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Wilke van der Schee, CERN

Heavy ions as a laboratory for non-Abelian quantum field theory (QCD)

1. What are the fundamental degrees of freedom of the Quark-Gluon Plasma?

2. 1s QGP strongly coupled? And at what energy or length scale?

3. At what timescale does a non-Abelian gauge theory thermalise?




Standard model of heavy ion collisions

LT TR

Wilke van der Schee, CERN

y=0 y=1ly=6

50 (time (fm/c))

Initial stage (9) Viscous hydrodynamics (9)
Subnucleonic structure? (7) Shear viscosity (3)

0.3

w

=02
0.1

114
0.0

0.15 0.20 0.25 0.30 0.35
T [GeV]

w01

Bulk viscosity (3)

Non-thermal flow? (2)
for time T with varying speed (new)

Fluctuations? (1)
Second order transports: 3 (new)

Jonah Bernhard, Scott Moreland and Steffen Bass, Bayesian estimation of the specific shear and bulk viscosity of quark—gluon plasma (2019)

Cascade of hadrons (1)

Convert quark-gluon plasma at T, to
particles following Boltzmann distribution
(particlization, 1)

Subtle: viscous corrections

Evolve particles with hadronic code:
SMASH

Sort events in centrality classes (1) (new)

Govert Nijs, WS, Umut Gursoy and Raimond Snellings, A Bayesian analysis of Heavy lon Collisions with Trajectum (2020)



Trajectum

y [fm]
(=]

-10

Trajectum

r=121fm/c

T (MeV)

350

250
200
150
100

-10 -5 0
X [fm]

1.

2.

Quite straightforward to use
(see param file, right)
Second order hydro + freeze-out
SMASH

Includes analyse routine

Parallelised: can analyse unlimited
number of events

Most soft observables are currently
implemented

y [fm]

—10

21660

Trajectum

T = 1.2 1mje

= 1l -5

X [fm]

T (MeV)

350
300
250
200
150

100

general{
output=out
format=smash
f@5a8=false
numevents=1
seed=7398984.747399387
debugoutput=true
numthreads=2

}

entropyacceptanceprobabilityf{
g:0.9

}

trentosubstructurePbPb{
dmin=0.63933
w=@.781919
sigmann=7@.8@
sigmafluct=08.73579
p=08.14388
q=1.8
Eref=0.2
norm=23.587
freestreamingreferencetime=1.1788
freestreamingvelocity=0.62672
weaktostrong=08.@
nref=28
alpha=08
nc=3,2747
wvoverw=0.4892841682786295

1

secondorderhydro{
numlatticesites=166.8
latticesize=33.2

}

musclsolverktminmodfastmidpoint{
cflconstant=0.08

1

LatticeEQStempdepDuke{
shearhrg=08.08895066
shearmin=0.8895666
shearslope=8.43252
shearcrv=8.231195
shearrelaxationtime=6.318855
bulkmax=8.8030138
bulkT@=0.21471
bulkwidth=08.1@986
bulkrelaxationtime=6.08687
deltapipiovertaupi=1.333333333333
phi7overpressure=0.128571
taupipiovertaupi=1.61833
lambdapiPiovertaupi=1.2
deltaPiPiovertauPi=0.666666666666
lambdaPipiovertauPi=1.6
philoverpressure=0
phildoverpressure=0
phitoverpressure=0

}

cooperfryehadronizer{
freezeouttemp=153.456
rapidityrange=0.1

}
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Experimental observables:

2.  First study with a comprehensive analysis including

a Wea/th Of d(]t(] pdifferential observables




Posterior
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Experimental observables:

a wealth of data
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Yields, spectra, identified v {2} versus p,, pPb and PbPb
(514 datapoints)

First study with a comprehensive analysis including
p-differential observables
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Wilke van der Schee, CERN

Posterior distributions — shear viscosity

1. Shear viscosity consistent with previous work
o More data, but also enlarged model = similar constraint on n/s
o New JETSCAPE slightly broader band (larger priors, single PbPb energy but including RHIC)
o Consistent with state-of-the-art pQCD computations

04 , , , 0 - Shear viscosity E——
—— DPosterior median 0.4 1 JETSCRFE Eg?d
0.3f ] 0.3 4 90% credible region
»
= 0.2} ] d
< 4
= 0.2 LO Hsocn
01! - / LO yrars
N 0.1 - NLO piggep mmm
1/4rt 1/4m NLO pizs
0.0 : : : 0.1 . .
0-0 T T 1 T T T T
0.15 0.20 0.25 0.30 0.35 150 200 250 300 015 020 025 030 035 1 10 100 1000
T [GeV] Temperature [MeV] T [GeV] T/T.
Trajectum (2020) J. Bernhard, S. Moreland and S. Bass, JETSCAPE (2020) Jacopo Ghiglieri, Guy Moore and Derek Teaney
Nature Physics (2019) QCD Shear Viscosity at (almost) NLO (2018)

Govert Nijs, WS, Umut Gursoy and Raimond Snellings, A Bayesian analysis of Heavy lon Collisions with Trajectum (2020)
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Posterior distributions — bulk viscosity:
Much smaller, even consistent with zero

0.05 0.08
Obs: pr-diff PbPb 2.76 & 5.02 0.05 0.05
0.04} para: This work pPb 5.02 | 10.06 - Obs: pr-diff PbPb 2.76 & 5.02 Obs: pr—diff PbPb 2.76 & 5.02
0.03 0.04} para: This work 0.04} para: This work pPb 5.02
e 5001 , 003} , 0.03
0.02 1 S S
0.02 0.02¢ 0.02
0.01 ] 0.01F 0.01
0.00 ; : : 07001'0 200 250 300
015 0.20 0.25 0.30 0.35 Temperature [MeV] 0045 020 025 030 035 00045 020 025 030 035
T [Ge
[GeV] J. Bernhard, S. Moreland and S. Bass, 0.05 TiGev] 0.0 T[GeV]
Nature Physics (2019) | Obs: Duke PbPb 2.76 & 5.02 " | Obs: Duke PbPb 2.76 & 5.02
0.04t para: Duke 0.04} para: Duke pPb 5.02
. . . , 0:03t , 003
Bulk viscosity, varied several aspects: g g

.. 0.01 0.01-’/_\
° More limited parameter set /\‘

O®1 020 o025 o020 03 P15 020 o025 o030 035
T [Gev] T(Gev]
N\ Vi 5
* All versus on |y Duke 0% Gbe: Duke PbPb 2.76 & 5.02 0T Obs: prai PbPb 2.76 & 5.02
0.04 para: This work pPb 5.02 0.04f para: Duke pPb 5.02
* Include or not include p-Pb collisions , 003 |00
¥ 0.02] ¥ 0.02
* Include p;-differential observables oot oot
O®5 020 o025 o030 o3 P15 o020 o025 030 035
T [Gev] TiGev]

Govert Nijs, WS, Umut Gursoy and Raimond Snellings, A Bayesian analysis of Heavy lon Collisions with Trajectum (2020)



Extremely ultra-central collisions

1. Interesting to go to extremely ultra-central collisions:
o Keep size fixed, but increase temperature by means of fluctuations = increased radial flow = mean pt

o Trajectum has entropy acceptance feature, but still statistically non-trivial
(33M Trento events and 0.5M hydro events used)

o Multiplicity matches well with ALICE VO (5.02 data not available due to pile-up)

o Small but significant dip in pion mean transverse momentum at 1-2%; explanation?

1.04 1.20 0.04/
I PbPb, v snn =5.02 TeV i PbPb, v snn =5.02 TeV i PbPb, v snn =5.02 TeV
< 1.03F centrality: || < 2.4 ® L15 centrality: |n| < 2.4 0.03 centrality: || < 2.4,
2 . = LICE V0, 2.76 TeV T 4
2 1.02; <) - ﬁ
s Z 1.10 = 0.02/
[ = [
— L0} - 7 _
S 2 - -
~ [ SUOT . ’
- Trajectum —m* h* —K* —p | Trajectum — 7t h* —K* —p . Trajectum —Vof2} —v3{2} —Vv4{2}
0.99 : s | 1.00 : : : 0.00 : s o i
0.001 0.01 0.1 1 5 0.001 0.01 0.1 1 0.001 0.01 0.1 1 5
centrality [%] centrality [%] centrality [%]

Govert Nijs and WS, Predictions and postdictions for relativistic lead and oxygen collisions with Trajectum (2021)
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1. Very happy with performance W N -
DRIREE AR AR
2. In beginning some things not entirely clear \[ o W4 ] . A
> When overwriting files hidden files took a lot quota VA s e e ] e
> eos cp, though cp also works I R R
> How limited are we with disk space? (now we compress everything, 50 TB) R IRIRIAIE ARk iR
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3. Very convenient: VI el el
o In principle seems to work as well as AFS (often), much more disk space MRBE =
o Sometimes difference with AFS not soclear 7 T .| - -l s




