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* Flow, nonflow, and flow fluctuations
* Flow study before CMS
« CMS flow measurements in PbPb collisons

* Flow in small collisions systems

* Recent development

e Summary

Shengquan Tuo India+ lectures on Heavy lon Collision experiments Feb 23, 2023 2



V Shengquan Tuo India+ lectures on Heavy lon Collision experiments Feb 23, 2023 3



Flow in heavy ion collisions

Initial state anisotropy Final state anisotropy

Reaction plane:

Plane formed by Eventplane
beam axis and angle = 0 in this
case

impact parameter
vector

@ v2 = ((px)"2 - (py)"2)/( (px)"2 + (py)"2)

( (pT)*2*(cos”2(phi) - sin?2(phi) ) )/(pT)*2
cos2(phi) - sin*2(phi)

cos(2*phi)

e=(a*2-b"2)/(ar2+b"2)

 Initial state anisotropy (¢,) + hydrodynamics -> final state v,
 Initial state anisotropy (€,) + random streaming of particles (No QGP) -> NO final state v,
* No initial state anisotropy (¢,~0) + hydrodynamics -> No final state v, or small v, from

fluctuations V, is sensitive to QGP production
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Flow in heavy ion collisions

b= 6.0fm €an = 0.238

Data recordet: 20184N6v-12 07:48%20.004864@MT
/ 66210189 / 196

G, = 2.404 fm
o, = 3.066 fm
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CMS: Phys. Rev. C 87 (2013) 014902

* One PbPb collision -> hundreds of nucleon-nucleon (NN) collisions

» Particles produced in preferred angles from hundreds of NN collisions at the same time ->
collective FLOW of the created medium: Quark-Gluon Plasma

» Initial state geometry, fluctuations
» Medium properties, parton-medium interactions

dN/dg o 14> 2vp, cos(n(¢p — ¥y))
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Elliptic flow: v,
Triangular flow: v;



« Nonflow
e Jets
« BEC

s MOomentum
Conservation

« Ridge: Near-
side long range
correlations

« CGC

» Color Reconnection
and Rope Hadronization

Ridge and v,
but not related
to FLOW or QGP

Nonflow and flow

CMS pPb \[sy, = 5.02 TeV, N0/ > 110 (b)

1<p <3 GeVl/c

v, analysis method with
nonflow removal:
« Two particle correlation

method with v {EP}, v {SP},
V,Sub{2,|An|>2}, ..

Azimuthal anisotropy
dN/dp x 1+ szn cos(n(¢p — Uy))

I v, fluctuations

« Multiparticle correlations
with v.{4, 6, 8, 10, ..., LYZ}

(Better removing nonflow)

 Initial geometry + - Path length dependence
Hydrodynamics . Jet energy loss
* Transport models - Quarkonium suppression
FLOW and Vp Is not
QGP hydrodynamic FLOW
\ / but probes QGP
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»RP: the reaction plane
»Defined by the impact
parameter
»>Initial geometry: €

»PP: the participant plane
» Defined by the major
axis of the created system
» Initial geometry: €,

S. A. Voloshin, A. M. Poskanzer, A.Tang and G.Wang, PLB, 659 (2008), 537-541

The fluctuation in initial eccentricity of the participant zone -> flow fluctuations

Note: flow fluctuations can be due to different reasons
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Measurements of v, provide constraints for the

properties of QGP
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0.3

0.2

0.1

| RHIC Au+Au Vs, = 200 GeV

Baryons (ng=3) ++ +

} pote T
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T
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vo/n,
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m K (PHENIX) ® A (STAR)
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Phys.Rev.Lett.98:162301,2007

* The flowing could be at the partonic level

« More evidence of QGP

\Y;
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Vv

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pym) ~1m?> ~66M channels
Overalllength  :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T ‘
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A

\

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Tracker with |n|<2.4
Hadronic Forward (HF) calorimeter with 2.9<|n|<5.2
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* Avery long process with different layers of reviews
— Proposal an analysis

— Multiple reports and review in the analysis (Flow/Corr for example) group -> Green light for pre-

approval
— Pre-approval talk and homework
— Review by analysis review committee, lots of meetings/reports -> Green light for approval
— Approval talk and homework
— Collaboration wide review and comments
— Final reading

— Submit to a journal

« Could take 6 months — several years to submit
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0.3

v

Phys. Rev. C 87 (2013) 014902

Strong v, signals at LHC energy with different analysis methods
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« The v, values are larger (<20%) at LHC energy compared to RHIC
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v

7 plane method for different pr and centrality ranges.

Phys. Rev. C 87 (2013) 014902
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Source pT Centrality

(GeV/c) | 0-10% | 10-70% | 70 — 80%

Part. composition All 0.5% 0.5% 0.5%

Cent. determination All 1.0% 1.0% 1.0%

<03 4.0% 2.0% 3.0%

Corrections 03-05 | 2.0% < 1.0% 2.0%

0.5-220 | <1.0% | <1.0% 2.0%

Total <0.3 4.2% 2.3% 3.2%

03-05 | 23% 1.5% 2.3%

05-220| 15% 1.5% 2.3%

* Other possib

. Table 2: Systematic uncertainties in the measurement of v2(pt) for |n| < 0.8 with the event-

e sources of systematics:

Event selections

Trigger efficiency
Pileup
Track selections

« Detailed cross check of analysis methods/systematic studies are carefully reviewed
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* Higher order harmonics with fluctuation driven confirmed
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5.2 3.0 24 0 24 3.0

Figure 8: (Color online) A schematic illustrating the acceptance coverage of the CMS tracker
and HF calorimeters, and the procedure for deriving the 5-dependent factorization ratio,

(7, 17).
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 Factorization break down

| Clear evidence of n dependence

7 event plane fluctuations
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Ridge in proton-proton collisions
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Multiparticle correlations in pPb collisions
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* Need to carefully consider the muiltiplicity

fluctuation effect for multiparticle correlations

* Fluctuations larger in pPb compared to PbPb

* Hydrodynamic predictions agree with data
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Reconstructed tracks with |n|<2.4

Signal pair distribution: ~ Background pair distribution: (a) os [La-a1" ' ' o
: PbPb\f5y, = 2.76 TeV, 0-5% centrality —_— .. 2<| An |<4
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The evidence of small system flow is more clear
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Anti-correlation between v, and v,
Positive correlation between v, and v,
Subevent method remove more

nonflow

Another evidence of flow in small

systems
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CMS-PAS-HIN-21-010

CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
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- Il <2.4 -
0.12F - -
0.1 R =
~— B i
X -
%0.08 - .- A
> 0.06 .« ™ ° v, {4}
- ®v,{6}
0.04— g v,{8}
- o v,{10}
0.02—
C | PR [N SR TN TN SN N TN SN TN SN NN ST SAN SO T A S S '
0 10 20 30 40 60
Centrality (%)

« Measurements of v, with up to 10 particle
correlations from the cumulant method

« Splittings between cumulant of different orders are
sensitive to non-Gaussian fluctuations of v,

« Hydrodynamics and initial state models can be
tested with the moments: skewness, kurtosis, and
superskewness
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CMS Preliminary  PbPb 5.02 TeV (0.58 nb™
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-010/index.html

FLOW-MEAN PT CORRELATIONS

CMS-PAS-HIN-21-012 pp 13 TeV pPb 8.16 TeV Pbe 5 02 TeV
L s N L LN L SR L I B | L
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« Apparent sign change for p(c,{2}, [pr]) in pPb -> agree with IP-Glasma+hydrodynamics

» However, no sign change is observed when using |n|>1.0 for c,{2}

« After removing nonflow with larger n gap, no evidence of CGC in data

» Data better described by the smaller initial fireball Rgms=0.9 fm in hydrodynamics
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arXiv:2204.13486

CMS pPb, s = 8.16 TeV (68.8 nb™)
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 Search for azimuthal anisotropy in yp interactions with pPb UPC
 Nonflow peripheral subtraction not applied
 Consistent with simulations without collective effects for both yp and pPb in the N, range
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arXiv:2205.00080 CMS K° pr 8.16 TeV CMS K° Pbe 5.02 TeV
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KO, and A flow studied with multiparticle correlations
 Four and six particle correlations are nearly identical

« Compared with PbPb to illustrate the system size dependence of

event-by-event fluctuations
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https://arxiv.org/abs/2205.00080

CMS-PAS-HIN-21-008

Prompt J/y and b>J/yp

PbPb 1.6 nb™' (5.02 TeV)
UL B B e B

CMS Preliminary

Nonprompt Jiy T

O16<ly|<24 {16<ly<24 T 6.5-50 GeVic, |y| <2.4

« Significant v, for Prompt J/p and b>J/y

« Different dynamics for c and b quark
 First separation of v; for prompt and b=>J]/y
 First W(2S) with v,>0; consistent with 0 for v;
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Prompt W(2S)

PbPb 1.6 nb™ (5.02 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-008/index.html

« Evidence of charm quark collectivity in high multiplicity pPb
« Heavy quarks exhibit weaker collective behavior
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arxiv:1810.01473 CMS pPb 8.16TeV
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CMS-PAS-HIN-21-003

CMS Preliminary PbPb 5.02 TeV (0.58 nb™)
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« (b>D9) v, significantly lower than prompt D% v
« (b>D9) v,, less centrality dependence compared to prompt D° v,
« b quark collectivity affected by fluctuations
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arXiv:2112.12236 CMS PbPb 0.58 nb" (5.02 TeV)
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 Probe event-by-event fluctuations
* v,{4} < v,{2} for D°

« Indications of possible differences in energy loss fluctuations

between D° and charged hadrons
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