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Determination of the neutron skln %S’FPb from
ultrarelativistionuclear collisions
From nuclear structdirem quarkgluon plasma
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cern Using heavy-ion collisions at the #LHC,
scientists determine the thickness of the neutron
skin. This is the first measurement of the neutron
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skin of lead-208 using the strong force as a probe
which can provide an insight into the structure of

nuclei and neutron stars.
|

In this process, when lead nuclei (left) are collided,
the neutron distribution affects the shape of the
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Brief introduction on relativistic heavy ion collisions

Neutron skin, also as an illustration of Bayesian analyses

The shape of nuclei and preparing for oxygen collisions
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How to create QGP
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Colliding heavy nuclei (Pb) at high energies |
Lorentz gamma factor up to 2500
Hottest fluid: Smallest fluid: Most perfect/strange: Most vortical fluid:

102K ~ 2fmliving 10%3s h/s ~ 0.08 w~ 1G%s
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Quarkgluon plasma is strongly coupled

Initial stage- QGP- hadronic phase

Anisotropic flow (small viscosity)

;"='0 a y=1ly=6
50 (time (fm/c))

(\‘S/ CMS Experiment at LHC, CERN

~_x | Data recorded: Sun Nov 14 19:31:39 2010 CEST
;‘ {_‘:/ Run/Event: 151076 / 1328520
"+~ | Lumi section: 249
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Wit BuszaKrishna Rajagopal and WS, Heavy lon Collisions: The Big Picture, and the Big Questions (2018)
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Standard model of heavy ion collisions
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Jonah Bernhard, Scott Moreland and Steffen Bass, Bayesian estimation of the specific shear and bulk visc@gjtymf glaanka (2019)
GovertNijs , UmutGursoyand Raimondnellings, A Bayesian analysis of Heavy lon Collisions avithtum(2020)

Cascade of hadrong)(
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1. Quite straightforward to use

(see param file, right) 7= 0.6 fm/c

2. Includesanalyseroutine

Parallelisedcananalyseunlimited
number of events

- rajectum
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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

}


https://sites.google.com/view/govertnijs/trajectum
http://wilkevanderschee.nl/trajectum

Neutron skin

WITH A SHORT INTRO ON BAYESIAN ANALYSIS
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Bayes theorem:

=&
V/ (27)" det (B(z))
with A2 = (Y(m) - Yexp) . E(m)_l ) (y(m) - Yexp)

P(x|Yexp) = P(z)

Performing a global analysis

Same technique: gravitational waves

Model depends on parameters namearly
wdzy Y2RSf 2y onnn O0RSaAIYyQ LI
Use an emulator for any point in parameter spaGé)(

Whitened H1 Strain / 107"
| |

Whitened L1 Strain / 102"

Markov Chain Monte Carlo
653 data points
Obtain posterior probability density of parameters L — M

~1.5F 3 BBH Template

0.30

—— IMRPhenom

Compare posterior with data
Can include high statistics run
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[

LIGO, Properties of the Binary Black Hole Merger GW150914 (2016)
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Design parameteobservable correlations
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The neutron skin

1. Nucleus charge profile can be measured very accurately

Much more uncertainty in the profile of the neutrons ﬁ pwslr] = 1/(e" 0/ 2% Pb
Relevant to understand cold QCD: EOS for neutron stars 0-8
— L.
2. Can we make progress using heavy ion collisions? 20.6
Isospin symmetry makes distinction neutron/proton difficult =04
Leverage accurate proton knowledge and obtain profile of nucleus? 0.2( e O o 0 5c) g:]]
: : 0.0
3. How to obtain the profile of a nucleus? 0 2 4 6 8
Wood-Saxon + M@lauber + (model like Trentd) dynamics r [fm]

Currently stateof-the-l NJi X

4.  Profile influences many observables
Interplay with bulk viscosity, Trento modstc

Likely need a full global analysis

ConstantihoizidesJasorKaminand Davidd'EnterriaImproved Monte Carlo Glauber predictions at present and future nuclear colliders (2017)



1.2

The neutron skinemulator e

£0.6

=04
= proton [(6.68, 0.447) fin]
0.2/ neutron [(6.69, 0.56) fm]

1. Planis to varafor neutrons and see if HIC can constrain it 0.0; 5 ; - 2
a determines the neutron radius (approx. linear for RMS radi r [fm]

pwslrl = 1/(e) BPb |

2.  First step: what does the emulator say?
Using a precise global analysis (26 parameters, 3000 design points) 0.5
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The neutron skinrposterior

1. Three parameters are most sensitive to the neutron skin:
The nucleon width and the Trento parametgrandq
Small correlation with width (cross section is highly sensitivg)to
Very strong anticorrelation witp; centrality dependence is important

0.57+0:12 -0.0970:33
6 4 '
3t 2
. 0
04 0.7 1 —04 0 0.4
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N PbPbz 7 [fm ']

w PbPhs 5 [ fm]

Ol ey POPb2 75 [%]
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