Experimental investigations of hot QCD matter

Anton Andronic — GSI Darmstadt

e Setting the stage
e Methods of producing hot QCD (quark-gluon) matter
e The LHC and the ALICE experiment

e Measurements with light-flavor (u,d,s) hadrons

(heavy-flavors in the additional slides)

e Summary and outlook
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Quantum ChromoDynamics (QCD)

A. Andronic

the quantum field theory of colored quarks and gluons (no analytical solutions, except 1+1)
> strong force, running coupling  (compare to QED: o ~ 1/137)

October 2015

o, 2 v T decays (N3LO)
S(Q ) a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
03| ‘ o e'e¢ jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)
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Low @: confinement; as diverges at Ao p ~200 MeV

High (Q: asymptotic freedom (perturbative QCD reigns)
...has led to the proposal of the Quark-Gluon Plasma
Collins & Perry, Cabibbo & Parisi, 1975 (Itoh, 1970; Carruthers, 1973; Shuryak)


http://PDG.lbl.gov

Lattice QCD predicts a phase transition

A. Andronic
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"l “onint fim | (ideal gas)
i g quarks and gluons
Illllllllllllllllllllllllll! Eqg/T" = (16 + %12Nf)§_;
IIIII 4 Ny=3(uds)
3p/T4 |
/T4 i
3s/4T3 -
hadrons (pions) -
Enad/ T = 3§—; T T T A |T |[N|Ie\|/]| L1
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~1000 billion K see e.g: A. Bazavov et al., arXiv:1701.04325

transition Is a crossover, Y. Aoki et al., Nature 443 (2006) 675
T, ~145-164 MeV, . ~ (0.18 — 0.5) GeV/fm?, or (1.2-3.1)e,,yclear

numerical solutions of QCD on a discrete space-time grid (sophisticated formalism, huge computers)


http://arxiv.org/abs/1701.04325 
http://arxiv.org/abs/hep-lat/0611014

Setting the units straight

A. Andronic

h=h/2r=6.582x10"2? MeV s
hc = 6.582 x 10722 x 3 x 10% = 197.3 MeV fm (conversion constant)

Compton wavelength of electron:

h h 197.3
Ao = _ 62:—:385fm
MeC  MeC 0.011

1

_ 2
Strength of electromagnetism: ;—=1.44 MeV fm / hc = - = «

Admeg

Natural units: h=c=1

In this system: [m]=[E]=[p]=[L]~*=[t]
1fin = o 1 MeV ™1 = 197.3fm
Is=3x10"fm; 1m = 5.07 x 100V !

..this is why energy density ¢ = E/V has units of T* (kp=1 too:)



HISTORY OF THE UNIVERSE A
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How to ”simulate” in laboratory the early Universe?

A. Andronic @

hadronic phase

QGP and ] and freeze-out
hydrodynamic expansion .

iniial state

hadronization

t~10"2s V ~ 10740 m?

pre-equilibrium

.initial collisions (t < t,.,;; = 2R/veme; Rpp ~7 fm)

thermalization: equilibrium is established (t < 1 fm/c =3 x 107%* 5)
. expansion (~ 0.6¢) and cooling (¢ < 10-15 fm/c) ...deconfined stage?
. hadronization (quarks and gluons form hadrons)

chemical freeze-out: inelastic collisions cease; particle identities (yields) frozen

o oA W N e

kinetic freeze-out: elastic collisions cease; spectra are frozen (t+ = 3-5 fm/c)



The accelerator complex at CERN
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The accelerator complex at CERN




The Large Hadron Collider at CERN

A. Andronic

the proton beams circle the 26.6 km ring about 11000 times per second
deflected by superconducting magnets (blue) at 7'=1.9 K (superfluid He)

produced the Higgs particle (H — ~~; ATLAS, CMS, 2012)
Nobel Prize Higgs, Englert, 2013



A detector at the LHC - ALICE

( Strip ) ( Drift ) ( Pixel )
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arXiv:1402.4476

ALICE Collaboration: 37 countries, 160 institutions, 1600 members
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http://arxiv.org/abs/1402.4476

What are the ”control parameters”

A. Andronic
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e Energy of the collision (per nucleon pair, \/sSy )

o Centrality of the collision (number of “participating” nucleons, Ny¢)

[at high energies geometric concepts valid: “participant-spectator” picture]

measured in percentage of the geometric cross section (045 = m(R4 + Rp)?)

NB: we sort the collisions offline, based on detector signals

coll
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...while often taking as reference the measurement
in proton-proton collisions (at the same energy), for
“hard probes” (pQCD) scaled by the number of col-

lisions corresponding to the given centrality class



What we measure

A. Andronic
Production yields and correlations as a function of kinematic quantities:

- transverse momentum, pp = psinf  (in GeV/c; recall: § = ¢ = %)

- rapidity, y = 21n E+p2 = tanh~!(p,/E); p» = py, = pcosf

additive for Lorentz transformations (equivalent of velocity for Galilei)

T — e ——
3 /o = 5.02TeV
S 0-5% Pb-Pb
Z 2000
—*— Data (symmetrised)
beam rapidity:
1500 — Reflected
E Uncorr. syst. unc. sy = 5.02 TeV:
1000 | B corr syst. unc _ 2.5142.5099998
. Co yp = 0.5In 3555500005 = 8-52
s KN — Gaussian fit
500 |— ;’I ™, — Double-Gaussian fit VSNN = 200 GeV:
R Landau-Carruthers Yy, = 0.51n % = 5.36
IR R N A N N A RN R R SRR R
0 5 4 3 2 1 0 1 2 3 4 5 Landau-Wong

ALICE, arXiv:1612.08966

.poor (wo)man's y: “pseudorapidity”, n = tanh~!(p,/p) = tanh™!(cos )

(without particle identification) .n=yform=0,n~yforp>m

12



http://arxiv.org/abs/1612.08966

What we measure

A. Andronic

13

we usually measure symmetric collisions of heavy nuclei (Au—Au, Pb—Pb)

we need many collisions (millions), to sample properly the distributions

e commonly charged particles, but neutral ones too (via their decays);
e the amount of particles (count tracks, assembled from detector points)

e momentum (via curvature in magnetic field) or energy (in a calorimeter)

...or velocity (via a time-of-flight measurement, resolution 70 ps)
e identify particles (via energy deposit in detector; ToF; invariant mass)

e correlations between particles (in each event/collision)

we focus on measurements in the transversal direction (y,n =~ 0), to separate
from the beam movement

single-particle detection efficiency: about 70-80%



Nucleus-nucleus collisions at the LHC

A. Andronic

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb
Collision energy: 5.02 TeV

14

a picture of a central collision (about 3200 primary tracks in |n| < 0.9); “Camera”: Time Projection Chamber, 5 m

length, 5 m diam.; 500 mil. pixels; we take a few 100 pictures per second (and are preparing to take 50000)




Nucleus-nucleus collisions:

energy density

A. Andronic ic
— 16 —
- ALICE Prel :
e 145 : ALICE PrReéQﬂg{%es)omgos L tra”S\{erse energy
© "I mcCMs (energy built from p)
N 19F % STAR T
QN - g PHENIX
310 g E8A3§/E917 erge = 20 —40 GeV/fm3
\E/ sE- 5 WASB (much above &)
5 6 ———anl(\/sTN/b) ~
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self-similar (Hubble-like) homogeneous (hydrodynamic) expansion of the fireball in the longitudinal (beam) direction

(" Bjorken model”, 1983)

1 dET 1
A dy cT

Energy density: € =

- Ap = wR?: transverse area (Pb-Pb: A =154 fm?)
- 7 ~1 fm/c: formation time (establishing the equilibrium) ...not measurable!



Particle identification

A. Andronic
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ALICE performance
Pb-Pb |s,, = 5.02 TeV

SHEEH

TPC dE/dx (arb. units)

10
p/z (GeV/c)

dE/dx: truncated mean of 159 samples along a track; resolution: 5.8%

lines: Bethe-Bloch parametrizations

particles and antiparticles are shown

16




From quarks and gluons to hadrons

A. Andronic

Matter and antimatter are produced in equal amounts in high-energy Pb-Pb collisions (LHC)

=
o
)
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Thermal fits of hadron abundances

A. Andronic 18
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The hadron abundances are in agreement with a chemically-equilibrated system

...but how can a loosely-bound deuteron be produced at T=156 MeV'?



Overview of hadron production

A. Andronic
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e lots of particles, mostly newly
created (m = E/¢?)

® a great variety of species:

s (ch, du), m=140 MeV
KT (us, 4s), m=494 MeV
p (uud), m=938 MeV

A (uds), m=1116 MeV
also: =(dss), €2(sss)...

e mass hierarchy in production
(u,d quarks: remnants from
the incoming nuclei)



The phase diagram of QCD

A. Andronic
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at LHC, remarkable “coincidence”
with Lattice QCD results

at LHC (up =~ 0): purely-produced
(anti)matter (m = E/c¢?), as in the
Early Universe

(g > 0: more matter, from “rem-
nants’ of the colliding nuclei

>

Y

LB 400 MeV: the critical point
awaiting discovery (at FAIR?)

(tp is a measure of the net-baryon
density, or matter-antimatter asym-
metry



Probing early stages

A. Andronic

21

...with "hard probes” (m > T'): jets or high-p hadrons (or heavy quarks)

produced very early in the collision, t ~ 1/m
(jets - sprays of hadrons from high-speed quarks)

- q, q, g travel through QGP, lose energy

- hadronize (neutralize color picking up
partners from the vacuum)

- hadrons fly towards detectors

...where we observe a deficit at high mo-

menta (pT): "jet quenching” -
(Bjorken, 1982)
quantified by the nuclear modification -
factor: AN 41 Jdprd
R _ AA/APTAY
44 Neoip-dNpp/dpdy D. d’Enterria, arXiv:0902.2011



http://arxiv.org/abs/0902.2011

Jet quenching at the LHC

A. Andronic 22

..measured with "leading hadrons’ (h¥)
(carry largest fraction of parton pr)

RPbe

2 L L L B B B BB BB B L R
" m h', Pb-Pb (ALICE) a thermal component, pr < 6 GeV/c (scaling with
1.8 [ 4 K, Pb-Pb (CMS) N ! o by o _ 4 coll
6 5= 2.76 TeV, 0-5% art) determined by gluon saturation and collec-
I tive flow
1.4F . .
strong suppression, reaching a fac-
12F
: tor of ~7, pp ~ 7 GeV/c
B : _ _
0sl remains substantial even at 50-100
i GeV/c
0.6
0.4 seen also with reconstructed jets
0.2 (...done in Miinster:)

OO 10 20 30 40 50 60 70 80 90 100

P (GeV/c)



Jet quenching at the LHC

A. Andronic

.measured with "leading hadrons” (h¥)
(carry largest fraction of parton pr)

Q 2 LI | LI | LI | IIIIIIIIIIIIIIIIIIIIIIIIIIII
o [ ]
L - u 1, Pb-Pb (ALICE) o h*, p- Pb =502 TeV, NSDO(ALICE) ]
X 18r. i, Pb-Pb (CMS) * v, Pb-Pb F 2.76 TeV, 0-10% (CMS) -
- L + _ — 100 |
- 5,0y = 2.76 TeV, 0-5% Gk V\(/) , Pb-Pb \s, = 2.76 TeV, 0-10% (CMS);
a 1.6 v Z°, Pb-Pb \s =276 TeV, 0-10% (CMS)]
o [ ¥y, Pb-Pb s, =2.76 TeV, 0-20% (ALICE) ]
o 1.41 I (norm. to pQCD NLO calc., Vogelsang) |
1.2 gt i ] .
1 Lo o :
0.8 q il 5
0.4 E 3 H .
0.2 5

O | I T - | 11 1 1 | | I T - | 11 1 1 | | I T - | IIIIIIIIIIII

0 10 20 30 40 50 60 70 80 90 100
p_ (GeV/c) or mass (GeVi/c?)
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a thermal component, pr < 6 GeV/c (scaling with
Nyuri) determined by gluon saturation and collec-

tive flow

strong suppression, reaching a fac-
tor of ~7, pp ~ 7 GeV/c

..not seen with EW observables

(7, Wi, ZO) ALICE~ /pQCD NLO calc.

not seen in p-Pb collisions
(pT < 3 GeV/c, gluon saturation)

ALICE, EPJ C 74 (2014) 3054 and refs.

therein


http://arxiv.org/abs/1405.2737

Summary

A. Andronic

24

e in nucleus-nucleus collisions we create a (small:) chunk of the hot early Universe

...a highly-dynamic system; we establish observables for various stages
e measured energy densities are well above the values expected for deconfinement

e abundance of hadrons with light quarks consistent with chemical equilibration

the thermal model provides a simple way to access the QCD phase boundary
...but is it more than a 1st order description (of loosely-bound objects)?

...and what fundamental point does it make about hadronization?

e we see strong jet quenching (parton energy loss) in quark-gluon matter



Summary of things not discussed

A. Andronic

25

...but available in the following additional slides

e jet quenching data (for light and heavy-flavor) hadrons described by theoretical
models; allows extraction of transport coefficients (in range T = (1 — 3)T¢)

e we see (re)combination of charm quarks at the LHC ...either over the full history

of QGP or at the phase boundary ...conclusion expected with the ALICE upgrade
(Run 3, Run 4)

e collective flow (developed early in the deconfined stage) described by hydrody-
namics; allows extraction of 7)/s

e some of the features in heavy-ion collisions are observed in high-multiplicity pp
and p—Pb collisions

Other studies: chiral symmetry restoration; thermal photons; critical point



Additional slides

A.Andronic



A “global” look (ratios)
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the statistical description works well over a broad range of collision energies
(for all hadrons measured)

is this a (or the?) universal production mechanism?



Proton collisions at the LHC

A. Andronic

pp collision at 7 TeV, “photographed” by ALICE




Proton collisions at the LHC

A. Andronic

pp collision at 7 TeV, “photographed” by ALICE




Hyperon production - from small to large systems
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(big geometric) fireball in Pb—Pb reached with
violent pp and p—Pb collisions

(grand canonical) statistical description works

well in Pb—Pb (with T" of QCD phase boundary)

Is the same mechanism at work in small systems
(at large multiplicities)?

string hadronization models do not describe
data well

...new ideas are being put forward
Fischer, Sjostrand, arXiv:1610.09818
“thermodynamical string fragmentation”


http://arxiv.org/abs/1606.07424
http://arxiv.org/abs/1610.09818

Jets

A. Andronic

...In vacuum ...In medium
Qo ~Aqgcp
Jet virtuality

Q = E0jeq 5 — T Jet virtuality A
91 K Q = ejetE ) /’,,—"// N
\ - -
\ T S
partons pt-broadening Q% = 4L
hadrons

E: E7 or pr; 0j¢s: opening angle (R or AR)

Y. Mehtar-Tani, arXiv:1602.01047

Jet transverse
size


http://arxiv.org/abs/1602.01047

Jet quenching: transport coefficient

A. Andronic 6
7 U ARRRERS
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9
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1| ' : q = d{p7)/dz
é’%ﬁ eff(DIS) <Pb+Pb at 2.76 TeV, | (proportional to gluon density)
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http://arxiv.org/abs/1312.5003

Advantage of heavy quarks

A. Andronic

Their mass, me ~1.2 GeV, my ~4.6 GeV, is much larger than T’
(so we are sure they do not originate in thermal processes ...but pQCD processes)

Are produced in pairs (cc) in initial hard collisions (t ~ 1/(2m.) < 0.1 fm/c)

Their identity (flavor) is assured to be preserved from early times of production
throughout the QGP phase (until hadronization: ¢ — D; b — B)

Expectation:
Due to high mass the gluon radiation by HQ is suppressed at small angles
this is called "the dead-cone effect”

Consequence: hierarchy in energy loss:
Aby < AE. < AEy, g4 < ALy

At the LHC, there are about 100 cc pairs produced in a central Pb—Pb collisions
(not all are measurable, though)



In-medium energy loss as a function of quark flavor
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D mesons are as much sup-
pressed as pions at high pr

...Is expected ordering vs. quark
mass (AE ~1— Rgq)

AE, < AE. < AE, 45 < AE,
established in data?

to some extent, yes

arXiv:1506.06604
ALICE-PUBLIC-2017-004

on-going effort: determine heavy quark (momentum) diffusion coefficient
..calculable in lattice QCD Banerjee et al., Phys. Rev. D 85 (2012) 014510


http://arxiv.org/abs/1506.06604
https://cds.cern.ch/record/2265113
http://arxiv.org/abs/1109.5738

In-medium energy loss as a function of quark flavor

A. Andronic
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Theoretical model(s) reproduce
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http://arxiv.org/abs/1506.06604
https://cds.cern.ch/record/2265113

Charm diffusion coefficient

A. Andronic
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MC@sHQ, elastic K=1.5
MC@sHQ, ela+rad K=0.8
c-quark T-matrix U-pot
c-quark T-matrix, F-pot
Duke, AuAu, 90% CR
Duke, PbPb, 90% CR
Duke, Au&Pb, 90% CR
c-quark lattice Ding et.al
HQ lattice Banergee et.al

—

—

—
$
i

==-__—!—-==
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1.0 1.5 2.0 2.5 3.0
T/T,

spatial diffusion coefficient Dy = 472/

arXiv:1704.07800



https://arxiv.org/abs/1704.07800

Charmonium and deconfined matter

A. Andronic 11

the original idea: Matsui & Satz, Phys. Lett. B 178 (1986) 178

"If high energy heavy-ion collisions lead to the formation of a hot quark-gluon-plasma, then color screening prevents

cc binding in the deconfined interior of the interaction region.”

" Debye screening”: no J/v if T Jjp > AD

Refinements: “sequential suppression”:
Digal et al., PRD 64 (2001) 75

Debye length in QGP: A\p ~ 1/(¢(T) - T)
rqg = f(T) (Lattice QCD results)

= qq "‘thermometer” of QGP

T/T,

Thermal picture (npartons = 5.2T3 for 3 flavors)

for T=500 MeV: n,, ~84 /fm>, mean separation 7=0.2 fm < T I/


http://inspirehep.net/record/230496?ln=en
http://arxiv.org/abs/hep-ph/0106017

Charmonium data at RHIC and the LHC
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e "suppression” at RHIC (PHENIX)
e dramatically different at the LHC


http://arXiv.org/abs/1311.0214
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e "suppression” at RHIC (PHENIX)
e dramatically different at the LHC

Statistical Hadronization Model
NJ/w (Ndzr>

What is so different at the LHC?
(compared to RHIC)

occ. ~10x, Volume: ~2.2x

J/1) is another observable (charm)
for the phase boundary
calculations are for T=156 MeV

AA et al., PLB 652 (2007) 259


http://arXiv.org/abs/1311.0214
http://arXiv.org/abs/nucl-th/0701079

Data and hydrodynamics
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mass dependence due to collective flow

hydrodynamic models reproduce the data with a very small ratio n/s
viscosity /entropy density, 17/s ~ T \cg

lower bound conjectured (AdS/CFT): /s > 1/47 Kovtun, Son, Starinets, hep-th/0405231


http://arxiv.org/abs/hep-th/0405231

Elliptic flow: energy dependence

A. Andronic
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v, at mid-rapidity
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v9 > 0 at low energies: in-plane,
rotation-like emission

v9 < 0 onset of expansion,
in competition with shadowing
by spectators (which act as a
clock for the collective expansion,

tpaSS:ZI'O—].O fm/C)

vo > 0 at high energies: “free”
fireball (almond-shape) expan-
sion ( “genuine” elliptic flow)
Ollitrault, 1992
hydrodynamic description,

n/s

low




