/e®  prefl.yan (NLO) —— 4.8¢-06 |
0.00012 | |
4.6e-06 |-
0.0001 | : 4.4e-06 |
% & 4.2e-06 |
2 805 | 1% "
E‘ % 4e-06
% 6e-05 i Z 3806 |
4605 | | 3.6e-06 |
3.4e-06 |
2605 1 | 3.2e-06 |
0 1 | Il 1 Il | Il | Il 36—06
-1 -08 06 -04 02 0 02 04 06 08 1 -1
coso*
* cosB* distribution for "thermal" dileptons peaks at zero while DY peaks at + 1
- possible handle to disentangle two contributions
* Thermal part sensitive to anisotropy:
- for 2.5 <M < 3 GeV/c?: ~16% effect, for 4.5 <M < 5 GeV/c2: ~30%
- Direct measure of plasma anisotropy as a function of time
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Conclusion

« Dilepton spectrum sensitive to early-time dynamics

* Gives access to n/s that controls the equilibration time (- can be
inferred by measuring the slope), as well as early-stage chemistry

« Different behavior of QGP production and Drell-Yan production as a
function of M at fixed M,

* Angular distribution of single lepton gives access to plasma
anisotropy as a function of time

Thank you !
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Out-of-equilibrium quark dlstnbutlons I

1.5 2 25

o -
Distribution for quarks anisotropic in momentum space : g of
Ja(opripL) = as(7 fm( \/pT + & ()pr /AT )) 5°F
g 4
— Depend on A (anisotropic effective temperature), anisotropy § 2
parameter & calculated w/ P /e, and quark suppression factor q -
5 26
= -
= 24 =
2 T T T 22 :_
2f-
1.8 E—
1 5 B 1.6 ;—
v 14
E 12 -
S 15
E 1 7 F
) g8 [
j=14] @ IO SN SO SUUOR USROS SOSUISTRORS RS orusut SO SRSUURYRONS SOURRRTUREN SO
E E 0.8 .
F-ﬁ p]‘eequﬂibﬂum -ﬁ T .
0.5 B . o -
§0.4 —
%0-2 :_ ..........................................................................................................................
0 I I I I I I I © OCI: D.I2 0..4 0.6 0.8 1 1.:2 1.:4 1?6 1.8 2
05 1 15 2 25 3 35 4 45 5 W=1T_/(4n 1/s)
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l Results: time decomposition

TH0E 1/s=0.16 T 107%E =, 1/s=0.32
g E N — Pre-equilibrium o F . — Pre-equilibrium
> N> - Hydrodynamics % - N Hydrodynamics
g 3L 2 . — Sum
S 10k = 107
> F S E
° g
107 10
5| el
107E 10°E
_E il I Ll 1 1 l L1 1 | | 11 1 | J | I Ll 1 1 | L1 i | | 10 1 1 ! L1 1 1 I 1 B
10 1 1-5 2 2.5 3 3-5 4 4.5 10_5 1 I L1 1 1 l | - | 1 1 1 | I 11 1 I L1 1 1 ! | - | ) I - I 1 - I 1

5
M, [GeV] 1 15 2 25 3 35 4 45

« Since n/s controls time scale for applicability of hydrodynamics; depending on value of 1n/s
considerable contributions from pre-equilibrium regime (w<1)
* — larger viscosity — later thermalization — more contribution from pre-equilibrium
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Backgrounds & scalings

Q(JP yield nfﬂ 0.16 ——
n/s=0.32
10 | D Y o ooty ] * Main backgrounds in intermediate mass region :
- — semileptonic decays of heavy flavours (rejectable based on
% 107 } displacement from primary vertex)
i - Drell-Yan production in the initial state.
= 0t}
Z *  Drell-Yan contribution calculated using DYTurbo software,
0° | evaluated at NLO with resummed NLL (+Sudakov form factor
M =3.5GeV includes non-perturbative contribution)
”]-IU N N ' ' L L
3.5 4 4.5 5 5.5 6 6.5 7
M, [GeV]
. 0-5 % centranty Pb-Pb 5.02 TeV, |y| < 1 Scaling properties
107 T
Q(JP yield nfq—[] 16 . . . .
n/s=0.32 *  System size/centrality: Ideal spectrum scales with system size
ol Y NN i like (AN, /dn)*?
+ — scales like space-time volume
-
Z w0t} — pre-equilibrium effects (a & b parameters) scale like
E (dN_/dn)-*? (up to event by event fluct.)
z
10 - Collision energy: Ideal spectrum scales with /s like (AN ,/dn)?
M =45 GeV
10710 , , : . . . — pre-equilibrium effects scale like (dN_/dn)*
3.5 4 4.5 5 55 6 6.5 7
M, [GeV]
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dN 1
- CX _
dizd*Q Q4

P4

f 7T 215D (py + pa — Q)5@ (Q — ps — pa) L I
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dN/d*x

Dilepton
Rest frame

Results: angular distribution of leptons

1e-08
9.5e-09 -
9e-09
8.5e-09
8e-09
7.5e-09

7e-09 |

6.5¢-09 | =

6e-09 : : :
-1 -08 -06 -04

-0.2 0 0.2
cos0*

0.4

0.6

0.8




> Modelling of event-by-event fluctuations (hot spots)

Estimating the transverse fluctuations

using a TMD-Glauber model : parametrization of gluon 102 Ws=0.16
distributions in nucleons + Glauber— parameters tuned = = — Glauber model 0-10%
to reproduce ALICE data for dN_,/dn O L — 0G|16‘gtjef model 10-20%
= - — (-1 0%
o i)
dN, a,N, 4’k S 109 — 10-20%
= — Pa(z,b+by/2,k) Pg(x,b—by/2, P —k) © = —_— 20-30%
d*bd?Pdy  7*P2(N2? — 1) / (27)2 a(@, b +bo/2, k) Pp(a, /2, ) > F 30-40%
o L
> Important for large invariant mass region in more _4_
peripheral events 107
sqrt(syn)=5.02 TeV, y=2, 0-10% centrality (dNch/dy=1770) -
dEy/dyd?b (GeV/fm?) -
120 10°E
120 -
100 F C
80
60 B
40- 10—6IIIIIIIIIII|IIII|IIIIIIIII|IIII| Il
20 | 1 1.5 2 2.5 3 3.5 4 4.5 5
or 15 M, [GeV]
10
T. Lappi and S. Schlichting, Phys. Rev. D 97 (2018) no.3, 034034

x (fm) 7£-15
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https://arxiv.org/abs/1708.08625

- Dominant background for intermediate mass dileptons in
heavy ion collisions at 5.02 TeV : semileptonic decay of
charm and beauty.

SB
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S/B for charm background as a function

of IP cut, with 0.5 < RAA <1 forDandA
C

Background suppression with LHCb
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)

Secondary

Impact N - vertex
parameter

Beam Axis

»
>

Rejection of background:
— impact parameter of the single-track muons
- longitudinal displacement of the secondary vertex

»> LHCb upgrade 2 setup for heavy ion collisions would
provide appropriate secondary vertexing
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