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Collectivity in small systems
0000000

One fluid to rule them all?

m Collective flow is one of the main
characteristics of AA collisions.

m We interpret this as the hydrodynamic
expansion of a QGP formed in the collision.

o pPbXeXePb-Pb % @
502 13 502 544 502 (5, (TeV) %
o = 56 [0 ALcE *

00: [0 [ IP-GlasmasMUSIC+UrQMD . . . .
) - PyiHiAs m Our understanding is quantitative, and
Foos-© vz 10) models describe the data with

ey oﬁO °*° Fo3

002 ¢
%‘é\ w? + <08 ]

02<p, <30cevc m Collective flow has also been seen in smaller
vz — systems:

WW v% m High multiplicity pPb,

High multiplicity pp,

ever-improving precision.
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m Inside high multiplicity jets,
n
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004 4

E 8 Pb Xe-Xe Pb-Pb H
02 B IR T m Does a QGP form in these systems?

OF L v oo - % E a A I hvdrod . CERN

T s re small systems hydrodynamic \
Ny (Nl < 0.8)

in nature?

[ALICE, 1903.01790]
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Collectivity in small systems
0O@00000

To hydro or not to hydro?

os e m Binary yes/no is not really the right question.
kinetic theory .
S e di m All ‘hydro’ models used in AA collisions have
< hydro +—— '
L non-hydro aspects:
Zos m Initial state,
S m Prehydrodynamic stage,
. m Non-hydrodynamic modes,
. 00 LHC ...
o 2 3 1 5 6 . .
(,G Opacity 5 m Example: compare kinetic theory to
PbPb LHC : 1
. Israel-Stewart hydrodynamics.
3 Ny m Hydro aspects are chosen to be the same.
" m OO results differ more than PbPb.
£ m Better questions about small systems:
-} event-by-event . N .
E o janetic thoary ¢ m What is the relative importance
L of hydrodynamic aspects? CE/RW
o e o m What is the nature of the L

non-hydrodynamic aspects?

[Ambrus, Schlichting, Werthmann, 2411.19708]
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Collectivity in small systems
[e]e] lele]ele)

Recap: why do we believe PbPb is hydrodynamic?

T T

ALICE Pb-pb’ ydrod c 1
> 0.15[ 502 Tev 276 Tev 5,02 Tov. Ret o7) ] m Not Just the presence of V,,{k}.
L mv,{2 |an>1} a Vz(g, lAV“zi} :Ix g; llﬁqL%g a
[l biby o vl by = ] m We understand where the v,{k} come from!
[ 4viia) & Va4 ]

v, {6}
Kv. {8

m Hydrodynamics converts initial state
anisotropic geometry into final state
momentum anisotropy.

m We can control the initial geometry by
binning in centrality.

0.1

m For pPb this is not the case.
m We do not understand the initial geometry.
m No clear connection between
initial state and final state.

1 1 1 1 1 1 .
010 20 30 40 50 60 70 80 m Why is the geometry of pPb so
Centrality percentile
hard to control? CE/RW
.
Z

'

[ALICE, 1602.01119]
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Collectivity in small systems
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Reason 1: substructure

m In a pPb collision, one of the projectiles is a 0.09 : : :
in | r n. P proton with substructure 1
s g ep oto 0.08F ____. round proton

m Proton geometry at low x is largely 007k ¥ ALICE ]
unknown. 0.06F

m In models, substructure is usually modelled Z00F
as a proton consisting of several constituents. <001}

m With substructure, the collision geometry i A ]

becomes significantly less round. 0.02¢ ]

m This has a large effect on the vs. 001 L Pb 502 Tev a7
m We can describe the data. . . 00 20 N (‘4;“‘ <08) 0 0
m ...but only when making the ‘right’ choice e
for proton substructure.
o)

[Schenke, 2102.11189]
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Collectivity in small systems ntal results

0000e00

Fitting the substructure

m Bayesian fits give a similar picture.
m Combined fits to PbPb and pPb are able to

0-15 7 describe experimental data.
m Non-trivial result: there are choices for the
0.10 - proton substructure for which a hydro
model works.
——— — —— R m Constituent width is tightly constrained.
00571 £ m But...
et = U3 m Uncertainties are relatively large.
0.00 T w T ‘ 1 m This approach assumes a hydro model
2 4 6 when making the fit.
poffline /(i offline’) m This does not get the geometry under
control in the way that we need.
m We need to look at a system
where proton substructure CE/RW

is not important.

[Moreland, Bernhard, Bass, 1
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Collectivity in small systems ntal results

0000e00

Fitting the substructure

m Bayesian fits give a similar picture.

m Combined fits to PbPb and pPb are able to
describe experimental data.

m Non-trivial result: there are choices for the
proton substructure for which a hydro
model works.

m Constituent width is tightly constrained.

m But...
m Uncertainties are relatively large.
m This approach assumes a hydro model
3 5 7 9 when making the fit.
Constituent number m This does not get the geometry under
control in the way that we need.
m We need to look at a system
where proton substructure CE/RW
is not important.

U

[Moreland, Bernhard, Bass, 1
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Collectivity in small systems
0000e00

Fitting the substructure

m Bayesian fits give a similar picture.

m Combined fits to PbPb and pPb are able to
y describe experimental data.
[ m Non-trivial result: there are choices for the
y Q proton substructure for which a hydro
2 Los S model works.
g ] m Constituent width is tightly constrained.
4 " é m But.
= m Uncertainties are relatively large.
g F = m This approach assumes a hydro model
://Q:”\ox F o4 when making the fit.
m This does not get the geometry under
: o control in the way that we need.

0.4 06 08 10 12 m We need to look at a system
Nucleon width [fm] where proton substructure CE/RW
is not important.
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Collectivity in small systems
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Reason 2: longitudinal structure

m In pPb, v»(n) is not flat at midrapidity.

m Also, the flow decorrelates across rapidities 0.08} — 3DGlauber+MUSIC+UrQMD]
= PHENIX data

more than in PbPb.

-3.9<nef<-3.1
m Describing this properly requires a good AO.O6- p-Au@ 200 GeV ]
description of the longitudinal structure of [ ! 0-5%
the initial conditions. §0.04- 'h}% .
m This is an active area of study. K s
m Can probably be overcome in the future 0.02F -
with better tuned models.
m However, current descriptions are not 0 (@) s
precise enough to reliably control this L L - - y
aspect. -4 2 1(1) 2 4
m Looking at systems for which boost
invariance is a good approximation avoids CE/RW
this problem. D,

[Zhao, Ryu, Shen, Schenke, 2211.16376; CMS, 1503.01692]
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Collectivity in small systems
0000080

Reason 2: longitudinal structure

m In pPb, v»(n) is not flat at midrapidity.

m Also, the flow decorrelates across rapidities

CMS pPb |5, =5.02 TeV

more than in PbPb. = 10w -
‘“E LN Ly =35nb7 .\B\ o
m Describing this properly requires a good =0 &"*& T ©g ]
. . . . ‘:C ~ \.‘\
description of the longitudinal structure of | %% ¢ sscicso oo T oe. 1
Lo, .. I © 30<n*<40 o e 03<p!<30GeVlc O
the initial conditions. L= 07~ Exponental s T pesoceve .
o i gt sy
m This is an active area of study. P e S R
m Can probably be overcome in the future |2 "™, L
. < ~e. A
with better tuned models. =09k S T o 1
. 2 .

m However, current descriptions are not < o8 bt 3“.~
precise enough to reliably control this ot ot o]
aspect. mssNez0 | 220N <260

0.0 05 1.0 15 2.0 0.0 05 1.0 15 20
m Looking at systems for which boost " "
invariance is a good approximation avoids CE/RW
.

this problem.

[Zhao, Ryu, Shen, Schenke, 2211.16376; CMS, 1503.01692]
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Collectivity in small systems
000000

Posing a precise question

m Can we describe a small system using a
hydrodynamical model which also describes
PbPb?

p-PbXe-Xe Pb-Pb

%, Ry
t& N
1

E 502 13 502 544 502 Sy (TeV)
E . 58 100 AuicE . .
oozf- [ B2 EE -oresmasmusic-ram m Hydro model used should describe a wide
e —
Sl ® oo range of PbPb observables.
g s barr e wo R m We want to use the remaining freedom in
ety ni<os ] the model after demanding agreement with

02<p <3.0Gevic ]

°
8
‘\‘\‘H

PbPb data as an uncertainty.

% vz ni>10 |
°”2 ?ﬂ?&“ o FTE 1 = Can we find a quantity to predict which does
oo K % not suffer from huge theoretical

= ; uncertainties? Wishlist:

¥

0f—open = without n-subevent ISl <4~ [EEN WA v,(6}
- solid = with n-subevent

PP pPb Xe-Xe Pb-Pb
13 502 544 5.02 [, (TeV) ¥

E80 (¥ v, {8}

[ALICE,

10 10°

1903.01790]

Ny (il <0.8)

m Small sensitivity to proton substructure.
m No longitudinal structure issues.
m Quantifiable and small
theory uncertainty. C\E/RW
g
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small systems 00 collisions
[ leJele]

ntal results

Interlude: Bayesian analysis & systematic uncertainties

m We use the Trajectum model, and apply
Bayesian analysis to fit to PbPb 0.35

PbPb, v snn =5.02 TeV

observables. ~ 83(5)_!_:—!-1_.._. ......
= We fit to 670 individual data points at 2.76 0.0 e
and 5.02 TeV. 3015 _”“
m p(v2{2}?, (p7)) is shown as an example. < 8(1)(5) N |

m From the posterior distribution, we draw 20 .00 Trajectum
parameter sets. 14

a

m This ensemble represents the remaining
uncertainty in the parameters.

m For each observable, the ensemble of
predictions encodes the theory systematic
uncertainty.

m The ultracentral (pr) is shown as an CE/RW
example. \

model/dat:

OO
o-hc\ooom.h

10 20 30 40 50 60
centrality [%]

[Giacalone, GN, van der Schee, 2305.00015; GN, van der Schee, 2312.04623; CMS, 2401.06896]
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0O collisions

[ JoJele]

m We use the Trajectum model, and apply
Bayesian analysis to fit to PbPb
observables.

m We fit to 670 individual data points at 2.76
and 5.02 TeV.

m p(v2{2}?, (p7)) is shown as an example.

m From the posterior distribution, we draw 20
parameter sets.

m This ensemble represents the remaining
uncertainty in the parameters.

m For each observable, the ensemble of
predictions encodes the theory systematic
uncertainty.

m The ultracentral (pr) is shown as an
example.

[Giacalone, GN, van der Schee, 2305.00015; GN, van der Schee, 2312.04623; CMS, 2401.06896] 9/20
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0O collisions
[ JoJele]

Interlude: Bayesian analysis & systematic uncertainties

m We use the Trajectum model, and apply
Bayesian analysis to fit to PbPb
observables.

m We fit to 670 individual data points at 2.76 pEMS Prelminay . FLFY Q807 gl 9,07 Tey
and 502 TeV Lo2sf pT.>O§:‘\a/(exlrapola[ed), [n|<0.5 ,11,’7
m p(v2{2}?, (p7)) is shown as an example. : 11::7 f,_,:';:;:',;aC'(Cs/c)z ,
m From tlj[e postterior distribution, we draw 20 ;Q* ok (C/C)Ga':';;joz 20016 ()
parameter sets. F1005f ’
m This ensemble represents the remaining fe-n R
uncertainty in the parameters. ooosf
m For each observable, the ensemble of 08 08509 0% NC;NE:“’%OS tos a2
predictions encodes the theory systematic
uncertainty.
m The ultracentral (pr) is shown as an CE/RW
example. \

[Giacalone, GN, van der Schee, 2305.00015; GN, van der Schee, 2312.04623; CMS, 2401.06896]
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0O collisions
o] lele)]

Predictions for 1010 at the LHC

m Using the parameters obtained by
Bayesian analysis, we predict the v,
of 16010 collisions at LHC
energies.

m The bands represent the
systematic uncertainty.

m Uncertainty varies between
4% and 14%.

m Different nuclear structure models
give slightly different but
consistent answers.

m Virtually no dependence on proton
substructure.

m Longitudinal decorrelation is much
less of an issue compared to pPb.

[Giacalone, Bally, GN, Shen et 995; Shen, in preparation]

0.08

v2{2,1An>1}
°
o
~

o
o
<)

0.05

The unexpected uses of a boy



0O collisions
o] lele)]

Predictions for 1010 at the LHC

m Using the parameters obtained by
Bayesian analysis, we predict the v,
of 16010 collisions at LHC
energies.

m The bands represent the
systematic uncertainty.

m Uncertainty varies between
4% and 14%.

m Different nuclear structure models
give slightly different but
consistent answers.

m Virtually no dependence on proton
substructure.

m Longitudinal decorrelation is much
less of an issue compared to pPb.

[Giacalone, Bally, GN, Shen et

995; Shen, in preparation]
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0O collisions

o] lele)]

m Using the parameters obtained by
Bayesian analysis, we predict the v,
of 6060 collisions at LHC Lo
energies. [

0.98

m The bands represent the
systematic uncertainty.

m Uncertainty varies between
4% and 14%.

m Different nuclear structure models
give slightly different but 0ok b
consistent answers. [~ 040

m Virtually no dependence on proton 090 b
substructure. ' ' "

m Longitudinal decorrelation is much CE/RW
less of an issue compared to pPb.

[Giacalone, Bally, GN, Shen et al Shen, in preparation]
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0O collisions
[e]o] le]

ntal results

m We removed the dependence on nucleon
substructure.

m %0 nucleus is much larger than a single
proton.

m Makes sense that proton substructure
becomes subleading.

) m But we also introduced dependence on
o PR | nuclear structure.
ST . e m Presence of a-clusters matters.
m Size of a-clusters matters.
0.5

m Placement of a-clusters matters.
-5

m Are we just exchanging one problem for
xm another?

m No. Nuclear structure can be CERN
reliably computed for small nuclei. ™

[Wang, Zhao, Cao, Xu, Song, 2401.15723; Zhao, Ma, Zhou, Lin, Zhang
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0O collisions
[e]o] le]

m We removed the dependence on nucleon
substructure.
m %0 nucleus is much larger than a single
proton.
1 m Makes sense that proton substructure
becomes subleading.

1 m But we also introduced dependence on

o~ I Woods Saxon nuclear structure.
0,061 —— 1 ol ry/l=067 |
’ —o— I aclr/l=044 m Presence of a-clusters matters.
(a) —v— IV aclrgl=030 m Size of a-clusters matters.
0.045 10 20 30 40 50 m Placement of a-clusters matters.
Centrality(%) m Are we just exchanging one problem for
another?
m No. Nuclear structure can be CE/RW

reliably computed for small nuclei. W

[Wang, Zhao, Cao, Xu, Song, 2401.15723; Zhao, Ma, Zhou, Lin, Zhang
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[e]o] le]

Dependence on nteteen—stbstraettre nuclear structure

m We removed the dependence on nucleon
substructure.

m %0 nucleus is much larger than a single
proton.
m Makes sense that proton substructure

N “ becomes subleading.
A m But we also introduced dependence on

nuclear structure.

m Presence of a-clusters matters.
m Size of a-clusters matters.
m Placement of a-clusters matters.

m Are we just exchanging one problem for

another?
m No. Nuclear structure can be CERN
reliably computed for small nuclei. W

[Wang, Zhao, Cao, Xu, Song, 2401.15723; Zhao, Ma, Zhou, Lin, Zhang,
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0O collisions
[e]o] le]

m We removed the dependence on nucleon

0.06 w substructure.
(a) O+0 @ 200 GeV, An>1 | 16 . .
[\ 1 m °0 nucleus is much larger than a single
004y ¥ ¥ x proton.
| IS 020 <2 Gevie 1 m Makes sense that proton substructure
oo WS ¥ becomes subleading.
= S 7 .
LT Abiio ] m But we also introduced dependence on
L ¢ STAR Preliminary 4
: : nuclear structure.
[ (b)O+O @ 200 GeV, jAnj>1 ]
[ i m Presence of a-clusters matters.
0023 ] m Size of a-clusters matters.
e _ 4
o | x x m Placement of a-clusters matters.
> [ ¥¥W¥ x M
oo e ¥ m Are we just exchanging one problem for
F Inl<15, 02<p <2Ge 1
[ w=son ] another?
0.00! L L
L Centaliyon 0 m No. Nuclear structure can be C\E/RW

reliably computed for small nuclei.
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0O collisions
[eJo]e] )

Ab initio nuclear structure models

T~

= PGCM and NLEFT are both (%0, n2 (x, v, 2) - PecH
state-of-the-art nuclear structure
computations.
m PGCM provides a nucleon density.
m NLEFT provides configurations.

m Both frameworks yield results that
are largely consistent with each
other.

m 190 consists of 4 a-clusters.

m The a-clusters are arranged in an
irregular tetrahedron.

[Giacalone, Bally, GN, Shen et al.,
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A nuclear bowling pin ntal results
@0000 O

Can we do better?

m There are still substantial geometric _ 0062 i1 1
uncertainties in the 000 prediction & (060 ]
f 5 :

rvo: =
orva . . 7 0.058 Tz 1
m Increasing the nucleon size w < ; Iziz %
< 0.056 ]
decreases v». L i
. e . =
m Increasing initial state fluctuations o 0054 5§ s 1
Ofluct INCreases vs. = 0.052 ‘ ‘ ‘ ‘ ‘ ]
04 05 06 07 08 09 10

m Systems close in size to *0®0 should
share these dependencies.

m Can we exploit this?

[Giacalone, Bally, GN, Shen et al., 24
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A nuclear bowling pin ntal results
@0000 O

Can we do better?

m There are still substantial geometric

Lo - 0.062 1
uncertainties in the 00 prediction - o3
. § 0.060 ]
for v: g s
i i T 0.058 # 1
m Increasing the nucleon size w i 5 g .
decreases v». Toose FF T 3 1
m Increasing initial state fluctuations 3 0054 L3 ]
Ofluct INCreases Vvo. S iy
. . 1616 0.052 X X X X 1
m Systems close in size to ~°0™°0 should 02 0z o8 o8 o
share these dependencies. Ot

m Can we exploit this?

[Giacalone, Bally, GN, Shen et al., 24
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A nuclear bowling pin
(o] Jelele]

j=4 T T T T T T T T
> ®  Xe-Xe (5544 TeV: v,{2,an| > 2} 1
O Pb-Pb \[5,,=5.02 TeV: v,{2,An| > 2} q
01 o xexervgelmi>2) 8 m We can model the shape of large deformed
A | nuclei with a quadrupole deformation 3, and
02<p, <30GeVic 6'0993 triaxia”ty 5.
Il <0.8 °® il . .
005 Lest?® s° N m Central v, is sensitive to /3.
lhessso® 30 m Central p(v2{2}?, (p7)) is sensitive to (>
s2issssssssasenston and 7.
. ] m By fitting to 12°Xe to 2°Pb observable
| | | | | | | | | . -
D A I ratios/differences, we can extract 3, and +.
a [ ]
£1af © E m Reasonable agreement (1.80) with PGCM
ST ] .
Xk E calculations.
z e 3 . . . .
gt & m Experimental data was obtained during just
o, Ly an 8 hour run!
0 20

10 15
Centrality (%) Cw
\
7

[Giacalone, GN, van der Schee, 25xx.xxxxx; ALICE, 1.
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A nuclear bowling pin
(o] Jelele]

£ [ ATLAS 7 E,-based sos<p<26ev 1 m We can model the shape of large deformed
_‘5 [ Three-subevent method @ 05<p <5GeV 1 . . .
£ | Porposo2Tev <25 e nuclei with a quadrupole deformation /3, and
g l_Xe+Xe5.44TeV /‘ - trIaXIa|Ity ’Y
X 1 |
2 : m Central v, is sensitive to 3.
g | = $: m Central p(v2{2}?, (p7)) is sensitive to (>
o0 Trento B and .
o, \
[ -- Xe+Xe(=0.2, y=0")/Pb+Ph(B=0.06, y=27") *, 1 .
| eoe(moz y-2oypbib=ocey-z s, | @ By fitting to 29Xe to 2°®Pb observable
| — Xe+Xe(B=0.2, y=30°)/Pb+Pb(B=0.06, y=27°) 1 ratios/differences, we can extract 62 and 7.
[ -+ Xe+Xe(B=0.2, y=40°)/Pb+Pb(B=0.06, y=27% 1 1 .
O — Xe+Xe(B=0.2, y=60°)/Pb+Pb(=0.06, y=27%) - m Reasonable agreement (1.80’) with PGCM
T T R calculations.

Centrality [% . . o
enally Bl Experimental data was obtained during just

an 8 hour run!
CE/RW
.
Z

[Giacalone, GN, van der Schee, 25xx.xxxxx; ALICE, 1.
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small systems

Nuclear shapes

A nuclear bowling pin ntal results
(o] Jelele]

0.15
20°
0.10
60° .
40° y=ar 104"
20° Bz =0.19 £ 0.02

0.10 0.15 0.20 0.25 0.30
B2

m We can model the shape of large deformed
nuclei with a quadrupole deformation (5, and
triaxiality .

m Central v, is sensitive to .
m Central p(v2{2}?, (p7)) is sensitive to (>
and 7.

m By fitting to 12°Xe to 2°Pb observable

ratios/differences, we can extract 3, and +.
m Reasonable agreement (1.80) with PGCM
calculations.

m Experimental data was obtained during just

an 8 hour run!
CE/RW
.
Z

[Giacalone, GN, van der Schee, 25xx.xxxxx; ALICE, 1805.01832; ATLAS, 2205.00039]
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A nuclear bowling pin
[e]e] Tele]

The nuclear bowling pin: ?°Ne

el B
m We now turn around the argument. [160 PRI
N . ) m,2 ) ) -
m Using-ratios-of-ebservableste
m Using a known shape difference to
predict ratios of observables.
m 2°Ne is close in size to 1°0.

m Remaining geometric uncertainties
should largely cancel.
m 2Ne looks like %0, but with an
extra a-cluster on top.
m Whereas %0 is close to spherical,
2Ne is the most deformed nucleus
in the Segré chart.

m Central v ratio NeNe/OO should CE/RW
have a large signal.

[Giacalone, Bally, GN, Shen et al
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A nuclear bowling pin
[e]e] Tele]

The nuclear bowling pin: ?°Ne

el N
m We now turn around the argument. [ZeNe on 2 (%0 v, 2) - PGON
N . > m,2 s s -
m Usingratiosof-observablesto

m Using a known shape difference to
predict ratios of observables.
m 2°Ne is close in size to 190.
m Remaining geometric uncertainties
should largely cancel.
m 2Ne looks like 10, but with an
extra a-cluster on top.
m Whereas %0 is close to spherical,
2Ne is the most deformed nucleus
in the Segré chart.

m Central v ratio NeNe/OO should CE/RW
have a large signal.

[Giacalone, Bally, GN, Shen et
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small systems

A nuclear bowling pin ntal results

[e]o]e] o}

Comparing 2°Ne to 0 significantly reduces errors!

m Central NeNe/OO v, ratio has a 0.08f oM 0-2GeVispr=3Gey. 05 <in<08
large enhancement. 0.07
m Ratio of v2{2} reaches percent T 0.06 > ~
level precision from 5% to 20% S 0B TeY
centrality! ‘*:{:
m Geometric uncertainties indeed
largely cancel.
m Difference of p(v2{2}2, (p7)) has %
uncertainty reduced by up to a E
factor 5!
centrality [%]
0-1% | v2{2}neNe/v2{2} 00 P2,NeNe — P2,00
NLEFT | 1.174(8)stat (31)gyet (4)50. | —0.124(14)star (10) gt (7). @)
PGCM | 1.139(6)stat. (27)ayer (28)%5, | —0.124(10)star. (10) 4 (29)3, N

[Giacalone, Bally, GN, Shen et al
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A nuclear bowling pin

[e]o]e] o}

Comparing 2°Ne to 0 significantly reduces errors!

m Central NeNe/OO v, ratio has a
large enhancement.
m Ratio of v2{2} reaches percent
level precision from 5% to 20%
centrality!
m Geometric uncertainties indeed
largely cancel.

m Difference of p(v2{2}2, (p7)) has
uncertainty reduced by up to a

0.15f — OO only NLEFT |

INGD — NeNe/OO ratio

&2

<<

ala

~ o

2| <

S

centrality [%]

7

factor 5!
0-1% | v2{2} NeNe/ 212} 00 | P2,NeNe — 2,00
NLEFT | 1.174(8)star. (31)gyer (4)25 | —0.124(18)star. (10)g2 (7). CE/RW
PGCM | 1.139(6)star. (27)ayr (28)%5, | —0.124(10)stac. (10) 4, (29)35,

[Giacalone, Bally, GN, Shen et al., 2402.05995]
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A nuclear bowling pin
[e]e]e] o]

Comparing 2°Ne to 0 significantly reduces errors!

m Central NeNe/OO v, ratio has a
large enhancement.
m Ratio of v2{2} reaches percent
level precision from 5% to 20%
centrality!
m Geometric uncertainties indeed
largely cancel.

0.2GeV<pr<3GeV,|n=<038

P(v2{2Y (pr))

o -0 .
m Difference of p(v2{2}2, (p7)) has < o1 e PGC ‘ Fl\l
uncertainty reduced by up to a % _8:(1) = s S 2
factor 5! = 0 10 20 30 40 50
centrality [%]
0-1% | vo{2}nene/v2{2}00 P2,NeNe — 2,00
NLEFT | 1.174(8)star. (31)get (4)3% | —0.124(14)qar. (10)g,2 (7)1,

PGCM

[Giacalone, Bally, GN, Shen et al.,

1.139(6)stat. (27)ayel (28)2%

—0.124(10)sta. (10) 0,2 (29)3t%,
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A nuclear bowling pin
[e]e]e] o]

Comparing 2°Ne to 0 significantly reduces errors!

. 0.10 ‘ :
m Central NeNe/OO v, ratio has a — 00 only NLEFT
large enhancement. =~ 0080 \eNe-00 difference J
m Ratio of v»{2} reaches percent & 0 06-\///_/§/_
level precision from 5% to 20% e
centrality! T 0.04} ]
m Geometric uncertainties indeed §
largely cancel. 0.02¢ ]
. 2 ) ) ) )
[ leFeren.ce of p(va{2}%, (p7)) has 0.00, 1 5 3 20
uncertainty reduced by up to a centrality (%]
factor b!
0-1% | v2{2} NeNe/ 212} 00 P2,NeNe — 2,00
Tr Tr
NLEFT | 1.174(8)star. (31)gyst (4)5%c. | —0-124(14)star. (10),t (7)550.

PGCM

[Giacalone, Bally, GN, Shen et al., 2402.05995]

1.139(6)stat. (27)ayel (28)2%

CERN
—0.124(10)stat. (10) 73 (29)str. ‘/)l

syst syst.
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A nuclear bowling pin
[e]e]e]e] ]

Revisiting the wishlist

vo{k} in pPb | OO | NeNe/OO
Small sensitivity to proton substructure X v v
No longitudinal structure issues X v v
Quantifiable theory uncertainty X v v
Small theory uncertainty X > 4% > 1%

m Theory has a much better handle on **0'0 compared to pPb.

m Theory uncertainties can be substantially reduced further by
supplementing 1°01°0 collisions with 2°Ne?°Ne collisions.
m We can bring the initial geometry under control to the percent level!
m Models with different non-hydro parts give different answers.
m We can use this as a probe for non-hydro contribution to collectivity! w
CERN

[Giacalone, Bally, GN, Shen et al., 2402.05995] 17/20
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Experimental results
[ ele}

m We answer some questions. . .
m Hydro agrees broadly with data.

£ QE‘)CEF 96 ey Data (2) Ne-Ne, V5, =536 Tev” .
oo v v WEFT PGy ® ...and we also got new questions!
0aphl<08T = vi2) v
;

m NLEFT Trajectum describes OO, but
has tensions in the ratio.

m PGCM Trajectum describes the ratio
better, but has tensions in OO.

"""""""""" 1 m IP-Glasma is compatible with the
ratio, but does not have the central
enhancement and does not desribe OO
(see ATLAS results).

m Details of the initial state and
pre-hydrodynamic stage matter!

m Opportunity to learn! CERN

\

data

o
©

model model model

data

a 60
Centrality (%)

[Giacalone, Bally, GN, Shen et al., 24 995; ALICE, CERN-EP-2025-203]
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Experimental results
@00

[ ALICE 00 and'Ne-Ne, {5y, = 5.36 TeV "

02< p_<3Gevic bata m We answer some questions. . .

2Fhl<08 o V{2 - .
s m Hydro agrees broadly with data.
. . v ]

Vv, (Ne-Ne / OO)
=
i

® ...and we also got new questions!

m NLEFT Trajectum describes OO, but
has tensions in the ratio.

m PGCM Trajectum describes the ratio

3DGlauber IP-Giasma Traject:um : better’ but has tensions in OO.

[ PeOM  PGOM  PGCM NLEFT 1 m |P-Glasma is compatible with the
ratio, but does not have the central
enhancement and does not desribe OO
(see ATLAS results).

m Details of the initial state and
pre-hydrodynamic stage matter!

m Opportunity to learn! C\ERN

v4{2} (Ne-Ne / O0O)

30
Centrality (%)

[Giacalone, Bally, GN, Shen et al 995; ALICE, CERN-EP-2025-203]
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Experimental results
oeo

00 (5.36 TeV)

200f .
180 CMS Preliminary =
160F = Data =
L HIJING inlict 1
21400 neanve m Mul't|p||C|ty agrees very well with
ﬁlzo; “““ AVPT Trajectum, and shows large
r AMPT (string melting) . |
2 100~ EPOS LHC E differences between models!
C Traject ] .
< sob i E m Rja shows a difference between
=z [ S\“PGCM 1
% ook E NeNe and OO.
a0k E m Surprisingly well described by a
20; : g path length based scaling of the
: | N ”-V\y | | | | | ] PbPb Raa.
0

70 60 50 40 30 20 10
Centrality (%)

CE/RW
\\
Z

[CMS, CMS-PAS-HIN-25-010, CMS-PAS-HIN-25-014; Giacalone, Bally, GN, Shen et al., 2402.05995; van der Schee, Kolbé, GN et al., 2509.04299]  19/.
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Experimental results
oeo

0.76 nb™* (NeNe), 6.05 nb™ (00), 5.36 TeV

1'2; éMS o ii}c‘) ‘(5,36Tev) ElNeN; (5.‘36"(9‘\/)‘ i B
[ Preliminary [0 PbPb (5.02 Tev) [ & | Xexe (5.44 Tev, 0-80%) ]
& f 1 m Multiplicity agrees very well with
38 o8 7 Trajectum, and shows large
=4 L 4 .
g T ] differences between models!
o 06 - )
& I ] m Rjp shows a difference between
g 0.4 7 NeNe and OO.
r ] m Surprisingly well described by a
0.2 7 path length based scaling of the
L 1 PbPb Raa.

[CMS, CMS-PAS-HIN-25-010, CMS-PAS-HIN-25-014; Giacalone, Bally, GN, Shen et al., 2402.05995; van der Schee, Kolbé, GN et al., 2509.04299]
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Experimental results
oeo

We got lots of other results too!

0.76 nb’* (NeNe) 6.05 nb (00), 5.36 Tev

11— e
F CMS Prellmmary I ]
T # =
5 0% <1 ) '.f'ﬁ/ - E m Multiplicity agrees very well with
% 0.8 2 E Trajectum, and shows large
£ ] differences between models!
0.7 - .
g F ] m Rup shows a difference between
2 o6 1 NeNe and OO.
ey E 4
s 1 . .
05~ mmsmm 00 data (HIN-25-008) 3 m Surprisingly well descrl.bed by a
F a1 NeNe data ] path length based scaling of the
0.4F Path length NLEFT, OO =
- == Path length NLEFT, NeNe PbPb Raa-
03
10 107
P, (GeV)

CE/RW
\\
Z

[CMS, CMS-PAS-HIN-25-010, CMS-PAS-HIN-25-014; Giacalone, Bally, GN, Shen et al., 2402.05995; van der Schee, Kolbé, GN et al., 2509.04299]  19/.
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Experimental results

The power of short runs

m The '?°Xe run took just 6h of data.

m We can quantitatively extract its shape.

m Proof of concept for similar future

studies with big physics impact. .

m The ?°Ne run took 12h.

m Broad agreement with hydro.

m Tensions provide new questions.

m Would be interesting to compare

p(v2{2}%, (pr)) too. .
m Should we next go smaller? Larger? .
m What can we learn from future short runs?
m "®Ge and "°Se?

m “Ca and *°Ca? -
m *He?

= >*Mg? C\E/RW
m A big thanks to everyone who made this happen! s

20/20
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Opportunities at LHCb
@00

Backup

Backup

CERN
\\
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Opportunities at LHCb
oeo

Opportunities at LHCb

m The SMOG2 system at LHCb is able to
inject gas into the beampipe.
m This allows to perform collisions at
/s = 68.5 GeV. T 3DGlauber+MUSICTUrQMD

L. i 1.2 \Syy = 68.5 GeV
m Similar to the NeNe/OO ratio, one can take ' 0.2<p, <3.0GeVic

—— PGCM, Cluster

T

a NePb/OPb v, ratio. -% RGO, Uniform
. . . " — —— NLEFT
m A large signal is predicted by multiple &5 1.1 ®Ne+Pb — W-S, Spherical
models. T p oo
m Challenges: | IR s s

m Injected Ne gas is not isotopically pure. T T
m Injecting O has not been approved.

Centrality [%]
m 190 and 2°Ne beams would allow for several

new collision systems:

m %00 (if O is approved for SMOG2),
g O 3PP ) )
m 2Ne®Ne.

[Giacalone, Zhao, Bally, Shen et a Lu, Zhao, Nielsen, Li, Zhou, 2501.14852]
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Opportunities at LHCb
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Opportunities at LHCb

m The SMOG2 system at LHCb is able to
inject gas into the beampipe.
m This allows to perform collisions at
v/s = 68.5GeV.
m Similar to the NeNe/OO ratio, one can take
a NePb/OPb v, ratio.
m A large signal is predicted by multiple
models.
m Challenges:
m Injected Ne gas is not isotopically pure.
m Injecting O has not been approved.
m %0 and *°Ne beams would allow for several
new collision systems:
m °0™0 (if O is approved for SMOG2),
- 16020Ne
m PNe®Ne.

[Giacalone, Zhao, Bally, Shen et al Zhao, Nielsen, Li, Zhou, 2501.14852]

T 8 0.015} .
0.04F == t
% p < vy(2}
V{2
Ao.oa V5= 685 GeV 0.0 7
[y 02<p <30GeVic
>0.02F 3DGladber+MUSIC+UrQMD AMPT
Pb+®Ne Pb+0 0.005} Po+*™Ne Pb+*0 3
0.0 — = = NLEFT 4 I3 & NLEFT
—_ = = W-S, Spherical § fws
(a) ©
12 1.2F Va2 ]
Pb+*Ne
) PDH0
s
§1‘1 1.1 1
=
/\Q
b | o e e &

10 20 30 40 50 60
Centrality [%)]

0 10 20 30 40 50 60
Centrality [%]

C{RW
\\
Z
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Opportunities at LHCb
ooe

How do predictions hold up?

16

& 006 ' ' N = LHCb Prelimin R

oo S ary 1

F 005 “mem B 14f 2024 POA {5, = 709GV

0.0aksseie’ ~ LHCb Preliminary [N - e 2-sub |An|=1.0 ]

: 2024 PbA ,[_ 709Gev] ‘Z12F  *w 02< P, <3.0GeV 3

0.03 2-sub |An| = E = 1: e, L ]

0.02 02<p < 3.0 GeV _ 2 - -4-4-— —';;‘?‘W- ]

0.01F -+ v{ 2} PbNe 4 2 osf ‘+ -

«v{2} PoAr _A—:z:—-}— ] E . ]

OF = v {2} PbNe E 0.6~ -e-v,{2} ratio ]

-+ Vg{ 2} PbAr 3 |+ v {2} ratio b

-0.01 Il Il 1 = 04 [ Il Il 1 "

0 20 40 Y 0 20 40 50
0, 0,
q(Eg; ) [ a.(Eg; ) [%]
m Measured vy, v3 ratios between NeNe and OO
agree well with model predictions. CE/RW
.

[LHCb, 2509.12399]
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