Heavy-lon Phenomenology

GOETHE @

UNIVERSITAT

FRANKFURT AM MAIN

UFG

Hendrik van Hees

Goethe University Frankfurt

February 27, 2023

TECHNISCHE
UNIVERSITAT

CRC-TRam DARMSTADT

Strong-interaction matter
under extreme conditions

UNIVERSITAT
BIELEFELD




» Introduction: experimental pillars for theory picture of heavy-ion collisions
> Theory toolbox: QFT, transport, hydrodynamics
» Fluctuations of conserved charges

> Electromagnetic Probes
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Introduction: QCD medium created in HICs



Ultrarelativistic Heavy-Ion Collisions cnc’-ﬁ

> ultra-relativistic collisions of heavy nuclei

> creates hot and dense fireball behaving like a strongly coupled medium
> early thermalization, starting in QGP phase

> rapidly expanding and cooling

> (cross-over) transition to hadron-resonance gas (7},c ~ 150-160 MeV)

- n lf‘::. "/'

Au + Au  QGP?! ' o I \

Hadron Gas
“Freeze-Out”
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QCD Phase Diagram CRC-TR2n
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Collective flow of the fireball (Hydrodynamics) (RC-TRan

» hydrodynamical model for ultra-relativistic heavy-ion collisions
m after short formation time (t, $1fm/c)

QGP inlocal thermal equilibrium — hadronization at T, ~ 150-160 MeV

chemical freeze-out: (inelastic collisions cease) T, ~ 150-160 MeV

thermal freeze-out: (also elastic scatterings cease) T ~ 100 MeV
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Hydrodynamical Behavior cnc.-ﬁ

» particle spectra compatible with collective flow (hydrodynamical expansion)
> elliptic flow as signature of pressure
» (nearly) ideal hydrodynamics /s ~1-2 x1/4x
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Chemical freeze-out: Statistical hadronization model cnc’-ﬁ

> hadron abundancies: can be described by
(grand-)canonical hadron-resonance-gas model (Tgy, 2 Ty, g = 0)
> even light (anti-hyper-)nuclei follow the systematics!

> 10° S — =
g E Po-Pb s=2.76 TeV. 1
T g - =
5 f o Wy E
§' 10 L =
5 F Bk S E
= 4L -
E L E

107 -
102 =
35 m Data, ALICE, 0-10% E
1075 statistical model E
4: —— Fit: T=156 MeV, 1 = 0 MeV, V=5380 m E
107 . T=164 MeV,u = 1 MeV '!"*'E

wr KKKKKY pp AZEQOd HH
thermal hadronization model: J. Stachel et al sasvriz)
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Constituent-quark-number scaling of v, CRC-TR2n
> 1, scales with number of constituent quarks

had had (had)
o Up ) = ny v (p* )

> indicates recombination of quarks in medium around T,
“coalescence” of partonic degrees of freedom!
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Jet Quenching cnc’-ﬁ

b+ + d+Au FTPC-Au 0-20% (a)_|

A d+Au min. bias . E trlgger parth|e

0.2

— p+p min. bias (b) |
*  Au+Au central

0.2

( /Nirigger) dN/d(A¢)

I ||
T A¢ (radians)
» high pyr: jets going through medium suppressed

|
/2

» high-density medium = p > Py
> energy loss due to elastic scattering and gluon bremsstrahlung
> more on heavy-ion phenomenology: it
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Theory toolbox: QFT, Transport, Hydrodynamics



vV vyVvyVvyYyypwy

CRC-TR2n

Loco =Ly, + L6 =D i ("D, —misL)YE—~GLG, D, =38,+igT"A%(x)

i 4 HvTa ’
ic{u,d,s,c,b,t}
Ly.a, =Z[Iz[’i,R(i7’uDu)wi,R +¢i,L (iT#Du)IPi,L]—Z m; [’ﬁi,RIPi,L +¢‘i,L¢i,R]
ie{u,d} ie{u,d}

asymptotic freedom: “running coupling” small at high energy scales
non-perturbative at low energy scales

confinement: only color-neutral objects observable (hadrons: mesons, baryons,...)
lattice-QCD: Euclidean QCD, equilibrium many-body properties

to describe dynamics: effective models based on “accidental” symmetries of QCD
light-quark sector (u+d quarks): approximate chiral symmetry SU(2); x SU(2)g
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Quark-Meson linear-o Model cnc’-ﬁ

» from Meistrenko (PhD Thesis): wiicai
> SU(2);. x SU(2)g linear-o model
> mesons: o, 7, quarks: Y =(u, d)

2 =lid—g(o+irst D)y + L Q0040 +3,704) -~ (07 + 7= ] + fymo + U

| parameter | value | description |
A 20 coupling constant for o and 7
g 2-5 coupling constant between o, 7 and
I 93 MeV pion decay constant
my 138 MeV pion mass
1V fZ—m2/A field shift term
Uy me/(40)— fZm? ground state
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Quark-Meson linear-o Model: meson potential cnc’-ﬁ
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Quark-Meson linear-o Model: 2PI action cnc’-ﬁ

¥ = w[lé’ g(o+iysi- T)]l/)+ (6,00"0 +9,7t0"7)— 2(02+ﬁ2—v2)2+fﬂm72r0'+Ug,

Mo, ?,G,D]=S[o, %]+ %TrlnG_l + %GO_IG —iTrln D™ —iTr D; ' D + [0, #,G, D]

TN/ s TN

! 1 ! 1 .
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\
NS
+
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| \
\ i
7’
Nlgn

RS LG, GG, LG,
E ; AN @ + @
o6 G0 rmcmcﬁ,ﬂ,w Je D*Go [ DG,

Equations of motion: Kadanoff-Baym equations for Green’s functions + mean-field equations

E_El‘ or or
50 67 6G 5D
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Quark-Meson linear-o Model: off-equilibrium equations cnc.-ﬁ

> real-time Keldysh contour = 2PI/Kadanoff Baym = transport equation (spatially homogeneous)
> Mean-field equation

?¢+D(1)+](1)=0,](1):= (¢ — 7 +3G + ZGlilm)¢—fnme+g(zﬁw>
> transport equations for meson- and quark-phase-space-distribution functions

b. b. fs.
atf (t pl Ucr<—>0cr z OT;<0T; Z OO0 —T;T; +(ga¢s<—>crcr Z(gaq;«—»n T cgm—»zplp

m; = b. b. b. b.
aff (t ) (gn T T +Z T n,«—»n T +Z(gmn,~<—>n,~n,« + (gn,-m—m,-o + (gn,-n,«—um'

J#i J#i
b.s. fs.
+<€ﬁ¢Hna+(€ﬂwa
Y fs. fs.
of (t <g¢¢’ -0 Z% Yipeom;
P fs. fs.
afl(ep)=6l_, Z% il

> more on transport: [Buss:2011mx,Cassing:2021fkc]
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Hydrodynamics cnc.-ﬁ

» ideal hydrodynamics: local thermal equilibrium
FOx, p) =g expl—p(x)u(x): p + Blx)u(x)]

> uM(x)with u,u* =1: fluid four-velocity, 3(x): inverse temperature, u(x): chemical potential,

0 _ =
p’ =+ m?+p?
> Boltzmann equation (collision term vanishes) = conservation of energy, momentum, and
conserved charges

d3
T (x)= Ls (Zn)fpo p*pf(x,p)=u"u’le(x)+ P(x)]—n""P(x),

w— &p pt u
N“= | e P! e p) = nlxu(x),

8MT‘”=O, 8,N" =0.

> to close system: equation of state p = p(€, n)
> extended to dissipative hydrodynamics: systematic expansion via moments of f
more on hydro: [DR21]
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Fluctuations of conserved charges



Cumulants of net-baryon number fluctuations cnc’-ﬁ

Quark-number susceptibilities
N, 1,

, 1
= Vq;? o 6= W <(Nq,net _<Nq,net>)2> = Waq,net

1= (Vo= V)52 o (Vo= Vo)) =808,

9|
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[Luo16]
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Quark-Meson linear-o Model: 2PI action (A. Meistrenko et al) cnc’-ﬁ

¥ = 111[117 g(o+iystt- T)]¢+ (6,00"c+9 77:6"")—%(02+ﬁ2—v2)2+fnmi0'+lf0,

i i
Ilo,7,G,D]=S[o, ]+ ETrlnG_l + 5GO—IG —iTrlnD™'—iTrD;'D +L[o, #,G, D]
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Quark-Meson linear-o Model: equilibrium order parameter
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Quark-Meson linear-o Model: off-equilibrium equations cnc’-ﬁ

> real-time Keldysh contour => 2PI/Kadanoff Baym = transport equation (spatially homogeneous)
> Mean-field equation

ERt) +D(t)+](t):0,](t):=7t(¢2— Y +3G + ZG“ )¢ fom?+g(Py)
> transport equations for meson- and quark-phase-space-distribution functions

b. f-s.
aff (t pl 00‘<—>0’0‘+ch07£ —OoT; +Z(€0’U‘—)ﬂ.’ T +, ¢S<—>aa+z(g ¢«—>7‘r T +(gm—>zp1/;
i 2 ) = b. b.
al‘fn (t’pl) T T T Z nn,«—»n U Z 7T7'[,<—>7T T (gn U«—»ﬂa+(gniniHaa
J#i J#i
b.s. fs.
cgn P—m;0 (gn ‘_’1/“/’

I I
atflp (t (gW; —0 Z (g 1;‘_'77:!

a,fY (¢, %fJHU +Z ¢! L
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Quark-Meson linear-o Model: collision terms CRC-TR2n

‘ collision integral ‘ diagram ‘H collision integral ‘ diagram
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Quark-Meson linear-o Model: expanding-fireball geometry cnc’-ﬁ

> Friedmann-Lemaitre-Robertson-Walker metric (spatially flat)
ds*=dr*—a®(¢)(dx? +dx; +dx?), H=d/a

> expanding fireball with radius R(f)= Ry + v, t, d/a=R/R

> mean-field equation
0*¢+3H3,¢+D(1)+J(£)=0

> Boltzmann equation

d 0
(E‘H%)f =7
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Initialization of net-quark numbers CRC-TR2n

> goal: time-evolution of net-quark number fluctuations

> ensembles with fluctuating initial conditions
® mean net-quark number

4 a3
<Nq,net> = ?TER(?J- ﬁ[fq(T’Hq)_fq(T’_Hq)]

Type kg = const., V (Nyaee)

m standard deviation: 0 g e = (qune[> /10
m choose M =200-1000 values for N
m initialize type I or type II for each N e

probability density

52fm

Heavy-lon Phenomenology
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Observables cnc’-ﬁ

> goal: time-evolution of net-quark number fluctuations
> ensembles with fluctuating initial conditions

0.008

e p—— m ensembles with fluctuating initial
L i Gatn oo conditions

0.007

0.006

0.005

Oy + POy
(O)=p0 o sz M+Zpkok
k=1

m cumulant ratios Ry ; = ¢3/cy,
Ry, =c/c;=K0?,

€= (m>!
o] 22 C=Mm,= 0'2'
€3 = M,

(Nyat) = 544,15

_ 2
h = - % Cy = My —3m;
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“Trajectories” in phase diagram CRC-TR2n

Type I: statistical ensemble with a constant initial value of /i, Type II: statistical ensemble with a constant initial radius scale It = 5 fm
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“Trajectories” in phase diagram CRC-TR2n

Type Il: statistical ensemble with a constant initial radius scale R = 5fm
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“Trajectories” in phase diagram CRC-TR2n
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Electromagnetic Probes



Electromagnetic probes in heavy-ion collisions cnc.-ﬁ

> v,0*: no strong interactions L L

0 i -
> reflect whole “history” of collision: ™ Dalitz-decays

m from pre-equilibrium phase
m from thermalized medium
QGP and hot hadron gas
m from VM decays after thermal freezeout

—_—

dN,, / dydm

L4 4
Drell-Yan ’
| l Low- Intermediate- High-Mass Region
\ / E >10fm >1fm : <0.1fm E
. E Ll
N ! 0 1 2 3 4 5
\ 4 mass [GeV/cZ]
< 4
N - Fig. by A. Drees
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Electromagnetic probes from thermal source cnc’-ﬁ

> retarded electromagnetic-current-correlation function

H‘:I:l i= lf d4x exp(iqx)e(xo)qj::n,i(x)’ jeﬁn,i(O)D

» McLerran-Toimela formula jurss, cxen
o N _ aemg“”ImH“’“ (,w)] __ folq-u)
déxd3g  2m2 ' =13l
dNn, to— a2
ere” _ _ gy ret .
dixdig = 8 3pm ™ “Aq, )qz Mirf(q u)

> Lorentz covariant (dependent on four-velocity of fluid cell, u)
> g-u=E.,: Doppler blue shift of qr spectra!

> to lowest order in a: 4mall,,, ~ Zm
> vector-meson dominance model:

Gy

v

¢*¢~-inv.-mass spectra = in-med. spectral functions of vector mesons (p, w, ¢)!
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Radiation from thermal QGP: g g annihilation cnc’-ﬁ

» General: McLerran-Toimela formula

Vet e L) oo
d4xldl4q: 378 vz Swm Zernvu M,q)fs(q-u)

> in QGP phase: g4 annihilation
» hard-thermal-loop improved em. current-current correlator

_iHem,QGP =
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Hadronic many-body theory CRC-TR2n
» hadronic many-body theory (HMBT) for vector mesons

[Ko et al, Chanfray et al, Herrmann et al, Rapp et al, ...]

ntrt interactions and baryonic excitations

effective hadronic models, implementing symmetries

parameters fixed from phenomenology (photon absorption at nucleons and nuclei, tN — pN)

evaluated at finite temperature and density
self-energies = mass shift and broadening in the medium

vVvyvyyvyy

T k
- B, a Kl’"'
P P p p
TEOOO® ®soTTO
n N, K, =,...
> Baryons important, even at low net baryon density nz—ng
» reason: ng+ng relevant (CP inv. of strong interactions)
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Bulk evolution with transport and coarse graining cnc’-ﬁ

> established transport models for bulk evolution
m e.g., UrQMD, GiBUU, BAMPS, (p)HSD,...
m solve Boltzmann equation for hadrons and/or partons

» dilemma: need medium-modified dilepton/photon emission rates

v

usually available only in equilibrium QFT calculations
> ways out:
m (ideal) hydrodynamics = local thermal equilibrium = use equilibrium rates
m transport-hydro hybrid model: treat early stage with transport, then coarse grain = switch to hydro =
switch back to transport (Cooper-Frye “particlization”)
> here: UrQMD transport for entire bulk evolution
= use coarse graining in space-time cells = extract T, ug, U, ... = use equilibrium rates locally
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CGUrQMD: In+In (158 AGeV) (SPS/NA60) cn?—ﬁ

» dimuon spectra from In+In(158 AGeV) — utu~ (NA60) iwsis)
> min-bias data (dN,/dy =120)

-5
£ 10°E In+In @ 158 AGeV e In-medium o ()
2 [ <dN,/dn>=120,p >0GeV ===+ Non-thermal p
L GP (Lattice

& [ HGEos + Lattice EoS T M e

S oo Multi =

g ; — SUM

5 C For comparison:

% L Thermal p

= 107 (no baryons)

z E F Ttesr. g Perturb. qq

= E Lry

5 F Rl THOY

oz [ e PN

2 108 \wimiaa s

5 10°E N ot

= E Rd Y o
F H S %, Y
E H s LY e, ‘
[ 5 :’ "t ""

10°= H S * “,
Evov Bow o 1o s L val 0 e o |
0 0.2 0 .8 1 1.2 1.4
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CGUrQMD: In+In (158 AGeV) (SPS/NA60) cn?—ﬁ

» dimuon spectra from In+In(158 AGeV) — utu~ (NA60) wiwsis)

> min-bias data (dN,/dy =120)
» higher IMR: provi(ies averaged true temperature (7)1 5gevem<z.4Gev = 205-230 MeV

> clearly above T, ~ 150-160 MeV (no blueshifts in the invariant-mass spectra!)
~—10°

-
e
4

ch

/dMdn)/(dN _/dn) [20 MeV

2
Jun

(dN
5
%

.,
Lo Lo b baew 1o 1o 1 R

08 1T 12 14 16 18 2 22 24 26 28
M [GeV]

> more on electromagnetic probes: jrwoo, rwiio]
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Conclusion and Outlook



Conclusion cnc.-ﬁ

> QCD medium created in heavy-ion collisions = can be described as collectively moving fluid
m p; spectra, anisotropic flow, v,

high-density medium: jet quenching

at highest beam energies: particle/light (anti-) nuclei «— chemical freeze-out close to T,

electromagnetic probes: medium modifications of hadrons

(not covered in this lecture) heavy quarks: interaction strength «— transport coefficients; quarkonia:

screening, dissociation vs. regeneration

> Theory toolbox
m fundamental level: QCD « effective (hadronic) QFT models (chiral symmetry,...)
m many-body QFT: equilibrium = “imaginary time”/Matsubara formalism/IQCD/hadronic many-body
calculations; non-equilibrium = “real-time”/Schwinger-Keldysh/2PI/Kadanoff-Baym equations
m coarse graining I: gradient (7) expansion = transport models (on- and off-shell)
m coarse graning II: expansion around local thermal equilibrium/method of moments
= derivation of transport coefficients (shear+bulk viscosity, electric conductivity, diffusion constants,...)

» Further “applications”
m nuclear astro physics: neutron stars, neutron-star mergers/kilonovae
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Outlook CRC-TR2n

> many open questions

m phase diagram: is there a confinement-deconfinement 1st-order phasetransition line with critical
endpoint? = kinetics of “grand-canonical fluctuations” of conserved charges?

equation of state? = neutron stars/kilonovae?

do we understand hadronization? = kinetic theory vs. “naive coalescence”?

“spin transport/hydro”? < polarization measurements (A, ¢ mesons at RHIC?)

initial state? early “off-equilibrium” phase of “fireball evolution”?

on Phenomenol
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