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Quantum chromodynamics

• Partons are confined in hadrons

• Asymptotic freedom
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The Nobel Prize in Physics 1990



Running coupling strength
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Confinement in
non-perturbative regime

Successful 
perturbative QCD

Compare QCD with CMS

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
Prog. Theor. Exp. Phys. 2022, 083C01 (2022)



QCD Diagram
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Credit: BNL“More is different”

P. W. Anderson 

Nobel prize in physics 1977



QGP in laboratory

• QGP can be created in relativistic heavy-ion collisions
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PHOBOS 

BRAHMS 

PHENIX



Macroscopic properties of QGP

• Strongly coupled QGP and perfect liquid

• Smallest specific shear viscosity ever seen

2/16/2023 Particle Physics Seminar@BNL 7

Phys. Rev. Lett. 86 (2001) 402



Hydrodynamics and elliptic flow

• Soft processes between QGP constituents

• Hydrodynamic view
• expansion is driven by the pressure gradient

• Momentum flow px>py →  v2 > 0
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NCQ scaling and v2

• Close partons join together, Number of Constituent Quark scaling
• Coalescence processes are visible at mediate pT
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Phys.Rev.Lett. 91 (2003) 092301



Probe microscopic properties of QGP

• Probe structure in QGP
• QGP is short lived(<10fm/c) 

• Jets and heavy flavor quarks 
at the initial stage
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• Probe structure in protons
• Proton is long-lived ☺

Credit: DESY



Jet quenching and v2

• Hard partons quenched in QGP

• HP suffer different energy losses in 
different directions – positive v2
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More ΔE

Less ΔE



Heavy flavor quarks in QGP

• Early productions in collisions

• Sensitive in full phase space
• Brownian motions

• Radiative energy losses
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Low pT High pT

QGPPb Pb

Time evolution



Opportunities of heavy flavor quarks 

• Heavy flavor quarks strongly coupled with QGP! 
• Suffer energy loss in heavy ion collisions

2/16/2023 Particle Physics Seminar@BNL 13

Phys. Rev. C 99, 034908 (2019)
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A few remarks on theory

• Heavy quarks
• Suffers collisional energy loss at small pT

• Suffers radiative energy loss at large pT
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Low pT High pT



Charm elliptic flow at LHC

• No model can describe data in full pT range
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The fluctuations of energy losses
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Fluctuations not visible

Fluctuations visible



Explore the energy loss with fluctuations

• 𝑣2 = 𝑘 ϵ2 where ϵ2 is the eccentricity of the collision geometry

• Multiparticle correlations are sensitive to 𝜖2,  
𝒗
𝟐
𝟒

𝒗
𝟐
𝟐
=

𝝐
𝟐
𝟒

𝝐
𝟐
𝟐
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𝑣2 4
2 ≈ 𝑣2

2− σ2

𝑣2 2
2 ≈ 𝑣2

2+ σ2

Phys. Lett. B 776 (2017) 195



The fluctuations of elliptic flow

• Initial ϵ2 fluctuations vs. final state (in-medium) 𝑘 fluctuations?
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𝑣2 4 (𝑝𝑇)

𝑣2 2 (𝑝𝑇)
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𝑣2 4

𝑣2 2

𝑣2 4 (𝑝𝑇)

𝑣2 2 (𝑝𝑇)
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𝑣2 4

𝑣2 2
+ σ(𝑝𝑇)



Multi-particle correlations

• First time to measure charm v2 using multiple particle correlator

• Correlator
• ≪ 2′ ≫ =≪ 𝑒𝑖2(φ(𝐷

0)
1
−φ𝑟𝑒𝑓

2
) ≫

• ≪ 4′ ≫ =≪ 𝑒𝑖2(φ(𝐷
0)
1
+φ𝑟𝑒𝑓

2
−φ𝑟𝑒𝑓

3
−φ𝑟𝑒𝑓

4
) ≫

• 𝑣2 4 and 𝑣2 2 can be calculated from these correlator
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Tracker- Tracker+HF- HF+

Tracker- Tracker+HF- HF+

PRC 83 (2011) 044913



Multiparticle correlations
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v2 extraction of D mesons

• D0 reconstruction
• 𝐷0 → 𝐾−𝜋+

• Correlate D0 with 
reference particles

• Signal extraction
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v2 extraction of D mesons

• D0 reconstruction
• 𝐷0 → 𝐾−𝜋+

• Correlate D0 with 
reference particles

• Signal extraction
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v2{4} for charm quarks

• Expected ordering between 𝑣2 2 and 𝑣2 4 ,𝑣2 4 < 𝑣2 2
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𝑣2 4
2 ≈ 𝑣2

2− σ2

𝑣2 2
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v2{4} for charm quarks

• The fluctuations of D0 is comparable with charged particles 

• Fluctuations are from ϵ2 dominately
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Comparisons with models

• Both Langevin processes and the processes of radiational energy loss 
describe the tendency but not quantitatively
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Phys. Rev. Lett. 129 (2022) 022001



System size scan

• v2{4}/v2{2} for charm sectors 
~ charged particles as 
constant

• fluctuations almost from 
initial geometry 
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System size scan

• Hint of fluctuations on energy 
loss towards smaller system?

• Possible findings in pPb and 
pp collisions if medium effects 
exists?
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Phys. Rev. Lett. 129 (2022) 022001



System size scan

• Both energy loss 
mechanisms describe the 
tendency

• Models cannot describe the 
data quantitatively
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Low pT High pT



Striking ridge in high multiplicity events

• Long range correlations in large collisional systems

• Even hold true in high multiplicity small collisions!
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Eur. Phys. J. C 72 (2012) 2012 Phys. Lett. B 718 (2013) 795-814



Debates on origin of flow

• A small QGP droplet created – in-medium and final state effects

• Applicability: Relative system size 
L

λ𝑚.𝑓.𝑝.
≫ 1

• Alternative explanations for collectivity:
• Correlations established prior to collisions – initial state effects
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Small nucleon, low 
temperature (low 
energy density)

Large nuclei
Small nucleon, 
high density

CGC



Explore the system size
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Size of particles 
shows the mean 
free path



Novel probe using heavy flavor quarks

• Heavy quarks are sensitive to
• Initial conditions

• System evolution

• Relative system size λ𝑚.𝑓.𝑝./L 
scan λ𝑚.𝑓.𝑝.

𝑄 ≫ λ𝑚.𝑓.𝑝.
𝑞
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Pbp
Light quark

timeHF



Charm flow in small systems

• Prompt D0 (cū)
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Charm flow in small systems

• Prompt D0 (cū)

2/16/2023 Particle Physics Seminar@BNL 40



Charm flow in small systems

• Collectivity from ū in D0 (cū)? Study the flow of prompt J/ψ (cതc)
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Phys. Rev. Lett. 121 (2018) 082301



Bottom flow in pPb?

• Mean free path b > c

• Pushing relative size even smaller
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b flow in pPb collisions

• Nonprompt D0 originates form b 
hadron

• Distinguish prompt and 
nonprompt D0 by DCA 
distribution
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b flow in pPb collisions

• Evaluate            in each integrated DCA 
bin with two particle correlation 
function

• Extrapolate signal with linear fit

• v2 obtained from using charged 
particles as reference 
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b flow in pPb collisions
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Flow for bottom hadrons

• Fist time in pPb collisions –
vanishing v2 for b hadrons via 
non-prompt D0

• Indication of flavor hierarchy 
between charm and bottom 
hadrons at low pT
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Phys. Lett. B 813 (2021) 136036



Flow for bottom hadrons

• Fist time in pPb collisions –
vanishing v2 for b hadrons via 
non-prompt D0

• Indication of flavor hierarchy 
between charm and bottom 
hadrons at low pT
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Elliptic flow for heavy flavor hadrons

• Similar findings in large systems
• Follow the same strategy as in 

pPb
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Comparisons with models

• Comparisons with CGC 
calculations – show 
consistency within large 
uncertainties

• Precision measurements in 
the future – HL-LHC
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Towards small systems

• First measurement of prompt D0 v2 in 
high multiplicity pp collisions

• Indication of positive v2 signal at 2 < pT

< 4 GeV 

• v2 of prompt D0 comparable with that 
of light hadrons
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p Pb p p

Phys. Lett. B 813 (2021) 136036



Comprehensive system scan

• Positive charm v2 is observed in 
high multiplicity events

• Non-zero v2 of prompt D0 mesons 
diminish towards low-multiplicity 
regimes

• v2(pp) ~ v2(pPb) given multiplicity
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p Pb p p

Phys. Lett. B 813 (2021) 136036



Hadron chemistry in small systems

• Thermal effects in small systems?
• Large enhancement of baryon-to-meson ratios for strangeness

• Similar for charm sectors?
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Phys. Lett. B 768 (2017) 103



Future opportunities of heavy ion physics

• Run3 and beyond
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Run 2 Run 3, ALICE 2 LS3, Upgrade Run 4, CMS Phase 2 Run 5 (ALICE 3)

2015 – 2018 2022 – 2025 2026 – 2028 2029 – 2032 2033 – 2038

Collisions Run2 Run3 Run4

Pb-Pb 2.2/nb 7/nb 7/nb

p-Pb 0.186/pb 0.5/pb 0.5/pb

Opportunities
• Higher luminosity
• Detector upgrade



CMS Phase II upgrade

• Trigger and readout
• L1 bandwidth: 100 kHz → 750 kHz 
• DAQ readout: 6GB/s → 51 GB/s

• High granularity Calorimeter
• High granularity endcap with 5D info

• Tracker
• Extend |η| from 2.4 to 4
• pixel size: 100x150 um2 → 50x50 um2

• Potential tracking trigger in hardware

• MIP timing detector
• Entirely new, resolution ~35ps
• Large coverage, |η|<3
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MIP timing detector

• MTD
• Barrel timing layer
• Endcap timing layer

• PID

• Benefit
• PU mitigations
• Search for long-lived 

particles
• …
• Heavy-ion physics
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Barrel timing layer

• Barrel timing layer (BTL)

• Fast rise time

• Large coverage area

• General

• LYSO bars + SiPM readout

• |η|<1.45

• Inner radius: 1148 mm (40mm thick)

• Length: +/- 2.6 m along z

• Surface ~38 m2; 332k channels
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16x1 array of crystal bar



Endcap timing layer

• Endcap timing layer (ETL)

• Good radiation tolerance

• Low occupancy

• High timing resolution

• General

• Si with internal gain (LGAD)

• 1.6 < | η | < 3.0

• Radius: 315 < R < 1200 mm

• Position in z: +/-3.0 m

(45 mm thick)

• Surface ~14 m2; ~8.5M channels
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LGAD sensors on PCB



CMS-MTD and particle identification

• Wide coverage up to 6 units of rapidity

• π/K separation up to 3 GeV

• K/p separation up to 5 GeV
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CMS-TDR-020 CMS-TDR-020CMS-TDR-020



Projections for Λc
+

• Reconstruct Λc
+ in forward rapidity with ETL
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CMS-DP-2021-037



Coalescence effects of charm hadrons

• Access full pT range of Λc
+ with MTD

• Total charm cross section 

• CMS unique access over a rapidity range of up to 6 (4) units in MB (central) 
events
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CMS-DP-2021-037 



Coalescence effects of charm hadrons

• Precision measurements down to low pT with MTD

• Number of constituent quark scaling – v2(Λc
+)/v2(D0) = 3/2?
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CMS-DP-2021-037



Summary

• Tremendous progress for heavy flavor flow in 
both large and small systems
• Significant charm flow in large event activity

• Mild bottom flow in large systems

• Future opportunities with the new era of 
LHC!
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