Measurements of mean particles momentum
fluctuations in HI collisions by ATLAS and flow-
momentum correlations as a tool for nuclear
shapes imagining

Tomasz Botd
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Correlations between harmonics

— —in
v, X {, = Ze D
k

n- harmonic order
k - particles of choice

(e.g. of a given momentum range)

« Per event estimates are averaged in various ways: v,( % ), v, (py)-.-

 They can also be correlated: magnitudes, angles
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Mean event momenta

W. Broniowski, M. Chojnacki, and t. Obara Phys. Rev. C 80, 051902(R)
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Transverse-momentum-flow correlations in relativistic heavy-ion collisions

Piotr Bozek "
AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, al. Mickiewicza 30, 30-059 Krakow, Poland
(Received 25 January 2016; published 21 April 2016)

The correlation between the transverse momentum and the azimuthal asymmetry of the flow is studied. A
correlation coefficient is defined between the average transverse momentum of hadrons emitted in an event and
the square of the elliptic or triangular flow coefficient. The hydrodynamic model predicts a positive correlation
of the transverse momentum with the elliptic flow, and almost no correlation with the triangular flow in Pb-Pb
collisions at LHC energies. In p-Pb collisions the new correlation observable is very sensitive to the mechanism
of energy deposition in the first stage of the collision.

DOI: 10.1103/PhysRevC.93.044908



v, — [pr] correlation measurement

cov(v, {2}, [p.])

p(va{2),[p1]) =
\/ Var(v2), Cp,
Where:
1 . .
cov(va{2}%,[pL)) = < NN Z e"Pe™ " (p; — ([m]))>-
PHRTT itk

Cp, = <N(N 1 ;(Pz ([pLD)(pj — ([PL]))) renamed later to ¢,
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First measurement by ATLAS: Pb-Pb
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First measurement by ATLAS: p-Pb

Eur. Phys. J. C 79 (2019) 985
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* Anti-correlation in p-Pb, with non monotonic behaviour
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Color Glass Condensate predictions for small
systems

G. Giacalone, .. Phys. Rev. Lett. 125, 192301 (2020) SH Lim, J. Nagle Phys. Rev. C 103, 064906 (2021)
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p measurements in small systems
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p In Xe-Xe collisions

R(6, ¢) = Ry (1 + B[ cos yY> o + sin ”}/Yz,z])
 Flow harmonics

measurements predicted deformed nucleus (8 > 0)
and already known to be
different (predictions &
measurements) -

y=0

m=rn<rT

s it dues to initial e ke
deformed shape?
Or QGP evolution? -
Or both? y=30
| BEERVERE
triaxial
* For p found (in
simulations) basically
independent on QGP y = 60°
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Measurement in Xe-Xe
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Theory comparisons
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p, ratio
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Connection to low energy nuclear physics

New experimental tool to for nuclear shapes imagining

Especially precise for “relative” deformations

M Ultl ple WorkShOpS eg [Jia, Giacalone, Zhang, arXiv:2206.10449]
https://www.int.washington.edu = R»' ingu
/programs-and-workshops/23-1a & i

< _115- —£— AMPT B; '

o [ | E-AWPTE 8 [ S _
Wouldn't it be possible to see = ; :

1.15— ,
nuclear shapes by looking E
at peripheral collisions? 105
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https://www.int.washington.edu

Pn =

. The UCC events

var (v2)

n
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* Inthe UCC, b — 0, (about 1.5% most central) the trends of p, cov, Var, ¢, change behaviour

 The b - 0 reduces the initial geometry fluctuations and thus reduced variance of flow
harmonics

* Trend in ¢, (measure of momentum fluc.) also change, reduced fluctuations - investigated
further

17



ATLAS-CONF-2023-061

Constraining Initial State in Xe+Xe and
Pb+Pb
using [p;] Fluctuations with ATLAS

Evolution of [p;] distribution moments with centrality (v,
scaling)

A close look at the evolution of moments of [p,] in UCC
Pb+Pb & Xe+Xe comparison

Comparison to models aiming at description of [p;]
fluctuation
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Measured quantities

An n-particle transverse momentum

correlator defined:  Sieetin Wir- Wi, (P = ([p1])) - (P10 — ([P1]))

Cn =
Ziﬁt....iin Wip...Wiy,

Moments: central ([p;]), scaled

variance k,, scaled skewness ks,
normalised skewness y

Where:
[pr] - mean momentum of particles in an event
{[pr]) - mean over a class of events

Averaged over activity class: ky - (c2) ks = (c3) _ {e3)
N’* - number of reconstructed charge ([pr])°
particlesSEL“ - energy in ATLAS

Forward calorimeter (default centrality

estimator) Skewlness
normalised to

_ _ variance of unit
» Estimators scaled for comparison value

by values in the 0-1% centrality bin
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Predictions

* Independent sources picture - k, -should evolve with
multiplicity following &, « N"!

 The origin of [ p;] fluctuations proposed to be correlated

with b and N,

(2D Gaussian model) captures evolution of moments in
mid-central & UCC
R. Samanta et al arxiv 2303.15323

 Within the 2D Gaussian model lower limit on b leads to
skewed [p,] in UCC
R. Samanta et al Phys. Rev. C 108, 024908
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https://arxiv.org/abs/2303.15323
https://arxiv.org/pdf/2306.09294.pdf

Moments N7 dependence

Shown are P([p;l,N,,), {[p;]) and
moments evolution with muilt.

The ([p;]):

a turn on of radial flow in
peripheral collisions
plateau-like in mid. central
a rapid rise in UCC

The k, and k;: power law driven
decrease with centrality,
additional modifications UCC

Xe+Xe and Pb+Pb exhibit similar
features
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Power-law evolution of moments

The rise (consistent with earlier observations) in S04 ATLAS Py ()
peripheral coll. attributed to the onset of ~< :|n|<2.§ -
thermalisation ;

The scaling holds for broad range of N’s¢ for Pb+Pb
(not for Xe+Xe) and both &,

-e- Pb+Pb 5.02 TeV, 470 ub’

The drop in UCC due to » — 0 (reducing initial 7 S XerXe544TeV.3 b’

geometric & left only intrinsic fluctuations)

¥ [ATCASFeimndy | o (]

. . . . ) 9320 :0-5<pT<5GeV " ( ):

Skewness evolution qualitatively similar to k, in 3 2fmi<25 g ) I
peripheral collisions TP o :
ST ? ]

The rise around the knee also due to truncation 1;;@}? » + » -
of b distribution (k; becomes non monotonic) 7 o AR &
050 = Pb+Pb5.02TeV, 470 o' 1

[ XesXe544TeV, 3ub” | |1

0 1000 2000 3000 4000
Nrehc
C
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Moments evolution in UCC

S e T
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» A significant drop in k, (width of [p])

N 1
250 ¢  ATLAS data : (c) -
—— Model fit |
— ----Intrinsic i
N& 200 —-— b fluctuation :
> l
v l
= 150 :
[~ l
= N, l
Q1001 ° - :
5 | T~Ie ’
> 50 Rt
rN h - 0.676 \.\ :
N
0 L~
1500 2000 2500 3000 3500 4000
Nch

R.Samanta et al arxiv 2306.09294

A phenomenological model (2D Ga%ssian model) of fluctuations predicts
the the trends very well and isolates two contributions to | p;] fluctuations


https://arxiv.org/abs/2303.15323

Skewness

R. Samanta et al Phys. Rev. C 108, 024908
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e Significant [p;] distribution skewness variation in UCC
* The rise around the knee: [p;] distributions starts to “feel” lower limit on impact parameter

e 2D Gaussian fluctuations model provide good qualitative description of observed
quantities
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https://arxiv.org/pdf/2306.09294.pdf

Speed of sound extraction

F. Gardim, G. Giacalone, M. Luzum Y.-I. Olitrault
Nature Physics 16 (2020) 615

2 __dP _ sdT . din{pT) .
cs (Tett) = 32 = Tas Tope  An(dNcn/dm) — 0.24 1 0.04
« Assumptions: effective temperature Teffin the QGP phase
15
related to (py) = 3 - T, and entropy to N, »
ds(Terr)  dNew AT d(p;) € 1ol
S(Teff) Nen ’ Tesr (pt> >
5 |- B Heavy-ion data
Lattice quantum
« Followup: Ultra Central Collisions the [p] is predicted to rise | | chromodynamics
with centrality
the sound speed in QGP cS2 can be obtained from that
F.G. Gardim et al Phys.lLett.B 809 (2020) 135749 0.5 |-
710 — ——— — .
. o ALICE g,
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https://doi.org/10.1016/j.physletb.2020.135749

CMS analysis

Shown at QM 23 by Cesar Bernardes from CMS

Analysis method - observables

The cZ depends on the relative variation of (pt) vs Ngp,
 Can be extracted using

(DT) - (Nch

cs
(pT)° Ngh) , where (p1)° and N3, are obtained in 0-5%

CMS PAS HIN-23-003

Analysis observables

( )norm_ (pT) VS norm __ Nch 2= dP _ dInT _ dIn(pr)
Pt " (pT)0 ch 7 N9 " de  dins ~ dInN,,

(pr)° (used to estimate Teg)

o © ©

Fit (pp)™°™ vs Ng'™ using .

C2
D <p >norm —_ ( N(Iill(l)rm ) >
T Prob(Nnorm)



Spectra extrapolation

Analysis method - pt extrapolation to zero

(pT) and NCh are CorreCtEd for CMS Rrg{lmlmqry CMS IPAS HPIbNPﬁOOgg? nb Y, 502 TeV
tracking efficiency e -
10° i ~ :
/ N

Extrapolation to pt =~ 0 by fitting 3 .| __

the spectruminpr > 0.4 GeV g | —

> - & W
J Hagedorn function © 10} - Measured =z :
- o Extrapolated for pT<O.4 GeV ’}.}’\ 1
AN 1 ( \/’W —{ .BT)pT) —n | — Fit by Hagedorn function to p_>0.4 GeV ’*,\"\:
dp(-:rthT 1+\/1_(ﬁ )2 nT 10:_““0.15””11“"1|5””£l"'2.15””:;1'”3.15””411””4|:

! p_ (GeV)

 m is the pion mass and (f), n, T are
free parameters

After corrections. for each bin 6f EXY... > (pp)tor™ yvs zorm

Track selection: pr > 0.3 GeV, |n| < 0.5

[ Better tracking performance



Results

Results

Significant increase of (pr) toward UCC events as predicted by the simulations

CMS PAS HIN-23-003
_PbPb (0.607 nb") 5.02 TeV

CMS Preliminary
AL L

E—
1.025F pT>0 GeV (extrapolated), nl<0.5 ;
5 e Data ~
1.02f — - Fit to extract (c /c)*
A - ---- Trajectum b f,,:-a%f::;;ﬁ%\
O/\,_1 R S Gardim et. al. gf’;fgfgg B
Q. N . B ,‘_’,4 £ b
Y 101 (¢ /o) = 0.241£0.002 (stat) £0.016 (sys |- Né%gj
g i N OMYE
G 1.005E| at Ter = (r°/3 = 219 + 8 (systiMev, ;- [N

I eo-QLe o o =T ]
e 2000000, .- -- ,.‘I‘ .

i oo eseSy }
0.995 Q .
L l — l Il 1 L Il l 1 1 1 ' A l ' A 1 A l L L 1 L l L L L I 1 L 'l

08 08 09 095 1 105 11 115 1.2
0-5%
Nch/Nch

—

Speed of sound extracted from the fit and T.¢ from (p1)°

28



The money plot
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Direct correlation measurement
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The slope parameter proportional to speed of sound in QGP - but not just equal

Predictions by MUSIC (initial entropy destr. from TRENTO) - default settings - model in excellent
agreement for Pb+Pb and Xe+Xe, unlike the HIJING
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A crosscheck In narrower centralities
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Summary

Seemingly simple proposal by P. Bozek to measure correlation between
two already well studied quantities v, and [ p;] proved to be very fruitful

Due to insensitivity to QGP evolution details became useful tool for
imagining initial collision geometry

* Now a very intense programme of nuclear shapes measurements is
developing

Features of momentum developement found in precise measurements
in UCC (thanks to large LHC statistics) may have significant impact on
constraining QGP equation of state parameters (speed of sound for
now)

The story will continue ...
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